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SUMMARY Ad, 

The overall aim of this study was to investigate,the applicability of 

Signal Detection Theory (SDT) to a number of problems in the area of 

industrial inspection, including training and selection. Two 

industrial studies comprising three experiments are presented, together 

with four laboratory experiments and a correlational study. 

The first three chapters of the thesis comprisaia comprehensive review 

of SDT and the literature of inspection. 

Chapter 2 described an industrial case study, the inspection of 

photographs of nuclear particles, designed to test the applicability 

of SDT in an applied setting. The variables of auditory noise, defect 

complexity and time on task were also considered. SDT in its unequal 

variance form was found to fit the data. The next case study 

attempted to apply SDT to the inspection of photographic film. A two 

stage decision making model was proposed to describe performance in 

this task. 

The first two laboratory studies investigated the effect on perform- 

ance of within and between session changes in defect probability. 

It was found that the subject could adjust his criterion appropriately 

to between session changes if feedback was provided, and to within 

session changes if he received prior warning of the change. 

The final laboratory studies were concerned with training the 

inspectors ability to modify his criterion, and the enhancement of 

his sensitivity. The first experiment replicated previous work in



perceptual training, and the second utilized a wide range of differing 

training techniques. It was found that certain combinations of 

conditions were significantly superior in achieving the training goals. 

A correlational study was conducted utilizing the results of the previous 

two experiments and tests of various cognitive skills. Significant 

correlations were found between certain groups of test scores and per- 

formance on the task. These tests were proposed as potential selection 

techniques for inspectors.



"Quality is shapeless, formless, indescribable. To see shapes and 
forms is to intellectualize. Quality is independent of any such 
shapes and forms. The names, the shapes and forms we give Quality 
depend only partly on the Quality. They also depend partly on the 
a priori images we have accumulated in our memory. We constantly 
seek to find, in the Quality event, analogues to our previous 
experiences. If we didn't we'd be unable to act. We build up our 
language in terms of these analogues. We build up our whole 
culture in terms of these analogues." 

Pirsig R.M., ZEN and the ART of MOTORCYCLE Maintenance.
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CHAPTER 1 INTRODUCTION



1.0 INTRODUCTION 

In preparing this study, an attempt has been made to satisfy a need that 

has become increasingly apparent to ergonomics practitioners: the pro- 

talicts from experiments that have direct relevance to situations 

encountered in real world tasks. Although ergonomics is essentially an 

applied science, the orientation of much research has been towards 

purely laboratory based studies that provide little in the way of infor- 

mation which is readily applicable in an industrial context. Chapanis 

(1967) discusses this problem in detail. In an emerging science this 

bias is perhaps understandable. However, ergonomics and human factors 

have now been in existence for nearly thirty years and should by this 

time be producing such data on a large scale. In order to achieve this 

aim,it seems clear that research work needs to change its orientation 

from the formalized consideration of the effects of a few selected 

variables in highly specialized laboratory studies, to a more pragmatic 

approach yielding results which can be utilized more readily in real-life 

applications. This approach does not mean that compromises necessarily 

have to be made in standards of experimentation. It is a question of 

broadening the experimental focus rather than of producing work that has 

no theoretical significance. 

An attempt has been made to make this study sensitive to these needs in 

a number of ways. Rather than considering a narrow research topic in 

some depth and then attempting to show that it also has practical 

relevance, the starting point of this study is a whole area of 

application within the industrial sector, that of quality control. Since 

this study is primarily concerned with human factors, the main con- 

sideration will be given to the inspection aspect of quality control.
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The approach has been to show how data from a number of research areas 

contribute towards the goal of optimizing those aspects of a quality 

control system in which human beings play a predominant role. The 

utility of this approach is that it brings together data from a number 

of disparate areas in such a way that their effect on the inspection 

function can be clearly seen and some insights gained into the ways they 

may interact. The aim is to provide a usable body of information for the 

practitioner on the factors known to affect inspection. Of course, such 

a review also serves the more usual function of a literature survey in 

that it suggests potential areas of further research. 

From the practitioner's standpoint, the data available in such a review 

will be most useful if it is classified in a manner clearly related to 

attributes common to a large proportion of real inspection tasks. 

Another way in which this study attempts to maintain relevance to real 

world problems is in the experimental phase. The impetus for the 

laboratory based work is provided by field studies which clarify the 

nature of the important variables which need further consideration in a 

more controlled environment. The laboratory studies then seek to 

simulate the critical features of the real life task to provide 

directly relevant data. At the same time the experimental studies pro- 

vide a vehicle in which a number of more theoretical ideas can be 

investigated. 

In addition to the areas outlined above, the study attempts to assess 

the utility of considering the area of inspection from a particular 

theoretical standpoint - that of Signal Detection Theory, which serves 

as a unifying concept for a wide range of experimental work relevant to 

inspection.
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The general aim then, can be summed up as an attempt’ to advance know- 

ledge on a broad front, in a manner related to practical needs. 

1.1 The importance of industrial inspection as an area of study 
  

As the increasing application of technology to manufacturing industries 

reduces the importance of purely manual, motor skills, attention is 

being increasingly focussed on areas of industry in which higher level 

perceptual abilities of the operator, such as pattern recognition and 

decision making, are employed. Industrial inspection is such an area. 

The reason why the human operator continues to be important in the 

quality control area is that these higher level functions cannot readily 

be performed by machines. Although automated pattern recognition is 

possible with sufficiently simple patterns, and computer aided decision 

making is being utilized in certain situations, (see Whitfield (1975) 

for a review of this area), the extremely high cost of such devices, and 

their inflexibility relative to a human operator, means that they are 

unlikely to find wide application in the industrial inspection area. The 

attribute of quality has a multidimensional nature which can encompass 

both simple parameters such as specification of size, as well as com- 

plex aesthetic judgements. The possibility of building machines to 

handle the whole range of quality judgements seems remote, although it 

seems feasible, and indeed desirable, to use automated techniques where 

very simple discriminations such as size and weight are required between 

acceptable and non-acceptable articles. 

It is found in industry that even when simple judgements of this type 

are required, it is common to inspect manually. In fact Fox (1973)
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states that 90% of all inspection in the United Kingdom is dependent 

on the unaided human operator. The reasons for this are usually 

straightforward cost-effectiveness considerations. The volume of the 

product to be inspected may not justify the design and manufacture of 

an automatic device to monitor quality. Alternatively, quality specif- 

ications may change frequently and the human operator is more readily 

'peprogrammed' than his machine counterpart. 

It seems clear that inspection is likely to remain a labour intensive 

area, and as such, ergonomics and human factors will continue to be able 

to make important contributions in optimizing the performance of the 

human operator. 

Another important reason for studying inspection is that research in 

this area is not restricted in its usefulness purely to the industrial 

sector. Many other important tasks have characteristics very similar 

to those found in industrial inspection. For example the surveillance 

of radar screens in both military and civil applications can be seen 

to contain many elements common to inspection tasks. The operator is 

continuously monitoring an information source which provides signals 

which are complex in nature, infrequently occurring and unpredictable 

both in time and space. In the medical sphere, the examination of 

medical X-ray plates and cervical cancer smears are examples of almost 

classical inspection tasks which employ vast resources of trained man~- 

power. A similar inspection problem occurs in high energy nuclear 

physics research, in which millions of bubble chamber photographs are 

scanned for patterns of tracks. This task will be considered in 

detail in chapter 4.
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A final important reason for applying human factors and ergonomics 

principles to the optimization of inspection systems can be found from 

considerations of system reliability. The inspection phase of system 

development is a vital link between the manufacture of components and 

their incorporation in a total system. Many disastrous system failures 

can be traced to inadequate inspection procedures. Meister (1971) 

discusses the importance of inspection from a system reliability stand- 

point. 

From the above discussion we can conclude that although inspection as an 

area of study has received relatively little attention compared with 

tasks in industry involving mainly motor skills, it is an area of con- 

siderable intrinsic interest and importance. With growing automation 

it is likely to grow in importance, by comparison with traditional man- 

ufacturing tasks. Additionally, inspection-like tasks are found in 

many spheres distinct from the industrial sector, and hence any 

research findings are likely to be widely applicable. 

a2 Characteristics of inspection tasks 

One of the most obvious characteristics of inspection tasks is their 

diversity. Virtually any item which is manufactured is likely to be 

inspected at some stage of manufacture or assembly. Although the visual 

modality is the usual one employed in inspection, other sensory inputs 

are sometimes employed. Thomas (1962) describes how vacuum cleaners 

were inspected for mechanical faults by the tester actually listening 

to the sound the cleaner made in operation. Several categories of 

fault could be distinguished by this method. Needles are inspected for 

straightness by gently rolling them under the palms on a flat table. 

Frequently combinations of sensory modalities are employed, as when an
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article is inspected for surface finish both by its appearance and by 

its tactile characteristics. 

Perhaps the most common form of inspection is when the inspector 

sequentially examines a series of items to determine whether the charac- 

teristics of the items fall within the quality specification. Even in 

this case a more detailed task description rapidly leads to complications. 

For example the items may be on a conveyor belt, moving at a range of 

speeds or the task may be completely self paced. They may be large 

items, in which case some form of scanning may be required, or they may 

be small enough to be examined in a single fixation. The defects may 

be visible with the naked eye or may require enhancement by means such 

as magnification or lighting. They may be distinguishable from non- 

defects by an extremely large range of variables including shape, size, 

colour, texture, weight and any combination of these and other parameters. 

This is an additional reason why automated inspection is often imprac- 

ticable. 

Another common type of inspection is the examination of materials in a 

continuous form. Examples of this type of task are the examination of 

cloth, steel and glass strip and cine film, which will be discussed as 

a detailed study in chapter 5 of this thesis. 

In chapter 3 the various characteristics of inspection tasks will be 

considered in a more systematic manner. For the moment it is useful 

simply to be aware of their diversity and to attempt to describe a 

common behavioural structure which applies to the majority of inspection 

tasks. This will be considered in the next section.



1.3 An_ informal model of the inspection task 

As was implied in the last section, the types of inspection task that 

occur show such diversity that any specific task cannot be representative 

of the whole range of situations encountered. The majority of inspection 

tasks do, however, share certain ecreen characteristics, and in this 

section an informal structure will be described which facilitates the 

consideration of the tasks from a psychological and ergonomics standpoint. 

The model to be described is not predictive in nature, although it could 

provide the basis for a simulation approach to the predictive modelling 

similar to that described by Siegel and Wolf (1969) in the context of 

man-machine systems. For our present purposes, the model will serve to 

indicate the areas of knowledge relevant to inspection situations in 

general. 

It is convenient to consider inspection as consisting of four broad 

phases (Figure 1). 

  

ACQUISITION OF 
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f 
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! 
ACTION TAKEN 

APPROPRIATE TO ACTION 

DEFECT TYPE 
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DECISION 

  

  

IDENTIFICATION 

  

        
Figure 1. Phases of inspection.



8 

a. Acquisition of sense data. In order that the inspector can decide 

on the presence or otherwise of a defect, he requires sensory evidence 

from the item being examined to provide inputs for the decision making 

phase. 

b. Decision making. This aspect of the model refers to the process 

whereby the inspector assigns the item to the general categories of 

defect or non-defect, without further sub-categorization. 

ce. Identification. This is clearly also a decision making process 

which can be regarded as one stage higher in the decision hierarchy. It 

involves the classification of the defect into one of a number of sub- 

categories, if more than one exists 

d. Action. Once the nature of the defect has been ascertained the 

inspector performs the action appropriate to that class of defect, e.g. 

rejects the item, returns it for reworking etc. 

Each of the phases considered can be analysed in terms of the 

psychological and physiological factors which affect performance at each 

phase. Examples of these are set out in Figure 2. 

1.3.1 Acquisition of the data 

The acquisition phase has been considered as being affected by 

situational, physiological and psychological factors, although many of 

these could be included under more than one heading. 

Situational factors are those which are external to the inspector and 

include environmental variables as well as the specific attributes of 

the task itself. The physiological factors affecting target acquisition 

are primarily visual, reflecting the preponderance of this modality in 

inspection tasks. Environmental conditions are included under



Figure 2. Examples of psychological and physiological factors 
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affecting various phases of inspection. 

ACQUISITION FACTORS 

Situational 

Paced or unpaced presentation, rate of pacing. 

Enhancement of discriminability of defect, e.g. X-rays, ultra- 

sonics, magnification, lighting. 
Inherent discriminability of defect. 

Physiological 

Visual acuity, static or dynamic. 
Visual skills in general, e.g. colour vision. 

Environmental conditions affecting inspection performance e.g. 

heat, noise, lighting levels. 
Visual fatigue 

Psychological 

Perceptual 'set', i.e. ability to recognize cues characteristic of 

defects as opposed to other configurations occurring in both 

defective and perfect product. 
Visual search strategies. 
Vigilance and attentional variables. 

Organismic variables such as pattern recognition skills, field 

dependence and distractability. 

DECISION MAKING FACTORS 

Expected incidence of defects. 
Costs associated with missing defects and rejecting good products. 

Social factors 

IDENTIFICATION FACTORS 

Training and experience. 
Provision of reference standards. 
Expectancies concerning type of defect likely to occur. 

Number of categories of defect. 

ACTION FACTORS 

Existence of clearly defined actions to be taken for various types 

of defects. 
Consequences of action. 

Social factors.
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physiological factors even though they may affect functioning via dec- 

rements in psychological skills. The psychological factors are intended 

to represent the intra-subject variables which influence target 

acquisition. The question of the perceptual skills which influence the 

probability of target detection will be discussed in some detail in this 

study. In including perceptual skills within the phase of acquisition 

we are referring to the inspector's sensitivity for cues which identify 

the sample being examined as belonging to the categories defect or non- 

defect. These cues are often indirect and the inspector may have to 

infer the existence of a hidden defect from the external evidence avail- 

able. It is important to note that we are referring to a concept of 

sensitivity which is independent of the inspector's tendency to respond 

'defect' or 'non-defect' as a result of prior knowledge of the probab- 

ility of a particular item being defective, or because he will be heavily 

penalized if a good item is incorrectly rejected. These latter factors 

are considered to be decision making variables. 

The concept of intrinsic sensitivity refers to the ability of the 

operator to effect categorization utilizing the evidence available in 

the sample. As has been noted earlier, we regard this facility as being 

uncontaminated by a bias to respond defect or non-defect due to data 

other than that available from the sample. Whether it is possible to 

separate sensitivity from 'response bias' due to other factors is a 

question we shall pursue at length in chapter 2. 

It is clear that the inspector's ability to distinguish good from bad 

products will depend partly on his knowledge of the cues which indicate 

defectiveness and partly on the amount of data that he can acquire from 

the sample. A third, slightly more controversial factor, concerns his 

intrinsic ability, independent of training, to isolate a particular
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configuration of cues embedded in a confusing background. 

The utilization of cues present in the sample is clearly a function of 

training and also the provision of reference aids defining defective 

items. This topic will also be explored more fully later. The 

inspector's ability to acquire information from the sample is strongly 

influenced by physiological factors such as visual acuity discussed 

earlier. The area of visual search has been included in the psychological 

factors although it has a strong physiological element. Visual search 

skills consider the ability of the inspector to search an area exhaust- 

ively, efficiently and rapidly. Many of the studies of visual search 

which will be considered later have been concerned with a subject's 

ability to economically scan large areas for a target. To this extent 

the prime interest in search strategies is in the area of the inspection 

of sheet materials for defects. Clearly there is a high degree of 

interaction between some of the factors being considered. For example 

if the situational factor of pacing is very high the question of the 

time taken by the inspector to scan an item becomes highly important. 

The relevance of research on vigilance tasks to industrial inspection 

is a function of the degree to which the task under consideration 

approaches that of the classical vigilance decrement situation. If an 

inspection task is conducted for prolonged periods in an unstimulating 

environment, with low probability, irregularly occurring defects, then 

vigilance effects might be expected. As will become apparent in the 

literature survey, there is some controversy as to the applicability of 

much vigilance research to industrial situations. 

The possibility that an inspector's detection skill is related to innate 

abilities such as field dependence and pattern recognition is an
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intriguing one that has not yet been explored by workers in the 

inspection field. The whole area of individual differences is one which 

has been neglected, particularly in relation to the selection of 

inspectors. It is hoped that this study will provide an impetus for 

research in this area. 

1.3.2 Decision making in inspection 

Many of the issues relevant to the decision making aspects of inspection 

skills cannot be discussed at this point because they are an integral 

part of the Signal Detection Theory orientation to the area which will 

be considered in detail later. At this stage it is sufficient to point 

out that one would expect an inspector's decision about whether or not a 

sample is defective to be influenced not only by the evidence available 

from the sample but by the expected incidence of defects in the whole 

series of samples. Similarly it is reasonable to expect the conseq- 

uences of a particular decision to influence the inspector's judgement. 

For example, if the item being inspected is a critical part for a space- 

craft, then the inspector will be far more likely to reject it if there 

is even a suspicion that it is defective, than if it were a non-critical 

item. These commonsense notions will be related to a theoretical 

structure in a later section. 

Social factors can be seen to affect decision making in a situation 

where a worker is able to exert social pressure on an inspector if too 

large a proportion of his work is being rejected. Such pressures can 

be quite subtle and overt threats are not necessary to influence the 

judgement of the inspector.
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1.3.3 Identification factors 

Identification is distinguishable from acquisition in that the inspector 

is attempting to decide between different categories of defect after 

having decided that a particular signal is in fact a defect. Most of 

the factors operative at the decision making phase are also important 

here, although it is essentially a multiple categorization problem 

rather than a binary decision making process, at least where there are 

several types of defect. As before, training and experience will be 

important in allowing accurate differentation between types of defect. 

Of particular importance is the provision of reference standards in 

order to provide examples of the distinguishing characteristics between 

defects. As in the decision making phase, expectancies concerning the 

type of defect likely to occur will influence the categorization process. 

1.3.4 Action factors 

The absence of clearly defined actions to be taken in the event of the 

various types of defect occurring can lead to a considerable degrad- 

ation in the efficiency of the inspection system. Some defects may 

indicate the presence of certain manufacturing malfunctions and hence 

necessitate a rapid feedback to the production section of the factory. 

Other defects may require reworking rather than rejection. Certain 

types of defective items may be acceptable to some customers who may be 

selling at discount to a less discriminating market. The consequences 

of certain actions may affect the inspector's behaviour in the same way 

as during the decision making phase of inspection. 

Social factors need to be considered again in this context. The pre- 

vailing employment situation in a factory might, for example, influence
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an inspector in deciding whether a particular item was reworkable or 

should be scrapped. The action phase of inspection has received little 

attention in the literature, and should perhaps be considered more 

explicitly in the analysis of inspection systems. 

1.4 Conclusion 

The consideration of an informal model of the inspection task has pro- 

vided an overview of many of the topics which will be considered in 

more detail in subsequent chapters. If quantitative estimates were 

available for the effects of the variables considered on inspection per- 

formance, then it would be possible to use a model of this type for 

predictive purposes. As will become apparent during the subsequent 

review chapters, however, we have a considerable way to go before we 

can realistically assess the combined effects of some of the variables 

considered in the model, on inspection performance in general. Never- 

theless the predictive modelling of the performance of human operators 

in an inspection system should be regarded as a desirable long term 

objective. 

The validity of industrial inspection as an area of study for the 

behavioural sciences was also established in this chapter. It was 

pointed out that inspection requires a wide range of cognitive, 

decision making and pattern recognition skills which cannot readily be 

automated, and hence quality control is likely to remain a labour 

intensive area of industry. Data from inspection studies can be 

readily generalized to a number of other important areas such as radar 

screen surveillance and any situation where prolonged monitoring or 

repeated perceptual decision making takes place. Finally the quality 

of an inspection system has a considerable effect on the overall
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reliability of a system, which is becoming increasingly important as 

larger and more complex systems are produced.



CHAPTER 2 SIGNAL DETECTION THEORY AND ITS APPLICATION TO 

INSPECTION
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2.0 INTRODUCTION 

In the development which follows, Signal Detection Theory, (hereinafter 

referred to as SDT) will first be briefly considered from an historical 

standpoint, emphasizing the psychophysical ideas from which it emerged. 

Next the important concept of response bias will be considered, with 

particular reference to inspection and other industrial applications. 

The theory will then be developed in its simplest form, the equal 

variance model, together with the experimental evidence for this 

position, and then the more general form will be considered. Methods of 

analysing situations in which the simplified assumptions do not apply 

will be discussed in detail, particularly from the point of view of 

applying SDT to real as opposed to laboratory tasks. 

The existing studies in which SDT has been applied to inspection tasks 

will be reviewed in detail and general rules for applying SDT to this 

area will be set out. Finally potentially rewarding areas of applic- 

ability of the theory to inspection will be summarized and directions 

for further research proposed. 

In line with the applied nature of this study, no attempt will be made 

to produce a mathematically sophisticated analysis of SDT, and there- 

fore detailed mathematical justifications of various points will be 

referred to standard texts. 

2.0.1 Historical background 

SDT was developed in its modern form by two groups of researchers 

working independently at Michigan and Harvard Universities on the
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problems of detecting signals in noisy channels, particularly in the 

context of radar (Swets, 1963). In fact its origins can be traced back 

as far as Fechner (1801-1887). Fechner observed "the great variability 

of sensitivity due to individual differences, time, and innumerable 

internal and external conditions" (Fechner, 1860 p.44), that was found 

with human detection performance. He hypothesized the existence of a 

physiological threshold above which a stimulus of a particular intensity 

could be perceived and below which detection could not occur. 

However, evidence began to accumulate that the position of the threshold 

was influenced by external factors such as the probability of occurrence 

of the signal over a series of trials, assumed by the subject. Subjects 

who had been trained to expect a high incidence of stimuli invariably 

had a lower threshold than those who expected a low probability of 

stimuli occurrence. In classical psychophysical terms, the subjects were 

committing the 'stimulus error’ by basing their reports on external 

characteristics of the stimulus rather than their perceived sensations. 

Another problem was the question of false alarms. If a fixed threshold 

existed, the observer must either be in a 'detect' or 'non-detect' state. 

For this reason the occurrence of a 'stimulus' response on a null trial 

was difficult to account for. In early experiments subjects producing 

false alarms were simply admonished by the experimenter to take more 

care. This of course had the effect of biasing them to respond 

negatively if uncertain. 

Later experimenters such as Thurstone sidestepped the problem of 

response bias by using paired comparison or forced choice techniques. 

With these methods, a series of pairs of trials are presented one of 

each pair containing the stimulus, and the subject simply has to
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indicate which one of each pair is the signal trial. However, in many 

real detection situations the forced choice paradigm is inappropriate. 

Blackwell (1952) was concerned with the large scale determination of 

absolute visual thresholds. By this time it had been realized that even 

during a trial in which no stimulus was presented, the nervous system of 

the observer was continually active. Random firing of neurons occurs, 

exercising a tonic effect on brain functioning, (Pinneo, 1966). It seems 

likely therefore, that in the case where near threshold signals were to 

be detected, then sometimes the magnitude of this 'noise' distribution, 

even on non-signal trials, might be sufficiently great to be construed 

as a signal. Blackwell's assumption (known as 'high threshold theory') 

was that the observer's threshold was sufficiently high such that the 

magnitude of the background noise would never exceed it and give rise to 

a spurious signal report ('false alarm'). How then, could the undoubted 

occurrence of false alarms in this situation be accounted for? 

Blackwell assumed that on a certain proportion of the non-signal trials 

the subjects simply guessed, incorrectly, that a signal had been pres- 

ented. A ‘guessing correction' was therefore applied to the data to take 

into account this tendency of subjects. 

This assumption, in retrospect, seems unsatisfactory on a number of 

counts. It is rather arbitrary and still provides no satisfactory 

account of the effects of, and the reasons for, judgemental bias on the 

part of the observer. 

It seems then, that by the beginning of the fifties the problems of the 

satisfactory analysis of detection experiments had not been solved and 

the time was ripe for the introduction of a new theory. Before con- 

sidering this theory however, it is useful to consider the concept of
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observer bias in more detail. 

2.0.2 The nature of response bias 

Judgemental bias is an all-pervasive aspect of any human choice or 

decision making situation and is not confined to the rather narrow area 

of psychophysical judgements that we have just been considering. 

A doctor looking, listening or feeling for signs of a disease may far 

prefer a 'false alarm' to a missed signal, particularly if the disease 

is serious. In a control room of a nuclear power station the operator 

may be required to shut down the reactor in the event of certain 

evidence from the instrumentation, which may be ambiguous, that a 

dangerous condition has occurred. Shutting down the reactor is usually 

an expensive business and may cost tens of thousands of pounds in terms 

of lost output. On the other hand not shutting down the reactor may be 

even more expensive in terms of damage to plant or even loss of life. 

The operator's decision will clearly be influenced by these cost factors 

and also by the relative probability that a dangerous condition is 

really likely to occur. If it is during the commissioning phase, and 

similar incidents have been quite common, then the operator will have no 

hesitation in shutting down the reactor. If on the other hand the plant 

has been in operation for some years and such an incident has never 

before occurred, the operator may well defer his decision for some time 

before he makes the critical control action. 

In the area of inspection we can see that the inspector's criterion is 

going to be influenced by the on-going level of defects present. LE it 

is known that a particular batch has been produced by a ‘rogue machine', 

then the inspector will be far more likely to reject an article that is
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a borderline case. A similar effect could occur where cost factors were 

involved. If the manufacture of an article involved an extremely 

expensive series of processes, the inspector would be biased to reject 

the article only if he was absolutely certain that it was defective. 

Similarly, if the manufacturing process were very cheap but the product 

was destined for a highly discriminating market, then the inspector would 

reject if there were any doubt at all that the item was not perfect. 

It is important to note that we are referring to subjective probabilities 

in this discussion, and the costs and values of the observer's decisions 

are in fact personal utilities. These quantities may or may not be the 

same as the objective probabilities and payoffs which occur in a real 

situation. Viewed in these terms we can see that many factors which are 

known to affect the judgemental process can be mapped on to the 

dimensions of subjective probability or perceived utility. For example 

social pressures from co-workers in an industrial situation could be 

seen to affect judgement via the mechanism of altering the personal pay- 

offs of a particular decision. If an inspector is examining the work of 

a colleague and is aware that too many rejections could lead to his 

dismissal, then he may be influenced, consciously or otherwise, to 

accept a higher proportion of borderline items than would be the case if 

they arrived from an anonymous source. The subjective estimates of the 

probability of a defect occurring would clearly be highly dependent on 

the degree of feedback given to the inspector. 

Up to this point we have demonstrated that in detection situations, 

unless forced choice procedures are adopted, any measure of the observers 

sensitivity is inevitably contaminated by the factors of response bias 

discussed in this section. One factor that has not been mentioned up to
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this point is the question of quantifying the degree of observer bias. 

The attitude of classical psychophysics has been that observer bias is a 

"nuisance variable' that one should attempt to eliminate as far as 

possible. However, it is clear that the degree of response bias that 

occurs in a situation is in itself a quantity of some interest. Given 

that judgemental bias is a fact of life in any real discrimination task, 

it is clearly of interest to quantitatively measure the amount of bias, 

in order to answer such questions as the degree to which some of the 

factors discussed up to this point affects it. 

In subsequent sections we will see that SDT provides the means for 

quantifying aspects of response bias that have been discussed in this 

section. 

262: SDT - general considerations and the basic model 
  

A number of general reviews of SDT now exist, e.g. Pastore and 

Scheirer (1974), Swets et al. (1961), Egan and Clarke (1966), Coombs et al. 

(1970), Lee (1971) and Swets (1973). Two textbooks and a book of col- 

lected papers have also been produced: Swets and Green (1966), McNicol 

(1972) and Swets (1964). 

Signal Detection Theory has applications in a very wide range of 

situations in which an observer has to make a discrimination or choice 

on the basis of equivocal or 'noisy' evidence. 

Noise is a central concept in SDT and can be regarded as any random pro- 

cess which tends to interfere with discrimination. We can consider two 

analogous situations, the detection of a very faint signal in a back- 

ground which may tend to degrade the signal, and discrimination between
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two very similar signals which may also be embedded in a background 

which tends to obscure the differences between them. 

Another source of noise might be the inevitable slight variations in the 

physical nature of the stimulus, particularly if its precise character- 

istics are ill-defined. These sources of noise are all external to the 

observer, but noise is also added internally due to the random firing of 

neurons in the nervous system (Pinneo, op. cit.). 

Whenever a subject makes an observation, the sensory effect that occurs 

can be represented as a point y in an n-dimensional space, the n dim- 

ensions representing the n possible characteristics of the response of 

the sensory system. For example an inspector may be examining coins for 

defects by their visual appearance, weight and the sound they produce 

when dropped. In this case we might expect the sensory evidence x to 

consist of visual parameters such as size, shape, colour etc., tactile 

evidence including weight and texture, and auditory information such as 

the slight difference in sound of a 'dud' coin. It is clear that each 

coin examined will produce a slightly different point y due both to 

slight variations within the categories 'perfect' and defective coins 

and also to the other internal and external sources of noise discussed 

earlier. It is obvious that the distribution of y values due to good 

coins, fyly), will have a mean less than that due to faulty ones, 

foy(y), and that the two distributions will overlap. (The subscript N 

refers to the fact that the former distribution is regarded as being due 

to noise only, and SN as the latter being due to signal + noise, the 

signal in this case being the attributes of a defective coin). If we 

regard fy(y) and fgy(y) as being the sensory evidence on which the 

inspector bases his decision, the question arises as to how he decides 

whether a perfect or defective item has been presented on a particular
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trial. 

Signal Detection Theory assumes that as a result of experience on the 

discrimination task the observer is able to compare the probability that 

a particular sensory effect has arisen, given that a perfect coin was 

presented, compared with the probability that it arose, given that a defect 

was presented. To do this, he forms a likelihood ratio from the 

ordinates of the two density functions fy(y) and fsy(y) corresponding to 

the particular value of the sensory evidence on that trial, i.e.: 

foy(y) = A (y), the likelihood ratio 

iy(y) 

The likelihood ratio, then, represents the likelihood that the point y 

arose from the defect (SN) distribution relative to the likelihood it 

arose from the perfect (N) distribution. Since any point in the space, 

i.e. any sensory datum, may thus be represented as a real, non-zero 

number, all sensory data can be regarded as lying along a single axis. 

Any observation x can therefore be identified with a particular value of 

the likelihood ratio A(y). It is convenient if x is identified with a 

transformation of A (y), i.e. XD (x), such that Gaussian density functions 

of the sensory effects of signal and noise, fy(x) and foy(x), result. 

This is produced by using a logarithmic transform of Xr (y). <A further 

assumption will be made, although this will be modified later, that the 

distributions are of equal variance. This gives rise to the familiar 

SDT diagram, Figure @4). The normality assumption can be justified on 

the basis of the Central Limit Theorem, in that if observations are 

independent, then the distribution of the sums of the noise and signal 

plus noise distributions each approach normality for reasonably sized 

samples.
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Figure 2.1 Equal variance probability density functions from log 
transform of likelihood ratio 

2.1.1 Measurement of sensitivity and bias 

An intuitively reasonable measure of sensitivity is immediately 

apparent from Figure 2-1. This is d', the distance apart of the two 

distributions, scaled in terms of their common standard deviation o. 

i.e. d' = Moy - My 

o 

Clearly the further apart the distributions, the more discriminable are 

the signal and noise. If the two distributions overlapped completely, 

discrimination would be impossible, and if they were a considerable 

distance apart, the overlap, and hence the ambiguity involved, would be 

vanishingly small.
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Having mapped the effects of the noise and signal on to a one dimensional 

axis, the question arises as to how the decision is made. SDT assumes 

that the likelihood ratio axis is a decision axis, and that the observer 

establishes a cutoff value of x, xc, (Fig.2.1), such that if the trans- 

formed likelihood ratio exceeds xq he responds signal, and if less than 

X¢ he responds noise, i.e. non-signal. The position of xq is defined 

by the ratio of the ordinates of fgy(x) to fy(x) at xe, known as the 

criterion 6 (beta). 

i.e. B = fon(x) 
  x =X, 

C 
fy (x) 

The quantities d' and beta can readily be calculated from an experiment 

in which the probabilities of correct detections and false alarms can be 

estimated, using the equal variance assumptions. The results of such an 

experiment are shown below. 

Observer's Decision 
  

  

  

  

State ef the NOISE SIGNAL 

world N Ss 

NOISE correct 'no signal' false alarm probability 
n response probability 

p(N/n) p(S/n) 

SIGNAL missed signal correct detection probability 

s prob. 
p(N/s) p(S/s)         

Figure2.2 Result of hypothetical detection experiment. 

The probabilities are estimated from the relative frequencies of the 

various types of response. From Figure 24 it can be seen that a know- 

ledge of P(S/n), the false alarm probability, given by the part of 

f(x) above xq, and the missed signal probability, given by the portion
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of foy(x) below x,, together with a table of the areas under the normal 

curve, will enable d', the distance between the distribution means to be 

calculated. Similarly a table of the ordinates of the normal distrib- 

ution will enable fy(x) and foy(x) at xq to be obtained and hence beta. 

2.2.2 Some characteristics of beta 

SDT assumes that the observer is able to place his criterion at any 

point on the decision axis x. If the criterion is placed far to the 

vight this will lead to performance characteristic of the cautious 

observer. Only sensory data falling in the extreme right hand tail of 

the signal plus noise distribution will elicit a signal response. Per- 

formance will be characterized by a low false alarm probability but also 

by a low signal detection rate. Conversely a criterion placed far to 

the left (a 'lax'criterion) will produce a high detection rate 

accompanied by a high false alarm rate. A criterion near the centre of 

the decision axis will give an intermediate level of both false alarms 

and correct detections. 

We can see that SDT takes a quite different approach to the classical 

psychophysical theories. Instead of a fixed threshold the criterion is 

infinitely variable and is independent of the sensitivity index d'. 

2.2.3 The position of the criterion as a decision rule 

We have not yet considered the factors which influence the position of 

the criterion. Some insights into this question were gained in the 

earlier discussion as to the nature of judgemental bias. SDT assumes 

that the position of the criterion is determined by two factors: the a
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priori probability of a signal occurring relative to that of noise, and 

the costs and values associated with various decision alternatives, e.g. 

false alarms, correct detections. 

The basic assumption is that the position of the criterion chosen by the 

observer represents the application of a decision rule designed to max- 

imize the payoff of the series’ of decisions made by the observer during 

the signal detection tasks. It can be shown (Green and Swets (op.cit.) 

p-20) that the application of a likelihood ratio decision rule to max- 

imize the expected value (in a decision theory sense) of the observers 

decisions will also maximize the payoff for a variety of other criteria . 

It can be shown (Coombs et al., 1970) that the expected value will be 

maximized if the decision rule is taken such that: 

  

Popr (optimal criterion) = P(n). (VpN+C,S) 

P(s) (V,S+CsN) 

where P(n) = a priori probability of noise 

P(e)! Sue 8 "signal 

v,s = value of making a correct detection 

VnN = ieee va pe “ rejection 

CsN = cost of missing a signal 

c,S = wo making a false alarm 

2.3 The ROC curve 

The ROC curve, (Receiver Operating Characteristic from the electrical 

engineering origins of SDT) is a very useful way of representing per- 

formance using the SDT approach.
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The ROC curve consists of a plot of the probability of correct detections 

against the probability of false alarms in a detection experiment. As 

implied earlier, these quantities are estimated from the frequencies of 

'hits' and 'false alarms' observed. The pair of probability estimates 

obtained from an experiment in which the criterion remains fixed and the 

signal discriminability remains constant produces a single point on the 

ROC curve. In order to generate a complete curve, the subject has to be 

induced to alter his criterion to produce a series of points of differing 

X, but constant sensitivity. This can be done either by varying the pay- 

offs for the various decision alternatives or by altering the a priori 

probabilities. Another method is to employ a rating scale technique, 

(Egan et al., 1959), whereby the subject has to make ratings as to his 

degree of confidence that a signal is present on a particular trial, 

e.g. definitely signal, possibly signal, possibly non-signal etc. This 

is equivalent to conducting several experiments simultaneously using 

different criteria, and is regarded as the most efficient way to 

generate an ROC curve, Green and Swets (op.cit.), McNicol (op.cit.). 

This technique will be employed extensively in the experimental part of 

this study. The ROC curves generated by these procedures are shown in 

Figure 2.3. 

Each of the curves corresponds to a signal of different discriminability, 

and where the equal variance assumptions hold true the curves are 

symmetrical with respect to the negative diagonal. The constant d' 

curves are sometimes referred to as isosensitivity curves. A ROC can be 

regarded as being generated from right to left when the criterion is 

swept from left to right ('lax' to 'strict') across the decision axis. 

The positive diagonal represents 'chance' performance and an ROC curve 

can only be produced below the diagonal by 'malingering', i.e. by



  

P(S/s) 
Correct 
detection 
probability 

    

  

    
  

ab 2 3 1.0 

P(S/n) False alarm probability 

Figure 2.3 ROC curves generated with d' as the parameter 

deliberately trying to perform badly. Considerable use is made of 

normalized ROC curves, sometimes referred to as Z-ROC curves. These 

are produced by plotting the Z-Scores corresponding to the probability 

data or by using double-probability paper with axes scaled in terms of 

the normal deviate. Both of these methods produce straight lines 

corresponding to the ROC curves of constant d'. In the case of 

equality of the variances of the underlying distributions these lines 

are parallel to the positive diagonal, i.e. have slope equal to 1.0. 

A further property is that the difference between the normalized co- 

ordinates of any point along the ROC curve is equal to the sensitivity d'. 

2.4 Unequal variance model 

24.1 Experimental consequences 

Although many of the earlier experiments involving the detection of
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auditory signals in white noise were satisfactorily fitted by the equal 

variance model described above, it soon became clear that in general an 

assumption of inequality in the underlying variances provided a better 

fit to the experimental facts. In many cases no checks were made on the 

data to find out the appropriate model in a particular experimental 

situation. A large proportion of the early experiments which employed 

SDT as a means of separating sensitivity from bias, simply used single 

estimates of correct detections and false alarms to generate d' and 

beta measures. These can be obtained without the effort of resorting to 

normal probability tables, by using tabulated values of d' and beta, e.g. 

Freeman (1973). As will be discussed subsequently, such a procedure can 

lead to large errors of estimation in the SDT parameters if the 

assumption of equal variance underlying distributions is incorrect. 

Taylor (1967) has discussed why there is likély to be an asymmetry 

between the underlying distributions. A signal is normally thought of 

as something added to the non-signal. The subject normally knows quite 

well what the non-signal would be, were it not obscured by noise. He 

does not know so well, however, what the signal would be without the 

noise. There is an essential asymmetry between the signal event class 

and the non-signal event class, in that the subject usually knows less 

about what is a valid example of the signal class than the corresponding 

non-signal class. It is of interest to note that unequal variance 

distributions are much more frequently observed with visual signals, 

which often have complex attributes which cannot be specified exactly, 

than with auditory signals which can be specified precisely in terms of 

phase, duration and amplitude. 

On purely practical grounds one would expect the variances of the noise 

and signal + noise distributions to be asymmetrical. In most detection



31 

experiments there are usually far fewer false alarms than correct 

detections. The variance associated with estimating false alarm prob- 

ability from a low false alarm frequency is intrinsically greater than 

with correct detections, where a greater sample size is available. 

Whenever a subject knows less about a signal than a non-signal, the same 

effect will be produced. The ROC curve will cling to the left hand 

edge of the ROC space longer than it does to the top. The less the 

observer knows about the exact characteristics of the signal, the more 

skewed the curve will be. 

2.4.2 ROC curve analysis of the unequal variance model 

The unequal variance model assumes underlying noise and signal 

variances of oe and ae This means that an additional parameter has to 

be added to the basic SDT model in order to specify the shape of the 

ROC curve. This is the ratio of the respective standard deviations of 

the noise and signal plus noise distributions, i.e. gs, It can be 

shown, Green and Swets (op.cit.) p.64 that the slope of the resulting 

Z-ROC is given by on/os. As Ee ica increases the slope of the line 

decreases. A comparison of the Z-ROC's for the equal and unequal 

variance case is given overleaf. (Figure24). 

2.4.3 Measures of sensitivity 

One important consequence of the unequal variance situation is that the 

measure of sensitivity d' is correlated with the criterion position 

chosen and that this correlation increases as the Z-ROC line becomes 

less parallel to the positive diagonal. If we consider line A, the
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Figure 2.4 Normalized ROC curves representing equal (A) and unequal 
(B) underlying variances. 

equal variance situation, it is obvious that d', (Figure 2.4) the 

difference between the corresponding Z-scores will remain constant. On 

the other hand different points on B, the unequal variance Z-ROC line, 

will indicate different values of the corresponding Z-Scores. It will 

be recalled that different points on the Z-ROC lines represent different 

degrees of bias and hence the non-independence of d' is clear. In this 

situation some decision has to be made about where on the ROC curve the 

sensitivity measure is to be read. Two sensitivity measures are com- 

monly used. The first of these, Am, is the distance between the means 

of the signal and noise distributions measured in standard deviation 

units of the noise distribution. It is equal to Z(S/n) at the point on 

the ROC curve where Z(S/s) = 0. 

Another measure of sensitivity is d'e, also called d,, due to Egan and 

Clarke, ©p.cit.). d'e is defined as twice the value of Z(S/s) or
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Z(S/n), ignoring signs, at the point where the Z-ROC curve intersects 

the negative diagonal. One reason for using d'e is that Z(S/s) and 

Z(S/n) are equal where the Z-ROC line meets the negative diagonal and 

hence it gives equal weight to the signal and noise distributions. Since 

A m is scaled in units of the noise distribution,it is the appropriate 

measure if the noise variance is expected to remain constant over a series 

of experimental treatments, but the signal variance may change. If both 

variances are likely to change then d'e would be a more stable measure. 

Also if we expect signal variance to remain constant and noise variance 

to change, the most appropriate sensitivity measure would be the value 

of Z(S/s) at the point on the Z-ROC line where Z(S/n) = 0. This 

analogous measure to A mis scaled in wits of the signal distribution 

and is employed in Thurstonian Category Scaling, (Lee, 1969). 

Two final arguments have been advanced in favour of d'e. The first is 

that the point that it is read from the ROC curve generally falls within 

the range of responses made by observers. Hence extrapolation is not 

necessary. Secondly, Egan and Clarke (op.cit.) report that the changes 

in slope of the ROC curve observed from session to session within the 

same observer tend to alter the value of 4m more than d'e, which thus 

appears to represent a more stable measure. In any event one measure 

can readily be converted into the other by means of the conversion 

formula provided by Green and Swets (op.cit.). 

; te = aS. i.e. dies 2 Am Ge) 

where S is the slope of the Z-ROC curve 

Theodor (1972) illustrates how incorrect assumptions can lead to 

erroneous conclusions. The table below represents data for a single 

subject under three conditions of an experiment with d' calculated



under the assumption that os/on = 1 and o&/on = 2. 

condition a’ 
os oS 

P(correct P(false Z (C.D) Z (F.A) Tee a ee 
detections) alarms) Tl n 

A -5000 0668 0 “1.5 1.5 1.5 

B 6915 3085 25 -0.5 1.0 1.5 

Cc -8413 6915 1.0 0.5 0.5 1.5 

The assumption of equal variances se = 1) leads to the interpretation 

that the points are on three different ROC curves of different sens- 

itivity, whereas = = 2 gives the impression that all the points are on 

the same ROC curve. Unless so is known, there is no way of telling 

which hypothesis is true. 

2.4.4 Measures of bias 

A number of problems arise when measurements of response bias are con- 

sidered in the unequal variance case. Unfortunately in this situation 

there is no longer a simple monotonic relationship between the likeli- 

hood ratio scale and the underlying evidence variable. For example, in 

the case where the signal variance exceeds the noise variance, up to 

the first intersection of the distributions B will be greater than one, 

after the intersection it will be less than one, and after the second 

intersection it will be greater than one again. Therefore, there will 

in general be two values of the likelihood ratio which maximize the 

expected value of the observer's decision. In actual practice, the 

second cross-over point will generally occur in the extreme tails of the 

distributions and in general the observer behaves as if he places his 

cutoff at a particular value of beta. Even in the equal variance case
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there are problems in comparing changes in beta between experimental con- 

ditions. If d' is not constant, then apparent changes in beta may be 

due’ to changes in d'. Baker (1975) points out that the likelihood ratio 

can vary between 0.0 and 10.0 when d' = 1.0 and can be as high as 100 

when d' = 3.00. 
N 

One measure of bias which does overcome this difficulty has been pro- 

posed by Banks (1970). This is C, the distance along the likelihood 

axis from the noise distribution mean to the criterion scaled in Z-units 

of OG. The range of C is not a function of the separation of the dis- 

tributions and it is always monotonic with the likelihood ratio axis. C 

for any point on the Z-ROC curve can be determined from the Z score on 

the false alarm axis. The other bias measurement often used is log 6, 

this being a monotonic function of the evidence variable, i.e. the mag- 

nitude of the sensory evidence which the observer uses as input to the 

decision making mechanism. 

Some of the problems of assessing response bias using beta are discussed 

in McNicol (1972) p. 119. One of the difficulties in using a single 

index of bias is that in a multiple criteria situation such as occurs 

in rating experiments, there is no indication if the observer has moved 

all his criteria up or down the x-axis, or has spaced them closer or 

wider apart, as found in Broadbent and Gregory (1963) for example. It 

is of course open to question whether the observer actually uses a 

likelihood ratio criterion in setting his cutoff. Although such a 

criterion achieves the broadest range of objectives, there is no 

guarantee that the observer will use the most rational criterion. It 

is not impossible that the response criterion be based purely on the 

evidence variable, the sensory effect produced by the stimulus. In this
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case the observer will use a value of y as his criterion, and if the 

sensory evidence is less than y he will respond 'noise' and if greater 

than y, ‘signal’. In the equal variance case this would produce no 

anomalies because the likelihood ratio is monotonic with the evidence 

variable. In the unequal variance case discrepancies would occur. 

Ingleby (1974) presents persuasive evidence that the decision maker 

actually does employ a likelihood ratio criterion, however, in auditory 

detection experiments in which the observer's criterion was systemat- 

ically varied. 

Dusoir (1975) critically reviews the attempts that have been made to 

measure observer bias using a wide variety of models in addition to SDT. 

He concludes that none of the existing indices of bias account for all 

the experimental evidence, and that it may be futile to search for such 

an index which remains invariant under all types of task, subject and 

experimental conditions. He also points out that the form of the iso- 

bias (ROC) curves needs to be established before experimentally manip- 

ulating such factors as the a priori signal probability or the payoffs 

in an attempt to modify the observers bias over Sherinantsl conditions. 

Finally he suggests that inferences about the degree of bias change in 

groups of subjects should not be used until it is clear that the iso- 

bias curves are all of the same family for different subjects. However, 

in spite of these criticisms he does not suggest a usable alternative 

bias measure, which somewhat weakens the validity of his criticism. 

It must be emphasized that this study is not concerned primarily with 

the theoretical issues considered by Dusoir. As will be discussed in 

detail subsequently, the intention is rather to investigate the utility 

of detection theory ideas as a tool in a practical setting. The
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intention is to adopt a more rigorous approach that has hitherto been 

used in real world applications of SDT in order to establish the 

validity and usefulness of the model in this context. From this stand- 

point we shall assume that the theoretical validity of the SDT model has 

been sufficiently well established by the body of evidence in existence. 

The data provided in this study will serve to provide further con- 

firmatory or otherwise evidence for the theory in the context of real- 

life tasks. 

2.5 Non-parametric indices of sensitivity and bias 

As will have been gathered from the preceding sections, the question of 

the nature of the underlying distributions creates problems when using 

SDT to measure changes in sensitivity and bias. Fortunately there exist 

several 'non parametric’ measures of sensitivity and bias that require 

fewer assumptions concerning the nature of the underlying distributions 

than the parametric indexes d' and beta. 

The first of the sensitivity indices to be considered is P(A), the area 

under the ROC curve. As shown in Figure 2.3, as the index d' increases, 

the ROC curve becomes closer to the top left-hand corner of the unit 

square (within which the ROC curve is drawn). Green and Swets (op.cit.) 

p.45 show that the area under the curve is a measure of sensitivity 

independent of the shape of the underlying distributions. P(A) lies 

between 0.5 and 1.0. If an ROC curve is generated using the rating pro- 

cedure mentioned earlier, a numerical integration technique such as the 

trapezoidal rule can be used to estimate the area under the curve. 

McNicol (op.cit.) p.114 gives an example of the technique. Pollack and 

Hsieh (1969) investigated the sampling distributions of both ay
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(discussed earlier) and P(A). The expression they obtained for the 

standard deviation of P(A) is useful in statistical analysis using these 

indices. Where only a single point on the ROC curve is available another 

measure of sensitivity is available, A', due to Pollack, Norman and 

Galanter (1964) and Pollack and Norman (1964). This index is an approx- 

imation based on the measure P(A) discussed earlier. It is derived by 

considering the maximum and minimum values that P(A) can take. Grier 

(1971) provides a convenient computing formula for this measure and also 

for P(I), another sensitivity index suggested in Pollack and Hsieh (op. 

cit.) which is related to A'. Another index which utilizes rating 

scale data is AH, due to Hammerton and Altham (1971) and Altham (1973). 

This index has been criticized by Dusoir (op.cit.) because although it 

makes no assumptions about the underlying variances, it does assume that 

the observer employs a likelihood ratio criterion. Navon (1975) has 

produced a sensitivity index derived from response latency measures. 

It is clear that there is a considerable choice of indices available to 

measure sensitivity. The same cannot, however, be said about bias. 

Hodos (1970) developed a non-parametric measure of bias B, based on the 

fact that the negative diagonal of the unit square represents the locus 

of points where the subject would be equally likely to respond signal 

or noise given ambiguity. The measure reflects the degree to which a 

data point deviates from the negative diagonal relative to the maximum 

possible deviation. A computational formula for B is given by Grier 

(op.cit.). Hodos' measure is however criticized by Dusoir (op.cit.) as 

not being 'non-parametric! according to his definition and as being 

simply an arbitrary parameter that makes no specific reference to any 

sensitivity parameter. 

Apart from B the only other measures of bias available within the SDT 

model are beta, log beta and C, as discussed earlier, although
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McNicol (op.cit.) p.123 presents a procedure for deriving a non-para- 

metric measure of bias from a rating experiment where there is insuffic- 

ient data to obtain a beta value for each criterion. Only a single 

overall measure of bias is produced by this technique and it is, at best, 

a somewhat crude estimate. 

2.6 Signal detection theory and inspection 

It will be recalled that the basic ideas of the SDT model were developed 

using an example from the inspection area. The advantages of using the 

SDT approach in examining inspection tasks are numerous. 

One of the most important applications of the SDT model is to provide an 

index of inspection performance. This is an important issue,because if 

a variety of different methods are employed to measure inspection per- 

formance,it is extremely difficult to compare inspection studies to 

assess the effects of differing factors on performance, as we shall see 

during the literature survey. The most common performance index 

employed in industry is,of course,the percentage of defects detected. 

McCornack (1961) discusses a number of other indices that have been 

employed and suggests that the suitability of a particular performance 

index depends on the objectives of the inspection system. For example 

different indices are appropriate if the object is to maximize correct 

detections regardless of false alarms, or whether false alarms should be 

minimized. Sosnowy (1967) also considers some of the performance 

indices available and shows that the ranking of inspectors in terms of 

efficiency can vary drastically depending on which of the performance 

measures is employed.
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Signal Detection Theory, with its separation between sensitivity and 

bias, offers unique advantages as an inspection performance index. We 

can identify some of the requirements of an ideal index as below: 

al Should provide insights into why performance is good or bad in a 

particular case. 

2. It should allow quantitative costs and values to be assigned to the 

various types of errors and correct decisions possible. 

3. The index should separate the aspects of performance due to the 

inspector's sensitivity, from his response bias. 

4, The performance index should enable inspection performance to be 

related to general theories of human performance. 

It is clear that the signal detection indices of sensitivity and bias 

fulfill these requirements. 

The likelihood ratio concept is particularly useful,in that it suggests 

an index of performance that has a theoretical optimum. We can thus 

compare the actual performance of the inspector with the optimum to see 

how it needs to be changed to produce a more efficient inspection system. 

The separation of performance into sensitivity and bias variables also 

provides insights into the way in which performance can be improved. 

Sensitivity, for example, can be improved by training the inspector to 

recognize the whole range of attributes that characterize good and bad 

products. The ability of observers to alter their response criterion 

on the basis of instructions suggests that inspectors can be induced to 

alter their response strategies towards the optimum. This area will be 

discussed in more detail subsequently.
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When using SDT parameters as indices of inspection performance a certain 

amount of confusion is possible due to the differing definitions of what 

constitutes a 'signal' in detection experiments and in inspection 

situations. The two matrices in Figure 2.5 contrasting a detection and an 

inspection experiment, will make the distinction clear. 

  

  

  

  

observer's decision inspector's decision 

state of NOISE SIGNAL state of perfect defect 
the world N s product N s 

NOISE correct 'no| false perfect correct false alarm 
signal' alarm n "product | or good 
response probability perfect" | product 
P(N/n) P(S/n) decision | called bad 

P(N/n) P(S/n) 

SIGNAL missed correct defective] missed defect 
signal detection 5 defect correctly 

s probability | probability P(N/s) detected 
P(N/s ) P(S/s) P(S/s)                 

Figure 2.5 Comparison of signal detection and inspection situations. 

2.7 Relation between the SDT model and acceptance sampling 

In industrial quality control, considerable use is made of various types 

of statistical sampling plans. It is useful to clarify the relationship 

between SDT concepts and those of statistical quality control (S.Q.C.). 

SQC adopts the standard statistical usage of referring to false alarms 

and misses as Type I and Type II errors respectively. The missed signal 

probability P(N/s) corresponds to failure to reject a false null 

hypothesis and is referred to as B in SQC (not to be confused with the 

entirely different usage of 6 in SDT). It is also known as the consumer's 

risk in acceptance sampling inspection, i.e. the risk of accepting a bad
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lot. Similarly the probability of false alarms, P(S/n), is analogous to 

the quantity in SQC, known as the producer's risk, the risk of rejecting 

a good lot. 

The SDT criterion x, is analogous to C in sampling inspection where C is 

the number of sampled defective items which must be exceeded in order to 

reject the entire lot as defective. 

Thus the SDT conceptualization of the inspector as an inferential decision 

maker is very similar to the theories of inferential acceptance sampling 

as practised by quality control engineers and statisticians. This adds 

further weight to its adoption as a conceptual paradigm in inspection. 

2.8 Applications of SDT in inspection studies 
  

Considering the very obvious advantages of the SDT approach, it is sur- 

prising how infrequently it has actually been applied in the inspection 

area. This is probably a reflection of the fact that inspection in 

general has been an under-researched area as far as human factors is con- 

cerned. Even where SDT has been applied to inspection this has often 

been in the context of laboratory studies rather than real life tasks. 

The methodological issues of applying SDT to inspection situations are 

dealt with explicitly in most of the papers to be considered in this 

section, mainly because SDT is still relatively unfamiliar to 

ergonomists with an applied orientation. A paper by Baker (op.cit.) 

comprehensively reviews the whole area of SDT applicable to inspection 

tasks, without being orientated towards a specific study. Other review 

papers are Drury (1975), which also considers Information Theory and 

the application of Bayes'theorem to inspection, and Adams (1975). The
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growing interest in the application of SDT to inspection was very evident 

at the 1974 symposium on human reliability in quality control held in 

Buffalo, U.S.A., where virtually every paper contained some reference to 

the theory. 

If we exclude studies in such areas as sonar detection, where SDT was 

applied as early as 1967 (Colquhoun, 1967), the first published paper 

employing SDT in an inspection context was Wallack and Adams (1969), 

although it reported earlier unpublished work by Wallack (1967). The 

Wallack and Adams study will be considered in some detail, because its 

methodological shortcomings serve to exemplify the problems which ensue 

when SDT is used without due regard for the underlying assumptions of 

the model. In this study, inspectors were required to examine samples 

of 260 electrical cables for examples where the conductors had been 

nicked or abraded in a wire stripping operation. Four sample lots were 

inspected containing 5, 15, 25 and 35 percent defectives. The 

inspectors were trained with a scheme which presented them with samples 

containing 80, 60, 15 and 35 percent of defects respectively, the 

higher incidence of defects sample being used as a teaching aid in 

which each wire inspected was discussed with the trainee to provide comp- 

plete feedback. A payoff matrix was then assigned such that correct 

aeceptances and rejections had a value of 1 unit and missed defects and 

false alarms were associated with a cost of 3 units. These values were 

purely abstract - the inspector did not receive any concrete rewards or 

payoffs for his performance. The inspectors were given further practice 

until they were familiar with the payoffs, the training terminating 

when they were able to achieve a particular level of payoff. The 

experiment proper was conducted such that the different incidence of 

defects samples were inspected at random times during the week. The
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SDT parameters d' and beta were calculated from the incidence of correct 

detections and false alarms, as outlined earlier. Also calculated was 

the distance of the criterion from the noise distribution. The results 

were interpreted by the authors as follows. The obtained mean beta values 

for each of the different probability of defects samples were not in 

general equal to the theoretically optimal values predicted by SDT, and 

the discrepancy was greatest with the lowest defect probability. The 

obtained betas did not even give the same rank order as the optimal 

ones. Two reasons were suggested for this. One was that the inspectors 

did not employ the payoffs assigned, and the other that they were not a 

homogeneous group, and could be divided into two sub-groups with 

differing degrees of bias. 

The major general criticism that can be levelled at this study, was 

that no attempt was made to examine ROC curves for the experiment, to 

check if the data did conform to the SDT model. Without such evidence, 

any conclusions drawn from the SDT parameters must remain highly 

questionable. The failure to draw ROC curves is particularly strange, 

in that data to do this are published in the paper in the form of 

correct detections and false alarms for each incidence of defects for 

each inspector. According to the SDT paradigm, the differing a priori 

probability of defects should induce a series of different criteria in 

the inspector and hence generate an ROC curve. The ROC curves, when 

plotted, show that although two of the seven inspectors appear to pro- 

duce a straight line Z-ROC, the slope does not support the equal 

variance assumption and hence d' and an uncorrected value of beta do 

not provide meaningful measures of bias and sensitivity. The fact that 

some of the results are not fitted by the SDT model does not mean that 

it is necessarily inappropriate. The fact that the inspectors did not 

receive any training with some of the defect levels employed could
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account for the results for example. In view of these considerations, 

attempts to compare obtained values of beta with the theoretical optima 

are obviously misplaced. Another methodological point concerns the 

instances in the data where the false alarm probability is zero or the 

hit probability is unity. In these situations, the corresponding z- 

scores tend to plus or minus infinity and hence neither d' nor beta can 

be calculated. In spite of this, values of d' do appear in the results 

table at these places. This is because the authors have used one of the 

approximations that can be employed in these situations and which will 

be discussed in detail later. If such approximations are used it is 

essential that they be made explicit. In the data under consideration 

they produce inflated values of d' that are incorporated in the group 

means. It is obvious that SDT cannot be applied in such a casual manner 

if meaningful results are to be obtained. In SDT terms, the only con- 

erete facts to emerge from this experiment are that some inspectors! 

performance can be described by the unequal variance model, and that 

inspectors do not appear to change their criteria according to the a 

priori probabilities. 

The next published paper to use SDT in an inspection context was Embrey 

(1970). This concerned the inspection of bubble chamber photographs, 

produced in high energy physics investigations, for the occurrence of 

particular configurations of tracks. SDT was employed to ascertain 

whether differences in detection efficiency were due to the differing 

discriminability of the two configurations employed in the experiment 

or to differences in response bias on the part of the inspectors. The 

effects of differing levels of ambient noise, and time on the task were 

also considered. Although the results were of interest, the study was 

again a naive application of SDT in that ROC curves could not be plotted 

and the basic assumptions remained unverified. Wallack and Adams (1970)
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reanalyse the data of their earlier paper using the measures of McCornack 

(1961), discussed earlier. A Bayesian measure of performance is also cal- 

culated, and a measure due to Freeman et al. (1948), which is related to 

statistical quality control considerations. It is pointed out that SDT 

measures of inspection efficiency are the only ones available that con- 

sider the effects of the costs of the various decision alternatives. 

Lusted (1971) used SDT to analyse the performance of radiologists eval- 

uating X-ray photographs. He found that the lack of agreement between 

radiologists on the diagnosis of the photographs could be explained in 

terms of differing criteria rather than differing sensitivities. ROC 

curves plotted for this task indicated that the unequal variance SDT 

model gave an excellent fit to the data. Lusted used the sensitivity 

parameter d'e to compare the effects of alternative presentation methods. 

ROC curves were also used to show that paramedical personnel had a lower 

sensitivity than radiologists in this task. Interestingly enough, the 

ROC plot for this experiment also indicates that the less experienced 

paramedieal group showed a greater S60 ratio than the radiologists, 

presumably because they were less familiar with the characteristics of 

the signal. The data from these studies are not presented in detail but 

the use of d'e, an appropriate sensitivity model for the unequal 

variance case, gives one far more confidence in the authors conclusions. 

This study is one of the very few practical applications of SDT in 

which such a sophisticated approach has been adopted. Another study in 

the radiology area, Sheft et al. (1970), used the measure d'e to show 

that the detection performance of X-ray technicians who had received 

five months training was indistinguishable from that of senior consul- 

tants.



Aq 

The next industrial application of SDT to appear was Sheehan and Drury 

(1971), the detailed results of which were published earlier, Drury and 

Sheehan (1969), but not analysed in SDT terms. Inspectors with a wide 

spread of age and visual acuity, but judged to be of equal competence by 

the company, inspected 6 batches of steel hooks containing 20 percent of 

items with a single defect and 5 batches each containing a similar pro- 

portion of defective items, but each item contained two defects. From 

the point of view of SDT, one of the main results of interest was that 

when the usual probabilities were plotted on an ROC curve, most of the 

inspectors results seemed to be moderately well fitted. However, one 

inspector's data seemed completely discrepant. Subsequently it was 

found out that she was rejecting a large number of acceptable hooks 

because of a surface blemish which should actually have been ignored. 

The authors suggested that a particular advantage of the SDT approach 

was that it enabled such an error to be more readily detected than using 

other indices of detection performance. The ROC curve also indicated 

that all of the inspectors were employing a stringent criterion, leading 

to a low level of false alarms but a relatively high incidence of missed 

defects. In this particular inspection situation, this was an inap- 

propriate strategy, since missed defects were 'expensive'. Using tables 

from Swets (1964), (which assume equal variance underlying distributions), 

values of d' were calculated and the results used to show a negative 

correlation between age and sensitivity. d' was also used in a second 

experiment to show that prior knowledge as to which type of defect was 

going to occur, enhanced sensitivity. This study was considerably more 

satisfactory than the first one considered, in that an ROC curve was 

drawn, and no attempt was made to calculate beta with inadequate infor- 

mation. However, there were still several methodologically suspect 

aspects. Rather than attempting the difficult task of fitting ROC
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curves to the data points by eye it is far more sensible to convert them 

to z-scores or use double probability paper to produce a straight line 

z-ROC plot, thus facilitating an objective test of the fit of the data to 

the equal variance assumptions. The usual criticism of the use of d' 

without testing the assumptions applies. One of the nonparametric 

measures would have been more appropriate. The paper discusses the ways 

in which the inspector might be induced to vary his criterion by rapid 

feedback of the results of his inspection. 

The next paper, Drury and Addison (1973) represents the best and most 

extensive available application of SDT to inspection tasks. There are a 

number of reasons for this. The study used data from an on-going 

industrial task rather than a simulation or a laboratory study. 

Techniques were presented for obtaining estimates of SDT parameters from 

the data normally available in inspection situations. The data was 

tested carefully for its conformity with the SDT assumptions, and the 

theory was used to gain new insights into the way in which the inspectors 

performed their task. In the experiment, inspectors in a glassworks, 

100% examined certain unnamed expensive glass products (actually colour 

television tubes). There was a sample inspection by special examiners 

of the items classified as good and faulty by the 100% inspectors. 

During the period of measurement the special examiners were moved to a 

point closely following the 100% inspection and their results made 

available to the inspectors much more rapidly than before. Twelve con- 

secutive weeks performance before and including the change were 

measured and eleven weeks after the change. Each week's data consisted 

of the percentage of items classified as good by the inspectors 

together with the special examiners reports of the percentage of the 

rejected items that were faulty, and the percentage of the rejected items



49 

that were good. The latter two quantities are subject to variable 

degrees of sampling error, due to the variable size of the sample and the 

fault percentages involved. It also seems likely that the standards of 

the sample examiners were probably subject to the same limitations as the 

100% inspectors, e.g. pressures due to the varying nature of customer's 

requirements. 

The authors point out that although, a priori, the data seem unlikely to 

conform to the SDT model, the situation does have some resemblence to 

the classical SDT experiment where some uncontrolled variation still 

exists. They emphasize that they are attempting to analyse group per- 

formance in SDT terms, and that the situation is analogous to the usual 

SDT experiment. 

By using a decision tree approach some extremely useful expressions are 

derived for obtaining estimates of the quantities P(S/s), P(S/n) and the 

a priori probability of a defect occurring, from the percentage of items 

classified as good by the inspectors and the special examiners estimates 

of the percentage of Type II and Type I errors. These expressions are 

of considerable general utility, in that they are often available in 

real life inspection situations, where the actual a priori probability of 

defects is not usually known of course. The expressions are given below: 

P, = probability that a good item will be accepted 

= (l= y) Px 

(E> By) Cl yh ey 

Py = probability that a faulty item will be rejected 

(1 - x) (1 P4) 

yP, + (1 x) (1 - P,)
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Pg = a priori probability of a defect = x CLP armel yea 

where P, = proportion of items inspected which are accepted as good. 

x = proportion of items rejected by 100 % inspector which are in 

fact good. 

y = proportion of items accepted by 100% inspector which are in 

fact faulty. 

x and y are both obtained from the special examiners' sample inspection. 

The results were first fitted by Z-ROC curves and it was found that the 

pre and post feedback data (subsequently referred to as 'before' and 

‘after' data) could be fitted by two straight lines of slope not sig- 

nificantly different from one. The good fit of the data to the equal 

variance SDT model greatly facilitated subsequent analysis. The fitting 

of straight lines to this type of data using least squares techniques 

cannot normally be recommended since there are errors in both variables. 

Least squares techniques assume that one of the variables is independent. 

Maximum likelihood fitting techniques have been advocated in this 

situation by Dorfmann and Alf (1968, 1963), Ogilvie and Creelman (1968) 

and Grey and Morgan (1972). In view of the very high correlation 

coefficients obtained for the two lines (0.803 and 0.802), perhaps this 

criticism is unnecessarily purist, but it could become important in 

situations where the scatter of the points were greater. 

It was shown that the detectability of the defects, as measured by d!' 

increased significantly after the introduction of feedback. The reasons 

for this are not entirely clear unless the examiners gave the inspectors 

insights into the nature of the critical defects. A plot of fault 

density against probability of detecting a defect showed the decreasing 

relationship that has often been observed in inspection studies, e.g. 

Fox and Haslegrave (1969).
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As pointed out in section 2.2.4 SDT suggests that if an inspector uses 

a likelihood ratio criterion to maximize the expected value of his 

decisions, then (using the terminology of this paper): 

@ optimal = P, x (relative cost factor) 

1- Pg 

Therefore a plot of beta against P/O S Pq) will be a straight line 

through the origin. Drury and Addison's data confirm this prediction 

only for the data from the feedback conditions. In other words, the 

inspectors were only able to adjust their criteria optimally to the in- 

coming glass quality when feedback was provided. This result might be 

expected from the assumption that the inspector requires some means of 

adjusting his subjective estimate of the defect incidence in order to 

adjust his criterion. This is provided more effectively by the direct 

feedback from the special examiners than by the intrinsic feedback 

present in the task. 

The paper also suggests that the inspectors change their criteria to 

keep their outgoing type II error (y) constant, since this is one of the 

important factors on which their performance is judged. The data pres- 

ented seem to lend support to this hypothesis. 

This paper shows how SDT measures can be used to gain insight into a 

wide range of inspector behaviour. There are certain criticisms that 

ean be made. One is the use of least-squares techniques in fitting ROC 

curves, as already mentioned. Another concerns the use of the 

aggregated measures of the number of inspectors. Although the overall 

performance of the inspection system is well described by this approach, 

it masks the considerable inter subject variation that must be present. 

In order to generate an ROC curve at all, the inspections must be 

utilizing a very wide of criteria. In view of the fact that there was
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no systematic large change in the aspects of the task likely to affect 

the criterion, the wide variation in this parameter is surprising. Also 

the use of grouped data conceals the idiosyncrasies of individual per- 

formance which would need to be investigated in order to improve the 

overall efficiency of the inspection system. For example it is possible 

that a small proportion of inspectors with low sensitivity and inap- 

propriate criteria may be adversely affecting the system. In spite of 

these criticisms, this study illustrates the insights that can be gained 

into an inspection system by the use of SDT. 

Other studies employing SDT have paid less attention to the underlying 

assumptions of the theory. Smith (1975) used d' in a study on the 

optimal magnification levels for microminiature inspection. Buck (1975) 

discusses the applications of SDT in the dynamic visual inspection area. 

He concludes that the theory is only likely to be useful in situations 

where the relationships between task parameters and their effects on 

SDT variables can be established. A study by Zunzanyika and Drury (1975) 

used the rating scale technique, where the inspectors were required to 

place inspected items in boxes labelled ‘definitely accept’, ‘probably 

accept', 'probably reject’ and ‘definitely reject'. The experiment was 

designed to investigate the effects of various types of information on 

inspection performance. The three conditions considered were feed- 

forward, where the inspectors were given prior knowledge of the type of 

defect likely to occur, feedback, where knowledge of results were pro- 

vided, and a combination of these two information sources. Batches 

used in the study consisted of 10, 20 or 30% defects. The control group 

inspected the same batches as the experimental group but without the 

information conditions. For some reason, the rating part of the experi- 

ment was not used to generate an ROC curve, but was instead used to
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provide three estimates of d' from the boundaries of the different 

categories employed. The hypothesis was that if SDT applied then 4d! 

would remain constant for the different criteria generated by the rating 

procedure. The results suggested that SDT did apply to this study, 

since there were no significant differences in d' across criteria. The 

differences between the various information conditions was no greater 

than that due purely to learning in the control group. Surprisingly, the 

authors state that criterion information is lost with studies of this 

type. In fact it is simple to calculate the position of the series of 

criteria that result from rating scale experiments. The applicability 

of SDT was further tested in a similar manner to the Drury and Addison 

study, by plotting the beta values obtained from the different a priori 

defect levels, against the ratio of the probability of a defect 

occurring to that of the probability of perfect product. The experi- 

mental group was fitted by such a straight line, but not the control 

group. In spite of this partial confirmation that SDT was applicable, 

both the sensitivity and criterion were affected by the changes in the 

a priori probability of a defect, an effect that was statistically sig- 

nificant. It is not easy to draw any definite conclusions from this 

study regarding the applicability of SDT, partly because of the equivocal 

nature of the results and partly because no ROC curve was drawn and 

hence we cannot make any inferences about the nature of the underlying 

distributions. 

Most of the other applications of SDT have used the theory merely to 

provide the quantities d' and beta, using the equal variance assumptions 

and without any particular theoretical discussion of the applicability 

of the theory. Examples of such approaches have been Moraal (1975), in 

the inspection of steel sheets and Chapman and Sinclair (1975),
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concerning the inspection of food products. 

2.8.1 General discussion of the literature 

At first sight SDT appears to be ideally suited for application in the 

area of industrial inspection. The separation of sensitivity and response 

bias, the existence of normative standards for the criterion, and the 

possibility of incorporating the costs and values of the inspector's 

decision making into the model are powerful arguments for its use. The 

analysis of the preceding papers has suggested that up to now, however, 

SDT has been used in a somewhat naive manner in the inspection area. As 

has been suggested throughout this section, unless the basic assumptions 

of the theory are shown to be applicable to the data under consideration, 

then any conclusions drawn from the use of d' and beta must be viewed 

with considerable reservations. Some workers in the applied area, pri- 

marily Drury and Lusted,have taken the precaution of checking the SDT 

assumptions before using the theory. Also there has been some recog- 

nition by these workers of the difficulty of applying the parametric 

measure of bias, beta, in situations where the SDT equal variance 

assumptions do not hold. Even where the ROC curve has been drawn, there 

has been a tendency to assume that an approximate fit of the data to 

freehand curves is sufficient evidence that SDT can be applied. A far 

more accurate procedure is to transform the probabilities to Z-Scores 

to give a Z-ROC plot which can be readily fitted by a straight line 

either by eye or by the maximum likelihood techniques outlined in Grey 

and Morgan (1972). Such a procedure allows the slope of the line to be 

evaluated such that decisions can be made as to which form of the SDT 

model is appropriate.
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One aspect of industrial experiments that is of interest concerns the 

way that the ROC curve is generated. In all industrial experiments to 

date, no explicit attempt has been made to generate the curves by the 

procedures used in laboratory experiments on SDT, i.e. by manipulating 

the a priori probability of signals or by varying the payoffs. The 

general practice has been to simply plot the probabilities of correct 

detections and false alarms (or their Z-Scores) and by good fortune there 

has been sufficient random variability in the response bias to generate 

an ROC curve. It is certainly of interest to see the wide variability of 

criteria that exist in data taken from industrial situations. From the 

Z-ROC curves in Drury and Addison (1973) it can be calculated that the 

criteria vary between 1.02 to 5.03 in terms of beta. These data were, 

of course, produced by a wide variety of personnel working in conditions 

where there might well be frequent changes in criterion due to alter- 

ations in customer standards. In other industrial situations, it is 

possible to foresee problems if the inspectors! eriteria were to be very 

homogeneous and stable. This might lead to an inadequate spread of 

points to establish the ROC curve. In this situation it might be 

necessary to perform supplementary experiments using a rating scale 

approach, in order to provide the range of criteria necessary. When one 

is attempting to apply SDT in industrial situations it is essential that 

the subjects are thoroughly experienced in the task. Otherwise they can- 

not be expected to have acquired the necessary knowledge of the con- 

ditional probability distributions to make decisions in accord with the 

SDT model. 

There is so little data available that it is difficult to say whether 

all the predictions of the model have been verified in the area of 

quality control. Certainly, the Drury and Sheehan, Drury and Addison 

and Lusted data, lend support to the basic precepts of the model
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concerning the underlying normality of the sensory distributions. In all 

cases the ROC curve provided an acceptable fit, although only Drury and 

Addison provided a test of statistical significance for this, and their 

fit was obtained using an inappropriate least squares procedure. As far 

as the other aspects of the model are concerned, which predict that the 

inspector will attempt to maximize the expected value of his decisions by 

modifying his criterion in terms of the equation given in section 2.2.3 

i.e. beta =(prob. good/prob. defect)x (relative/cost factor), the 

evidence is more equivocal. 

Drury and Addison plotted beta against (probability of good product/ 

probability of bad). In terms of the above equation, this should pro- 

duce a straight line through the origin. This was found to be the case 

for the sessions where feedback had been provided but not before. This 

can be accounted for by assuming that one of the results of feedback 

was to give the inspectors a more accurate subjective estimate of the 

proportion of defects present, thus facilitating the optimization of 

their criteria. An alternative explanation is that the effect of feed- 

back was to stabilize the payoff matrix by the special eaters pro- 

viding fixed standards for the relative costs of the different types of 

error. The authors show that yet another possibility is that the 

inspectors modified their criteria to maintain a constant output pro- 

portion of defectives, this being one of the factors on which their per- 

formance is judged and which affects their relationships with the 

customers. In fact, the data suggest that this hypothesis is also 

reasonable. In terms of the SDT model, the inspectors could be regarded 

as altering their payoff matrix to keep the output proportion of 

defects constant, via a modification in the criterion.
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It seems then, that on the modest amount of evidence available, SDT does 

provide useful insights into inspection performance. However, the 

situation is complex, and needs to be investigated further, particularly 

from the standpoint of the effects on the criterion of various aspects 

of the task. 

Very little work has been done on the inspectors ability to inspect to a 

specific set of payoffs. 

In summary the following requirements are important in order to meaning- 

fully apply SDT in inspection situations: 

1. The inspectors should be well practised. 

2. The data should be subjected to an ROC curve analysis to ascertain 

if the underlying assumptions are correct. 

3. If the spread of the criteria are insufficient to define an ROC 

curve, then some form of off-line experiment may be necessary employing 

the rating technique or some other means of generating a range of 

criteria. 

4, Straight line Z-ROC plots are to be preferred to attempting to fit 

complex ROC curves by hand to the data. An accurate Z-ROC enables the 

ratio of the variances of the underlying distributions to be established. 

If data of the right form is available it is best to fit the data 

points using a maximum likelihood ratio technique. 

5. Data for groups of subjects should not be combined unless it has 

been established that they all conform to the SDT model. 

  

2.9 Directions for research into inspection using Signal Detection 

Theory 

Two main areas of research work can be identified in which further SDT
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orientated studies would be of interest. The first of these is con- 

cerned with the application of the theory to on-going inspection 

situations. As has been repeatedly emphasized in the last section, the 

amount of data available from real life studies which has been examined 

in a rigorous manner, using SDT techniques, is very small. Further 

studies are necessary to establish the range of application of the 

theory. Additionally, it would be useful to investigate the usefulness 

of the various non-parametric measures of sensitivity and bias in 

applied situations. If it could be established that at least some of 

these measures were relatively insensitive to variations in parameters 

such as the slope of the ROC curve, then they might be more readily 

used in real-life inspection situations than the corresponding para- 

metric measures. 

The other main area of research work concerns the use of SDT to inves- 

tigate a number of more specific aspects of the effects of various taks 

parameters on inspectors' performance. Perhaps the most interesting 

of these, and one which is particularly suited to an SDT approach, is 

the question of the effects of changes in fault density in the incoming 

items to the inspector. We have seen from the Drury and Addison study 

that it is not at all clear whether the inspector actually employs the 

optimal criterion suggested by SDT or whether he bases his criterion on 

other considerations such as the outgoing percentage of defectives. 

Further studies are needed to establish in greater detail how the 

inspector responds to the a priori probability of a defect. Another 

aspect of this question concerns the inspectors response to change in 

defect probability within the task itself. Studies in both the signal 

detection area and inspection have tended to concentrate on static 

tasks. If one considers an inspector examining products in a contin- 

uous flow system, for example, it is possible that one of the
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manufacturing units may develop a fault which suddenly increases the 

incidence of defects. An analogous situation would be if an inspector 

was transferred from a situation where a low incidence of defects were 

the norm to an inspection line where a more inherently faulty product 

were being inspected. Equally the fault density might change from high 

to low in the latter situation. It would be of interest to consider 

the inspectors reaction to change in these cases. Would they, for 

example, move their criteria in the optimal direction predicted by SDT? 

In terms of the SDT model, where the defect probability increases, the 

inspector should lower his criterion to one appropriate to the new 

defect probability and make a greater number of 'defect' responses. But 

such an adjustment presupposes that the inspector has a perfect know— 

ledge of the new defect probability and that he is able to act on this 

knowledge by adjusting his criterion. It is clear that the inspector 

will only have a limited sample on which to base his estimate of the 

new a priori defect probability. An accurate estimate would only be 

available if the inspector were able to discriminate perfectly between 

defects and non-defects, or if complete knowledge of results were 

available. In the absence of this, his subjective estimate of the 

degree of change in fault density will be a function of his intrinsic 

sensitivity for defects. We know that human beings are very conser- 

vative interpreters of evidence as far as the revision of subjective 

probabilities is concerned (Edwards, 1962, Slovic et al., 1975). 

Bayes' theorem indicates the optimal degree to which subjective prob- 

ability estimates should be revised on the basis of evidence, but the 

experimental evidence suggest that subjects do not generally do this 

to the optimal degree. These two factors, the limited evidence 

available due to the finite sensitivity of the operator, and his innate
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conservatiyism, mean that his subjective estimate of the defect probability 

will lag behind the actual probability. The ability of the inspector to 

adjust his response bias to the new probability can be regarded as a 

separate attribute to his skill at estimating this probability. This 

question has been investigated by Sims (1972) in a laboratory simulation 

of on-inspection task, with equivocal results. Signal detection theory, 

with its separation of sensitivity and bias parameters, and its specif- 

ication of an optimal criterion, is clearly an ideal model with which to 

investigate this problem. The question will be considered again when 

the detailed programme of experimentation is set out. 

2.10 Summary 

The theoretical foundations of SDT have been reviewed in detail. The 

necessary conditions for applying the theory have been set out, and the 

available inspection studies in which SDT has been used have been con- 

sidered from the point of view of their adherence to these conditions. 

Very few studies were seen to have tested the assumptions underlying SDT 

prior to employing the sensitivity and bias parameters beta and d'. 

Those studies that have employed SDT more rigorously have suggested that 

the theory is applicable in this area, particularly in the context of 

on-going inspection tasks. Further research is seen as necessary in 

establishing this validity in a wider variety of inspection situations, 

and also as a tool in investigating a number of important practical 

problems. In particular, the ability of the inspector to adjust his 

criterion appropriately, if the incidence of defects changes, is seen 

as being highly amenable to a SDT approach.



CHAPTER 3 A REVIEW OF THE LITERATURE OF INDUSTRIAL 

INSPECTION AND RELATED THEORETICAL AREAS
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3.0 INTRODUCTION 

Producing a comprehensive classification scheme for inspection literature 

presents a number of difficulties. Inspection is an activity carried out 

in a very wide range of industries and one which utilizes many differing 

skills. Some of the taxonomic difficulties present in this area will be 

discussed subsequently. The literature review which follows will be 

divided into two broad sections. In order to establish the context for 

the research objectives of this study, the more important areas in the 

inspection literature will first be surveyed. Although the emphasis of 

this review will be on studies which can be directly applied to 

practical situations, it will also be necessary to consider some of the 

theoretical areas which underlie the applied studies. 

In the second part of the review,the topics which have been selected as 

part of the experimental investigations will be treated in greater 

depth. From a detailed consideration of these area, together with in- 

sights gained from the SDT literature reviewed in Chapter 2, the broad 

outlines of the experimental investigations will emerge. 

3.0.1 Some taxonomic considerations 

It is not proposed in this study to develop a formal task taxonomy for 

inspection tasks, although there is certainly a need for such an 

endeavour. In applied research particularly, as the body of data on 

human performance grows, it is increasingly necessary to be able to 

generalize research findings from laboratory studies to operational 

settings and from one operational setting to another. (Levine et al., 

1971). An extensive research programme concerning the problems of 

behaviour taxonomies has been in progress at the American Institute for
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Research, e.g. Fleishman et al. (1970), Miller (1971). Several different 

lines of approach have been considered in this area. One of the earlier 

attempts by Miller (1962) was motivated by the desire to obtain data for 

design decisions in man-machine systems. The main characteristics of 

Miller's scheme resemble those of the informal model for the inspection 

process presented in Chapter 1. The behavioural task structure sug- 

gested by Miller proposes scan, identification, decision making and 

effector phases which can be readily equated with the acquisition, 

decision, identification and action phases proposed in Chapter 1. 

Unfortunately, both schemes share another characteristic - they do not 

provide a very satisfactory means of organizing the available research 

and applied literature in a particular area. One of the difficulties 

is that the model is in terms of separate pkychological processes, 

whereas in any real situation the importance of the various hypothesized 

stages in the inspection procedure is determined very largely by the 

characteristics of the task. This problem is of course common to any 

taxonomy. Another problem that occurs when attempting to classify 

inspection studies according to the scheme set out in Chapter 1, is 

that many of the important variables are global in nature and could 

affect performance through a number of the stages postulated. Examples 

of such variables are individual differences and social factors. It 

seems then, that although the earlier descriptive scheme is useful in 

specifying the sequential stages in the inspection task, and the 

variables which need to be considered at each stage, a different 

approach is necessary from the standpoint of structuring the literature. 

The scheme eventually decided upon follows the task characteristic 

approach proposed by Farina and Wheaton (1971). Four major sets of 

variables are seen to determine inspection performance: the
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characteristics of the inspection tasks themselves, the physical envir- 

onment in which the tasks are performed, the organizational and social 

structure of which the inspection function is a part, and individual, 

operator centred variables. Of course,although these categories and 

the variables they comprise are described as independent factors, per- 

formance in a real inspection task will be a complicated interaction of 

these variables. In general, inspection studies have tended to concen- 

trate on single or at the most two interacting variables, although there 

have been some exceptions, e.g. McFarling (1974), who examined the 

interactive effects of noise, sex and pacing variables. 

Many theoretical areas impinge on the inspection situation, but the 

emphasis in the first part of the review will be on studies that are 

either applied,or attempt to simulate at least one aspect of real life 

inspection tasks. However there will be a preliminary discussion of the 

major research areas that have implications for a large number of 

inspection problems. The inspection model described in Chapter 1 will 

be utilized during the review where appropriate. 

3.1 General inspection literature survey 

3.1.1 Some relevant theoretical areas 

Three theoretical areas of psychology have considerable relevance for 

inspection tasks. These are decision theory, vigilance and visual 

search. Decision theory has already been discussed in detail from the 

orientation of signal detection theory in Chapter 2. Vigilance is an 

important area because many inspection tasks are largely perceptual in 

nature and involve prolongel periods of attention with a low probab- 

ility of signal occurrence. Visual search considerations provide
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insights into many of the task characteristics which will be considered 

in this review. For this reason we will begin with a brief consideration 

of the latter two theoretical areas. 

3.1.1.1 Vigilance and its relevance to inspection 

Vigilance has been an important area of psychological research since 

Mackworth (1950) was able to demonstrate in the laboratory some of the 

performance decrements occurring during prolonged watchkeeping which 

had first been observed in radar operators during the war. The apparent 

relevance of vigilance research to many applied problems gave rise to a 

voluminous literature. A review by Halcomb and Blackwell (1969) 

referenced 700 articles. No attempt will be made here to review this 

literature. Several comprehensive reviews are available, e.g. Davies 

and Tune (1970), Mackworth (1969 and 1970), Broadbent (1971). Mackworth 

identified a number of factors which contributed to the performance 

decline over time, such as a low signal rate, adverse environmental con- 

ditions, and unfamiliarity with the work. Later researchers added 

sleep deprivation, (Wilkinson, 1960) inappropriate signal expectancies 

(Colquhoun and Baddeley, 1964, 1967) and poor motivation of experimental 

subjects (Mackworth, 1970). 

The similarity between vigilance tasks and inspection tasks is clear. 

Both involve prolonged attention by the subject for signals (or defects) 

which may occur infrequently, randomly in time and space and be 

difficult to readily discriminate. 

Many of the findings in vigilance experiments parallel those found 

in inspection. For example, one of the most consistent results found



65 

in vigilance is the importance of signal rate in determining efficiency. 

Experiments by Colquhoun and Baddeley (op.cit.) demonstrated the 

importance of signal rate in influencing the overall level of perform- 

ance in vigilance tasks. Increases in signal probability produce 

increases in both the detection rate and the false alarm rate, (Baddeley 

and Colqhoun, 1969), a finding which could have been predicted from SDT 

considerations (Chapter 2). Closely analogous results are found in the 

inspection literature (see later section) and there does seem to be a 

close affinity between the classical vigilance task and many inspection 

situations. Many writers, e.g. Poulton (1973), make the assumption 

that most vigilance data can be readily applied to inspection tasks as 

long as the subjects have received sufficient practice. 

However, other workers have had reservations about the applicability of 

much vigilance research to real life industrial problems. Kibler (1965) 

made the following comments when comparing the basic task dynamics of 

typical vigilance research with those of contemporary monitoring tasks. 

1. The weak, brief duration signals typically employed in laboratory 

vigilance studies are rarely encountered in applied monitoring tasks. 

2. The human monitor is typically required to keep watch over multiple 

information sources, and frequently more than one type of target or 

information class is the object of his vigil. 

3. The signals are often complex and multidimensional rather than the 

simple, unidimensional events usually employed in laboratory studies. 

4, In most monitoring tasks, determining the appropriate response to a
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signal event entails a decision process much more complex than those 

required in vigilance studies. 

Elliott (1960) suggests that the classical vigilance decrement has 

never been observed in any closely simulated radar task and that the 

social isolation usually found in vigilance studies is not typical of 

military situations. Smith and Luccaccini (1969) maintain that a 

vigilance decrement has never been demonstrated in an industrial 

situation. They suggest that this is due to the greater complexity of 

the industrial task and that the vigilance decrement can be explained 

by the lack of motivation of laboratory subjects who are insufficiently 

aroused to continuously perform what is an essentially meaningless task. 

Harris (1969) also cautioned in directly applying laboratory results to 

industrial inspection situations. Belt (1971) attempted to clarify 

this question by comparing performance by the same subjects on a lab- 

oratory vigilance task with an authentically simulated industrial 

inspection task. He found that the usual vigilance decrement occurred 

with the laboratory task but that a constant level of performance was 

maintained with the inspection experiment. The author suggested on 

the basis of subjects' comments that this was a result of the greater 

motivation present on the inspection task. 

The general conclusion that emerges from these considerations is that 

we cannot blindly use all the results from vigilance experiments to 

predict performance in industrial situations, particularly when the 

laboratory studies have task characteristics unrepresentative of 

inspection tasks. On the other hand it would be foolish to ignore the 

considerable body of knowledge that has been gained on human perform- 

ance in monitoring situations, particularly when results obtained from



67 

vigilance studies are paralleled by data from tasks more representative 

of the inspection situation. As usual a process of discrimination is 

necessary when generalizing from research findings to the real world. 

It is necessary to examine the characteristics of any specific inspection 

task in detail in order to decide whether or not vigilance research is 

applicable. The more infrequent the defects, the less arousing the 

task conditions and the more prolonged the inspection period, the 

greater the likelihood of vigilance data being applicable, particularly 

if the defects are simple in nature. 

3.1.1.2 Visual search considerations 

This topic is surveyed in depth in Bloomfield (1970) and its applications 

to inspection described in Bloomfield (1975). 

During visual search the eye makes a series of fixations and it is 

assumed that the probability of detection of a defect decreases as its 

distance from the fixation point increases. This leads to the concept 

of a visual lobe,which is a hypothetical area about the fixation point 

within which there is some arbitrary probability, e.g. 0.5 of detection. 

During search, the saccadic movements of the eyes give rise to a series 

of overlapping visual lobes which cover the area to be searched. 

Search is efficient if the area is covered completely with a minimum 

overlap of the visual lobes. The larger the visual lobe the more 

efficiently the area to be searched will be covered in the minimum time. 

The size of the visual lobe will be influenced by a number of factors. 

Individual differences in peripheral visual acuity, background luminance, 

length of exposure time, and discriminability of the target are all 

relevant variables. In addition to the size of the visual lobe, search 

efficiency will also be influenced by the fixation strategy adopted by
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the observer. Both random and systematic sampling will cover the whole 

area to be searched and will ultimately detect any defect which is dis- 

criminable if it falls within the visual lobe. A systematic, regular 

strategy which optimally covers the entire search area with minimum 

overlap between the lobe areas will always be quicker on average. 

Bloomfield (1970) showed however, that even with well practised subjects, 

their search strategy was better fitted by a random rather than a 

systematic scanning model. In general the time taken to detect a 

target consists of two components, the search time itself and the time 

taken to respond when the target falls within the visual lobe i.e. 

there is no search involved. With readily discriminable targets this 

approximates to simple reaction time, but with neor threshold targets 

more complex considerations using SDT or other models may become 

important (Pike, 1971). 

One tends to assume that visual search considerations only become 

important in situations where large areas have to be scanned for defects. 

In reality, even if the total area to be searched is relatively small, 

if the targets, i.e. defects, are similarly small, the visual lobe is 

effectively reduced in size and so search is still necessary. Bloomfield 

(1975) considers three categories of visual inspection in which search 

is important. Where displays contain a number of small items some of 

which may be defective, the mean search time has been shown to be 

inversely proportionali to the square of the discriminability of the 

defects. Discriminability can refer to differences in dimensions such 

as size, area or shape between good and defective items. This is known 

as a competition search situation. In multipart inspection a single 

complex object is shown to the inspector and he has to examine many 

features of the item which may be faulty. An example of this type of 

inspection is given in Harris (1966) in which ten items of equipment
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were rated in terms of complexity, where this was largely in terms of 

the number of major parts each item contained. A high negative 

correlation was found between the number of defects found and the rated 

complexity. In the final type of inspection considered by Bloomfield, 

the inspection of sheet materials, a fault may be difficult to detect 

for several reasons. It may fail to emerge perceptually from its 

immediate background because of patterning effects, it may have a very 

low contrast difference with respect to the background, or it may 

simply be very small relative to the total area that has to be inspected. 

The efficiency of visual search will be influenced by several factors in 

addition to those already discussed. Operator centred factors such as 

experience, eyesight and age will clearly be important as will task 

characteristics such as presentation rate (Perry, 1968) display size 

and shape (Baker et al., 1960) and the provision or otherwise of visual 

aids (Schoonard et al., 1973). 

3.1.2 Task characteristics 

3.1.2.1 Pacing and movement of the item being inspected 

These variables have been considered in a number of studies because of 

their importance to industrial engineers in determining the maximum 

throughput of an inspection station possible without degrading the 

efficiency of defect detection. In terms of the inspection model of 

Chapter 1, the variables can be regarded as operating at the 

acquisition phase of the process. 

Drury (1973) discusses two major aspects, the effect of the rate of 

movement of the item being inspected, and the effect of pacing per se.
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These two aspects are not necessarily identical. It is well known, e.g. 

Blackwell (1959) that dynamic visual acuity is inferior to static visual 

acuity, and Sury (1964) has shown that pacing can degrade performance 

even if the subject is paced at the same rate as his unpaced performance. 

With regard to the first variable, Williams and Borrow (1963) and 

Eriksen (1964) have shown that the rate of movement does not produce 

degradation in performance unless the angular velocity exceeds 78° at 

the eye. 

Drury (1973) considers a number of studies and attempts to deduce a 

general relationship between the time available per item being inspected 

and the probability of a correct decision being made. The two types of 

correct inspection decision concerned are P,, the probability that a 

good item is accepted, and Po, the probability that a faulty item is 

rejected. The studies considered covered a wide variety of inspection 

tasks, e.g. Fox (1964) concerning coin inspection, Perry (1968), glass 

bottle inspection, Sinclair (1971), food products, and unpublished 

studies on the inspection of sheet glass. In all of these studies the 

general effect is observed that as more time is allowed to inspect each 

item, the probability of rejecting a faulty item increases whilst the 

probability of accepting a good item decreases. Drury accounts for this 

finding by postulating that the inspection process consists of two 

phases, a visual search process until a potential defect is found or 

time runs out followed by a decision process. Thus for very short time 

intervals, corresponding to a high rate of pacing, relatively few of 

the potential faults are seen. This leads to a low value of Po, the 

correct rejection probability, and also a high value of P,, the correct 

acceptance probability, because the opportunity for making an error in
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the other direction,i.e. false alarms,is lessened. At very long time 

intervals, or low pacing rates, search considerations become unimportant 

and the limiting values of P, and Pg are largely a function of the SDT 

variables considered in Chapter 2, i.e. the intrinsic sensitivity of the 

inspector and his criterion. 

A paper by Buck (1975) presents a highly detailed analysis of what he 

refers to as dynamic visual inspection, DVI. DVI occurs in a conveyor 

belt situation where the item being inspected moves past the inspection 

station at various speeds. Some of the factors affecting DVI can be 

identified as the direction of movement, the speed of the conveyor, the 

object interspacing distance and variability, and the lateral varia- 

bility of the object on the belt. Buck discusses in detail the effect 

of various viewing constraints such as the 'viewing window' past which 

the items on the conveyor flow. DVI involves first visually tracking 

the moving inspection item. Crawford (1960) shows that up to an angular 

velocity of about 25°-30°/second the eyes can acquire a moving object in 

a single saccade. At greater speeds, additional eye movements are 

required and hence belt velocities of this order mean that the observer 

will spend more time in making visual corrections and therefore less 

time will be available for visual search within the object. 

A number of studies, e.g. Ludvigh and Miller (1958) show that a complex 

set of factors affect dynamic visual acuity, e.g. the angular velocity 

of the item, and the exposure time available. 

The belt velocity in DVI therefore plays a complex role both through its 

affects on visual acuity and the exposure time available for visual 

search (this variable will be considered in more detail subsequently).
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Recent ; from a number of studies (Rizzi et al., (1974), Nelson and 

Barany (1969), Smith and Barany (1971), Purswell et al., (1972) and 

Lion et al., (975)) suggest that the following generalizations can be 

made about pacing and the more general area of dynamic visual inspection. 

DVI is improved with (a) increased exposure time for an object, (b) 

lower belt velocities, (c) greater interspacing between successive 

objects. Self paced inspection appears to be superior to externally 

paced work, (Williges and Streeter (1971), McFarling and Heimstra (1975)). 

Individual differences in peripheral visual acuity influence efficiency 

of DVI. The random or ordered arrangement of the items on the conveyor 

belt is another factor found to be important. The fact that the latter 

two variables are also important in static visual search, Bloomfield 

(1970) lends weight to the idea that DVI consists of detecting the on- 

coming item, visually acquiring it, searching it for faults and then 

making an accept reject decision, Buck (1975). Cochran et al., (1973) 

present a model for predicting the combined effects on DVI of change in 

visual angle, angular velocity, time to view, illumination and contrast. 

3.1.2.2 Magnification, lighting and other aids to enhance defect 

discriminability 

Techniques such as X-rays, ultrasonics, gamma rays and dye penetrants 

are all used in non-destructive testing in industry to render visible 

defects which could not be detected with the unaided senses. Often the 

resulting display or trace constitutes an inspection problem in itself, 

where the operator may have to continuously monitor the output for some 

subtle change which indicates a defect. These problems have been con- 

sidered in Embrey (1975) (ultrasonic testing) and Lusted (1971) (X-ray 

photographs). The most common methods of enhancing defect
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discriminability are lighting and magnification. 

Lion (1964) compared the effects of fluorescent with tungsten lighting on 

a simulated inspection task involving grading ball bearings for size, and 

found that fluorescent lighting produced a significantly higher rate of 

work without any concomitant increase in errors. Lion et al., (1968) 

repeated the above comparison in a conveyor belt situation. The items 

used in one experiment were Pisce discs with a link pattern drawn on 

their faces. 'Defective' items had a break in the link. The other 

experiment used plastic buttons as the test items, some of which had off- 

centre holes. Detection efficiency was higher for the link inspection 

task under the fluorescent lighting than with the tungsten lighting. 

However, there was no significant difference between lighting conditions 

with the button inspection task. The authors accounted for this latter 

result by suggesting that the link task was primarily a test of visual 

acuity whereas the button task involved more perceptual elements. It 

was proposed that the differential effect of the different light sources 

was due to the fact that the tungsten lamps, being point sources, were 

more readily obscured by the subject at the workbench, producing an 

effectively lower lighting level. This would readily account for the 

results in view of the relationship between visual acuity and ambient 

illumination. It seems strange that the authors did not verify this 

hypothesis by adjusting the different types of lighting to provide 

equal illumination with the subject in situ. The question of the very 

different spectral composition of the different light sources would seem 

to be another uncontrolled variable. 

Further insights into this area are given by Sakguchi and Nagai (1973). 

In a comparison between various types of lighting in a Landolt ring
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recognition task, it was found that eye fatigue,as defined by subjective 

reports,seemed to result from the narrow bandwidth of coloured lighting 

sources such as sodium lamps. This variable clearly needs to be con- 

sidered when lighting for prolonged inspection periods is being specified. 

Lighting considerations for inspection are far broader than merely 

specifying the optimum intensity and type of lighting to be used. 

Faulkner and Murphy (1973) illustrate a number of ingenious ways in 

which special purpose lighting can be used to enhance the discrimin- 

ability of defects. They point out that the simple expedient of increas- 

ing lighting levels is not necessarily the most effective way of increas- 

ing task performance. They describe a number of lighting techniques 

including grazing illumination, polarized light, spotlighting, dark 

field illumination ete. which can be used in various oe Case 

studies from the glass industry in which lighting is used to enhance 

defect discriminability are given in Gillies (1975). 

Inspection using microscopes and other magnification aids has become 

increasingly important with the growth of the microminiature integrated 

circuit industry. Smith and Adams (1971) and Smith (1975) propose that 

over a wide range of conditions, optimum performance can be expected 

when the visual angle subtended by the defect, as a result of magnif- 

ication, is between 9 and 12 minutes of arc. Froot and Dunkel (1975) 

point out, however, that a number of other parameters of the microscope 

system need to be taken into account, including resolving power, 

aperture and depth of field. They cite a case study where two groups of 

inspectors could not agree over the incidence of defects in a batch of 

products. It transpired that although they were using microscopes of 

identical magnification, they had differing resolving power for defects.
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A detailed case study involving the use of magnification in the inspection 

of rubber seals is given in Astley and Fox (1975). 

3.1.2.3 Complexity 

The variable of complexity is an extremely difficult one to quantify. 

Firstly there is the question of defining an adequate index of complex- 

ity. In inspection studies complexity has usually been described in 

terms of the number of items which would be potentially defective on 

each unit inspected. For example Harris (1966) found that the index of 

complexity assigned to circuit modules by a panel of experienced 

judges, correlated highly with the number of major parts making up the 

item. It seems likely however, that variables such as the arrangement 

of the parts constituting the item artalso important, either because of 

the Gestalt consideration suggested by Fox (op. cit.) or through the 

facilitation or otherwise of an efficient search strategy. At least 

two other aspects of complexity can be considered, the complexity of 

the defect itself and the complexity of the background in which it is 

embedded. The conspicuity of the defect could well be regarded as the 

degree to which it shares common attributes with the field within 

which it is embedded. One might expect this variable to be partly 

dependent on the number of these shared attributes which occur within 

the defect and its background. Possibly a quantitative estimate of 

detectability as a function of this concept of complexity could be 

derived. 

The clearest effect of complexity on inspection efficiency comes from 

the Harris study (op. cit.). Inspector performance in terms of defects 

detected showed a strong negative correlation with the complexity of
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the module. A DVI task used by Purswell et al. showed a similar relation- 

ship,where subjects had to remove grids containing geometrical patterns 

from a conveyor belt. McFarling and Heimstra (1975) used printed circuit 

boards containing varying amounts of circuitry as constituting differing 

complexity levels. Decision time was found to increase with increasing 

circuit complexity whilst defect detection performance declined. 

Another variable investigated was pacing,and it was found that as 

circuit complexity increased,there were larger increases in decision 

time for self paced subjects than for their machine paced counterparts. 

It seems therefore, that increases in complexity can be regarded as 

generally reducing defect detection probability. This can partly be 

accounted for by visual search considerations, because in paced 

situations there will be many occasions when the inspector will not have 

had time to examine each potentially defective attribute of the item in 

the viewing period allowed. The persistence of the effect even in self 

paced situations suggests however that other, perceptual variables may 

also be important. Studies of image interpreters, e.g. Powers et al., 

(1973) have shown that in multiple defect situations, interpreters 

often have a far lower detection efficiency for subsequent defects 

after an initial one has been found. 

3.1.2.4 Display organization 

This variable is another which one might expect to be influenced both 

by visual search and perceptual considerations. Williges and Streeter 

(1971) found no significant differences in performance as measured by 

correct defect detections and false alarms between an ordered and a 

vandom display consisting of 600 transparent discs containing
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occasional pin hole defects. This result is in conflict with visual 

search studies and with other inspection studies which have considered 

the same variable. The authors suggest that this may have been due to 

the close proximity of the inspection items in both the ordered and 

random arrangement. In fact many of the subjects after completion of 

the experiment stated that they had been unaware that the discs had been 

displayed in both a random and ordered fashion. 

In a laboratory visual search situation Bloomfield (1970) found that an 

irregular display took longer to search than a regular one. One would 

therefore expect this variable to be of importance in paced situations, 

and in fact in the Williges and Streeter study a significant inter- 

action was obtained between paced and unpaced presentation and the 

ordering or otherwise of the items. Detection performance was signif- 

icantly better with the regular display under the paced condition than 

the irregular display. 

The effects of display arrangement are not necessarily due to visual 

search considerations alone. An industrial study by Fox (1964) con- 

sidered the effects of the random or regular arrangement of coins on a 

conveyor belt at the Royal Mint. The regular display proved consider- 

ably superior to the random arrangement and Fox proposed that the 

result could be explained in terms of Gestalt theory, i.e. the defective 

coins emerged more readily from the regular, 'good gestalt' background 

than from the random, and therefore difficult to perceive arrangement. 

An alternative explanation is simply that the search time was longer in 

the irregular display case. Since the inspection was paced, a longer 

search time would produce a lower rate of detection of defects independ- 

ent of any effects on the intrinsic perceptibility of the defects. It
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is not possible to decide which of these explanations is appropriate from 

the Fox paper. Indeed it is difficult to see how the two variables could 

be experimentally disentangled. Nevertheless, the possibility of effects 

at a perceptual level in addition to the peripheral consideration of 

visual search cannot be ruled out. Scott Blair and Coppen (1942) 

suggested that 'learnt gestalten' seemed to develop in certain skilled 

operators and Thomas (1962) quotes several industrial examples where 

inspectors seemed to detect defects on a wholistic, figure/ground basis, 

rather than by a process of search. Eye movement studies in situations 

of this type would presumably clarify the issue as to whether search was 

taking place. 

Lion et al., (1975) compared performance on a single line conveyor belt 

system with a three line system. The test items consisted of plastic 

discs which contained either a broken link pattern (defects) or a com- 

plete pattern. Detection performance was superior on the three belt 

system. However, in order to provide the same amount of material per 

unit time to the inspector, the single belt was run at 18cm per sec., i.e. 

three times the speed of the three line belt. Since this exceeds the 

limits proposed by Williams and Borow (1963) (i.e. 2cm per sec.) at 

which performance decrement occurs, it seems likely that the obtained 

results were due to this variable rather than the organization of the 

display. 

3.1.2.5 Signal rate 

Signal rate is an important variable which has received considerable 

attention in both vigilance and inspection research. Early work in vig- 

ilance tasks, Jenkins (1959), Kappauf and Powe (1959), suggested that lower 

signal rates produced reduced detections by causing an increased vigilance
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decrement. Colquhoun and Baddeley (1964, 1967) showed however that this 

was at least partly an artefact due to the subjects having an inappro- 

priately high expectancy of the signal rate. It was further shown by 

Colquhoun (1961) that it was the conditional probability of a signal 

given an event occurred, that determined detection efficiency rather 

than the actual frequency of signals in time. In general it has been 

shown that an increase in signal probability produces an increase in 

both the detection rate and the false alarm rate, e.g. Baddeley and 

Colquhoun (1969), as would be predicted from the SDT considerations dis- 

cussed in Chapter 2. 

Rather few inspection studies have explicitly varied defect rate or pro- 

bability as an explicit experimental variable. Fox and Haslegrave's 

study (1969) had the virtue that it was conducted in an industrial 

environment. They attempted to verify Colquhoun's finding of the 

importance of signal probability as a determinant of defect detection 

efficiency as opposed to s«mulvs frequency. They investigated both a 

static and a conveyor paced situation where screws were inspected for a 

variety of faults. No significant differences in correct detection 

probability were found in the paced condition, but the static condition 

showed the expected straight line relationship between detection pro- 

bability and defect probability. It is not clear why the effect was 

not observed in the paced condition, but it seems likely that other 

variables such as the conveyor speed (52 feet/minute) swamped the pro- 

bability effect. 

It is clear however that data from experiments of this type have to be 

interpreted with care. A well known study by Harris (1968) employed 

four different defect rates on a scanning type inspection task using
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four groups of inspectors. Using as measure of inspection accuracy the 

proportion of defective items that were detected, Harris stated that the 

accuracy of inspection declined with decreasing defect probabilities. 

Baker and Schuck (1975), however, took the Harris data, and using the 

equal variance SDT model, calculated that d' was not significantly 

different for any of the probability conditions. They therefore stated 

that Harris was in error and that inspector accuracy did not change as 

a result of signal probability. This is a good illustration of the con- 

fusion that ensues when differing measures of inspector performance are 

used. In reality both author s were correct within the descriptive 

terminology they were employing. If anything, Harris's conclusions 

were to be preferred to those of Baker and Schuck because the latter 

authors did not bother to check the appropriateness of the equal 

variance assumptions implicit in their use of the SDT model. The 

results are of course explicable in terms of the inspectors employing a 

criterion appropriate to the ongoing defect probability. 

The use of artificial signals in an inspection task to increase the 

apparent defect rate and thereby enhance the detection rate (and false 

alarm rate) has been proposed by Wilkinson (1964). Although his 

'inspection' task is actually a laboratory vigilance task, there seems 

to be no reason why the technique should not be applicable in a real 

life situation as long as the artificial 'defects' could be readily 

separated from the real ones and the situation was such that false 

alarms were not ‘expensive’. 

The only dissonant study on the general conclusion that an increased 

defect rate enhances detections is one by Sosnowy (1967). This study, 

which was a simulated inspection of ball bearings, only showed the
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usual relationship at a high rate of pacing, i.e. 240 items per minute. 

Unfortunately the original study could not be obtained by the reviewer 

(it is reported in Badalamente and Ayoub, (1969)) and hence the index of 

inspector accuracy used and the precise experimental conditions could 

not be ascertained. 

One study exists in which the variable discussed in Chapter 2, a within 

session change in the defect rate is considered (Sims (972)). The study 

used printed circuit board inspection as a simulated industrial tasky~ a 

and showed that although inspectors generally accurately eeakie the 

quality level of the incoming product, there was considerable inter- 

subject variability in their ability to adjust to changes in defect rate. 

The remaining studies in which defect rate is an important but not 

explicit variable have been discussed in the SDT review of Chapter 2. 

3.1.2.6 Number of inspectors 

Schlegel et al., (1973) compared the performance of a single versus a 

dual inspector system in a Landolt ring, conveyor based inspection task. 

The task used an inspection period of 45 minutes in order to investigate 

the effects of the two systems on a possible vigilance decrement. In 

terms of probability of detecting a defect, the two inspector system 

was significantly superior to the single inspector. The false alarm 

probability showed no significant difference. These results were in 

line with what would be predicted from the simple statistical combin- 

ation of the two inspectors efficiences. The two inspector system had 

the additional bonus that there was significantly less vigilance dec- 

rement in performance. The reasons for this are not obvious, since the
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inspectors were separated by screens and could not monitor one anothers 

performance. It seems possible that the element of competition in the 

two inspector case provided an increased level of arousal and hence 

reduced any vigilance decrement. This study has obvious implications for 

real life inspection systems. It should be noted, however, that the 

stimuli used were considerably easier than those normally found. A 

slightly different arrangement was used by Lion (1975). In an experiment 

described in detail earlier (Section 3.1.2.5), the performance of 

inspectors on a three line arrangement of items on a conveyor belt was 

compared with the performance of two inspectors seated on opposite sides 

of a six line conveyor. Performance in the two inspector arrangement was 

significantly better than using a single conveyor both in terms of 

correct detections and fewer false alarms. The authors attributed the 

result to the stimulus Sf doing a job in unison, the feeling of com- 

petition and the reduction in boredom due to the opportunity to talk. 

Since the length of each session was only 12 minutes, the first two 

factors seem more likely to be important than the last. 

A study by Morrissette et al., (1975) showed a similar improvement in 

performance in team monitoring using a laboratory task. The evidence 

suggested that performance was improved by social facilitation, i.e. 

the monitors performed better when working together than separated. 

The evidence strongly suggests therefore that inspection efficiency will 

be improved by operator redundancy. In practice, such redundancy does 

occur in industrial situations when particularly critical products are 

being inspected. 

In using more than one inspector, a decision has to be made whether the
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economic advantages accruing from the higher detection efficiency 

expected exceeds the cost of additional inspectors. 

3.1.2.7 Repeated inspection 

Batches of product are sometimes inspected repeatedly in order to raise 

the probability of defect detection. This may be done by the same 

inspectors or an independent inspection may be utilized. This latter 

arrangement is clearly preferable since re-inspection by the same 

inspector means that the same defects are likely to be missed part- 

icularly if there are systematic errors in inspection strategy. Belbin 

(1957) gives an example of the repeated inspection of ball bearings, 

although he does not state whether or not it was independent. After the 

first inspection 63% of the defects were found, and a further 16% were 

found after the second pass through the system. Harris and Chaney 

(1969) p.78 describe the repeated inspection by ten independent inspec- 

tors of an electronic module. Performance in detecting critical defects 

continued to improve (at a slightly increasing rate) with the addition 

of independent inspections up to a total of six, after which perform- 

ance levelled off. Performance in detecting non-critical defects, on 

the other hand, continued to improve as additional inspections were 

added. These results tend to confirm that different inspectors do not 

necessarily find the same defects. Eilon (1961) presents an operational 

research type model which specifies situations, depending on the cost of 

inspection, when it is economically worthwhile to recycle products 

through an inspection station. The question of the efficiency of 

independent repeated inspections versus a team inspection approach is 

a complicated one. One way of looking at the situation is to assume 

that an interacting inspection team combines the advantages of social
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facilitation noted in the last section with the theoretically higher pro- 

bability of detection due to the possible "blind spots' of the individual 

inspectors being eliminated by the overlap of abilities. On the other 

hand it is possible that the team consensus as to what constitutes an 

acceptable product may be incorrect. The effect of this could mean that 

the findings of more accurate inspectors within the groups could be 

rejected, or not reported, due to group pressures. Further work is 

clearly needed in this area. 

3.1.3 Environmental factors 

Traditionally, these factors include heat, lighting, noise and workplace 

design. Lighting has already been considered in an earlier section. 

There have been no studies in which heat has been considered as an 

explicit variable. The evidence from vigilance tasks (J.T. Mackworth 

(1969), p.167) suggests that whereas cold may slow reactions and interfere 

with detections particularly at the beginning of a session, heat tends 

to increase missed signals at the end of a prolonged vigil. These 

results may be extended to inspection tasks with the caution suggested 

earlier. 

McFarling (1974) considered performance under noise conditions in a sim- 

ulated printed circuit board inspection task which investigated the 

effects of a number of interacting variables. Inspector performance in 

a quiet condition was significantly better, measured by defect 

detection probability, than under a 90dB white noise condition. False 

alarm scores were not significantly different in each case. This 

latter result is unexpected since in vigilance tasks the decrement in 

detection performance under noise conditions is generally a result of 

an increase in beta (Broadbent 1970). The result obtained suggests a
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lower sensitivity in noise. The author was unable to account for the 

effects but J. Mackworth (1969) suggests that similar results in vigil- 

ance experiments are due to distraction effects. A very similar study 

by Ehlers (1972) also considered the effects of noise on the inspection 

of printed circuit boards. Three white noise levels, 50, 70 and 90 dB 

were employed, and defect detection performance was significantly worse 

in the 90 dB condition. A deterioration in performance over the 70 

minute inspection task occurred under the 50 dB noise condition but not 

under the 70 or 90 dB condition. False alarms were not analysed because 

only 10 in the 19,000 good circuits inspected were called bad. These 

results suggest that in common with other monitoring tasks noise levels 

of 90 dB and above should be avoided in inspection situations, although 

a moderate level of noise serves to reduce vigilance effects, presum- 

ably via its arousing qualities. 

Workplace design is clearly a variable which needs to be considered in 

the design of inspection stations, where a worker may be carrying out a 

visually demanding job for long periods. Astley and Fox (1975) present 

a case study which shows how anthropometric considerations are taken 

into account in this situation. 

3.1.4 Organizational factors 

Organizational factors are important determinants of the effectiveness 

of any real inspection system. If there is disharmony within the 

inspection team, or conflict between production and quality control, 

then even the most perfectly designed inspection system will either 

fail to function effectively, or its findings will go unheeded. We 

will first consider the more general socially orientated factors that
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influence the effectiveness of inspection and then some of the specific 

organizational factors which directly influence inspection performance. 

3.1.4.1 Managerial and social aspects 

McKenzie and Pugh (1957) consider the effects of the relationship between 

the production and inspection departments in industry. Where lack of com- 

munication exists, production departments will generally be critical of 

attempts by the quality control section to assess their work. Social 

pressures by their workmates will often persuade inspectors to modify 

their judgements even when there has been no objective change in 

quality. The authors comment on the very high degree of individual 

variation in inspectors and even inconsistency within their own judge- 

ments. The general point made is that it is this inconsistency that 

leads to the deterioration of relationships between inspection and pro- 

duction departments. Recommendations are made to regularly calibrate 

inspectors with reference standards. 

Belbin (1957) discusses the issue of the differences between the cus- 

tomer's quality standards and those adopted by inspection departments. 

He presents a real life example which shows that many of the complaints 

from customers of a particular firm were due to defects for which the 

inspector had not been told to look for. Similarly many of the faults 

for which inspectors did reject items were of no consequence to the 

customer. The effect of the continuing complaints from the customer 

was to make the inspector reject more and more products for the wrong 

reasons (presumably via a change in criterion). Belbin points out that 

the quality standards required may fluctuate due to variations in 

demand, and suggests a scheme for defining quality levels so that
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inspection criteria can be readily modified. The effects of social pres- 

sures on inspectors is illustrated by an example from a hosiery factory 

where inspectors had to feed back repairable defects to their workmates 

for mending. The defects could be classified as rejects or mendable, 

the latter producing a much higher rate of pay for the menders. A com- 

bination of social pressure from the operatives on the inspectors, and a 

lack of clearly defined quality standards meant that virtually all of 

the defects were classified as being mendable. 

McKenzie (1958) regards inspection accuracy as being determined by basic 

individual abilities, environment and formal organization, and inter- 

personal and social relations. One of the most important organizational 

factors is the provision of reference standards for the inspector. 

Thomas (1962) emphasizes the importance of clear, unambiguous examples 

of both rejects and perfect product being provided because of the 

tendency of perceptual judgements to drift with time. Equally important 

is the provision of inspection instruction. Raphael (1942) describes 

how some viewers inspecting fabric were rejecting 53 per cent of the 

product whilst others in the same group were rejecting only 13 per cent. 

It transpired that the specification allowed a tolerance of 3 milli- 

metres but some of the viewers had not been informed of this. The 

question of the drift of perceptual standards and the possibility of 

ameliorating this by a weekly 'calibration meeting' is discussed in 

McKenzie (op. cit.). The same paper cites further examples of the 

effects of social factors on inspection standards. A group of two 

operators and an inspector worked as an isolated group apart from 

occasional visits by a supervisor. There was obviously a tendency for 

the groups to identify itself as a cohesive whole and hence the 

inspector could not be expected to make decisions that might disrupt



88 

the group, unless they were based on unambiguous evidence. Mitchell 

(1935) provides evidence of poor social relationships between operator 

and inspector biasing the latter's inspection standards, as does 

Roethlisberger and Dickson (1939). 

McKenzie (op. cit.) points out that inspection sections tend to have a 

tightly knit social structure, partly because of their small numbers 

and partly because of their control function vis a vis production, 

which tends to lead to strained relations between the two functions. A 

survey conducted amongst patrol inspectors suggested that they felt that 

they were viewed unfavourably by production operatives. 

Thomas and Seaborne (1961) criticize many experimental studies of 

inspection because they remove the individual task from its socio- 

technical context and examine it purely in terms of psychophysical per- 

formance. They point out that the laboratory study lacks much of the 

concomitant information which serves as a frame of reference in the 

industrial task. Often the industrial inspector ulitizes sources of 

information, such as a knowledge of the supplier, which enables him to 

use an appropriate criterion, in the SDT sense. Of course if such 

information is unreliable, the inspector's accuracy may be reduced. 

There is very little opportunity for inspectors to develop consistent 

standards in a situation where the range of quality of the input items 

varies widely and where there is little feedback as to the quality of 

the final product required. Again, in SDT terms, such feedback is 

known to be necessary to develop a stable criterion. In many real 

inspection systems the inspector is required to continuously modify 

his standards to take into account factors such as market conditions, 

level of output and demand. Because of the emphasis on inspection
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studies in critical areas where quality specifications are clearly defined, 

this variable quality aspect of much 'bread and butter' inspection has 

tended to be neglected. In an analysis of a particular inspection task, 

Thomas and Seaborne (op.cit.), showed that the inspector's function could 

be regarded as satisfying the sometimes conflicting needs of the sales 

organization, the production department and the raw material purchasing 

department. The inspector utilized his knowledge of the manufacturing 

process to inform production operatives of deterioration in the process. 

His inspection of raw materials provided information influencing his 

judgement of the final product. Finally he was frequently approached by 

the sales manager, and on the basis of information on the state of the 

market would raise or lower his standards with regard to certain faults. 

This analysis suggests that in real life situations the sources of 

information utilized by the inspector in arriving at his accept/reject 

decision are far more complicated than in the laboratory situation. He 

receives feedback from sales and from any check inspection that may be 

carried out. He receives feedforward information about the state of the 

raw materials and from his knowledge of the manufacturing process, and 

finally he utilizes the sensory data present in the actual item being 

inspected. 

This situation can readily be analysed in SDT terms. We can regard the 

training and any reference standards that are provided as influencing 

primarily the sensitivity of an inspector, his ability to recognize the 

cues which indicate good or bad product. The instructions which apply 

to an inspection task at a specific time will provide the base data by 

which the inspector sets his criterion level, i.e. decides on what 

standards of acceptability shall apply at that time. This information
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is modified by feedback from sales as to the importance of particular 

defects. This can be regarded as changing the inspector's implicit pay- 

off matrix. Feedforward from production modifies the criterion by 

affecting the subjective probability of a defect occurring. We can see 

that in real inspection systems, the ability of the inspector to modify 

his criterion on the basis of additional information, is, as pointed out 

in Chapter 2, an important quality. 

3.1.4.2 Motivational variables 

As Weiner (1975) points out, it is surprising that there has been little 

scientific investigation of the effect of motivational factors on 

inspection, particularly in view of the popularity of this approach in 

industry. Many propaganda-style exercises such as the 'zero defects! 

programme (Swain 1972) have been tried and varying degrees of success 

reported. Unfortunately the quality control journals which report such 

research do not employ indices of performance which are sufficiently 

precise to make unambiguous conclusions possible. 

The use of financial incentives is the obvious way to influence motiv- 

ation, and has no doubt been employed in many companies for this purpose. 

There is, however, little hard evidence as to its efficacy or otherwise. 

Ergonomists working in inspection have tended to reject financial 

incentives in this area. However as Weiner (op. cit.) points out these 

assumptions may not be true for other forms of incentive such as know- 

ledge of results. Mitten (1957) describes how female roller bearing 

inspectors were allowed to go home as soon as they had achieved their 

inspection quota. Although this incentive seemed to be effective in 

this case, social disharmony could result in inspection systems such as
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that investigated by Embrey (1970) in which there were a wide range of 

ages and abilities. 

Vigilance studies have not shown financial incentives to be very 

effective in maintaining performance, possibly because the financial 

rewards offered are unrealistically small (Wiener 1969). In many SDT 

studies attempts have been made to influence performance by manipulating 

the payoff matrix. As shown in Chapter 2, this has not proved very 

successful, largely because of the difficulty of relating subjective 

utilities to external rewards. Perhaps this is again a case of 

insufficient quantities of money being offered. It is possible that 

financial rewards may influence performance through indirect means such 

as modifying an inspector's visual strategy. Bloomfield (1970) describes 

experiments in which he produced extremely large increases in visual 

search performance by offering monetary rewards. 

The use of Knowledge of Results (KR) in training for perceptual skills 

will be considered in detail in a subsequent section. It has been 

suggested by some workers that KR exerts a motivational effect quite 

distinct from its informational content. For example in vigilance 

tasks, where there is very little informational content, KR is known to 

enhance performance. Even though KR may be difficult to provide in a 

real inspection task, the evidence suggests that the benefits of KR 

extend to sessions where it is withdrawn, Wiener (1963) Annett (1966). 

Drury and Addison's (1973) industrial inspection study clearly demon- 

strated the enhancement of performance due to KR, but it was still 

difficult to say whether this was due to its informational content, 

motivational effect, or a combination of both. Despite Annett's (1969) 

position that motivation is an unnecessary construct in explaining the
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effects of KR, the evidence overall seems to suggest that at least some 

motivational effect must be present whenever information feedback is 

given. 

3.1.5 Individual factors 

In virtually all studies of inspector proficiency the largest contribution 

to the variance of the results is individual differences between the 

inspectors. In view of this, it is surprising that so little work has 

been done on identifying the source of this variability. Usually 

individual differences are regarded as a 'nuisance variable' which 

experimenters seek to eliminate from their designs. A detailed con- 

sideration of the nature of the individual differences which affect 

inspection performance would seem to be a most effective way of enhanc- 

ing performance in inspection systems where this task and environmental 

variables have already been optimized. The major ways in which 

individual differences affect the performance of an inspection system 

are through selection and training. These will be considered in detail 

in subsequent sections. 

3.1.5.1 Selection 

As implied by the inspection model in Chapter 2, two major groups of 

variables will affect a person's ability to perform inspection, per- 

ipheral factors such as eyesight which affect the acquisition of the 

necessary sense data, and cognitive factors which determine how the 

sense data will be interpreted. Although differences in cognitive 

skills can be reduced by training, it would not be surprising if there 

were intrinsic differences in certain cognitive abilities necessary for
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inspection which selection procedures could identify. As we shall see, 

up to now, research on selection methods appropriate to inspection has 

proceeded in a very ad hoc manner. Very little attempt has been made to 

analyse the non-intellectual skills which may be necessary for inspection. 

Nearly all of the studies which exist on selection for inspection have 

attempted to correlate some performance index with a more or less 

arbitrary group of standard industrial tests. 

In the sections which follow, we will first consider the individual 

variables that more directly affect the target acquisition phase and then 

consider the work on the intellectual and cognitive factors that affect 

inspection performance. 

3.1.5.1.1 Visual abilities 

It is clear that the visual skills of an inspector are an important 

determinant of his overall efficiency. Depending on the nature of the 

task, static or dynamic visual acuity will be important. Ayers (1942) 

and Tanalski (1956) both found strong relationships between various 

static visual measures and indices of inspection performance. Nelson 

and Barany (1969) have described a dynamic visual acuity selection test 

suitable for conveyor based inspection. Standard visual tests have 

been developed for static visual skills required for various industrial 

tasks including inspection. The best known of these, the Orthorater, 

is described in Trimby (1959). In situations where colour is an 

important cue in identifying defects one of the standard colour blind- 

ness tests needs to be incorporated in the routine testing schedule. 

Virsu (1972) presents a sophisticated review of the visual factors 

affecting the inspection of radiographs. The use of the Modulation
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Transfer Function (MTF) (Cornsweet 1970) approach to measuring visual 

performance is proposed as being far more efficient than traditional 

measures of visual acuity. He proposes that in the case of radiographs, 

the translation of monochrome photographs into coloured slides using MTF 

techniques would optimize the visual performance of the interpreter. 

3.1.5.1.2 Age 

The effects of ageing are to produce a gradual loss in sensory capab- 

ilities such as visual acuity. This is however compensated for by the 

perceptual skills acquired through long experience. Few studies are 

available in which age and inspection accuracy have been considered. 

Sheehan and Drury (1971) and Drury and Sheehan (1969) report a gradual 

decline in d' with age of about 0.2 units per ten years of age. Since 

their results were based on only five inspectors however, they may not 

be readily generalizable. Jamieson (1966) showed increasing performance 

with age in electronics inspectors, Jacobsen (1953) found accuracy 

increased up to age 34 and then declined to age 55. Evans (1951) found 

no effect at all. 

The evidence from vigilance tasks shows only slight effects of ageing, 

unless the stimulus presentation rate is high, e.g. Thompson et al., 

(1963). This is consistent with the general finding that short term 

memory capacity declines with age. This will clearly have a deleterions 

effect on rapid conveyor paced inspection, where the older inspector 

may have difficulty in retaining the information from the display in 

his short term memory before the next item has to be inspected. 

In general it seems likely that older persons will make good inspectors 

as long as they are employed in tasks in which their perceptual skills
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are utilized but which do not place heavy demands on their sensory or 

information processing capabilities. 

3.1.5.1.3 Personality variables 

Virtually no work has been done on the use of personality tests on 

selecting for inspectors. Colquhoun (1959, 1960) used the Heron per- 

sonality inventory to investigate time of day effects on detection per- 

formance in extreme personality groups but the task was a laboratory 

experiment. In vigilance tasks of this type, the Eysenck Personality 

Inventory (EPI) has been extensively employed to investigate the 

importance of the extraversion-intraversion personality variable in 

influencing performance. Although it is often stated that the intrin- 

sically more highly self-aroused (according to Eysenck's theory) 

intraverts do better at vigilance tasks, the results are somewhat more 

equivocal (Mackworth 1969). A number of other studies using person- 

ality variables in vigilance experiments, have found very few signif- 

icant correlations with performance. In spite of the lack of success 

in utilizing these variables in vigilance tasks, there does seem to be 

a case for investigating the use of some of the more easily administered 

tests, such as the EPI, in an inspection context, particularly if pro- 

longed monitoring is involved. 

3.1.5.1.4 Sex 

Although women are more often found in the inspection departments of 

manufacturing industry than in most other sections, there is no solid 

evidence that there are substantial differences between the sexes in 

ability for inspection work. Only one inspection study, McFarland (1972),



96 

seems to have included sex as a major variable, and the only difference 

found was in the greater variability of response times for women. Of the 

vigilance studies that have considered this variable, six found no sig- 

nificant differences at all (Waag et al., (1973), R. Smith et al., (1966), 

Gale et al., (1972), Kappauf et al., (1955), Kirk and Hecht (1963), and 

McCann (1969)), in two men performed better (Neal and Pearson (1966), 

Heimstra et al., (1967)) and in three others there was no significant main 

effect of sex but significant interactions with other variables (Bakan 

and Manley (1963), Krkovic and Sverko (1967), Whittenberg and Ross (1953). 

There is clearly insufficient evidence for inspectors to be selected 

purely on the basis of sex. 

3.1.5.1.5 Selection tests 

A number of testing procedures have been applied to the selection of 

inspectors with generally disappointing results. Many early studies 

suffered from the drawback of correlating supervisors ratings, rather 

than objective measures of performance, against test scores. Wiener 

(op. cit.) points out that such ratings are probably based on the 

supervisor's perceptions of earnestness and co-operation and that the 

correlations between these variables and actual inspection performance 

are unknown. 

Link (1920) obtained a correlation of 0.50 between output rate and 

tests of card sorting number cancelling and number group checking, with 

munition inspectors. Wyatt and Langdon (1932) were unable to obtain 

significant correlations using four standard industrial tests and eight 

inspection tasks. Sartain (1945) obtained a high multiple correlation, 

R = 0.79, between standard industrial tests and supervisor ratings.
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Only low correlations were obtained using similar techniques, by 

Schuman (1945) and Tiffin and Rogers (1941). 

One test specifically designed for inspection work exists, the Harris 

Inspection Test (HIT), which is a short pencil and paper instrument. 

Harris (1964) found significant correlations between the HIT and three 

out of four electronic inspection tasks. When the test was administered 

as part of a battery to 26 machined parts inspectors, however, no sig- 

nificant correlation was obtained between test scores and job sample 

measures of performance (Harris and Chaney 1966). By combining together 

the two most valid measures in the battery, the number comparison 

section of the Minnesota Clerical, and the Industrial Mathematics test 

a multiple correlation of R = 0.75 was obtained. No further valid- 

ations of the HIT have appeared in the literature. 

It is clear that there has been no systematic attempt to isolate the 

underlying individual factors which are important in inspection and to 

incorporate these variables in selection procedures. It is not sur- 

prising, therefore, that attempts to correlate performance with 

arbitrarily selected standard tests have been unsuccessful. The fact 

that the HIT, although successful in the application for which it was 

originally designed, did not predict performance in another type of 

inspection, suggests that it did not measure any general underlying 

ability. 

We can conclude from the survey of the selection procedures currently 

in use in the inspection area, that a more fundamental approach is 

needed. Such an approach, based on the cognitive skills underlying 

inspection, will be set out in the theoretical section of this review 

(part 3.2.1).
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3.1.6 Training for inspection 

Training for inspection is a neglected area in industry. Many inspector 

training schemes described in the quality control literature (e.g. 

Browne 1965) have as their aim the imparting of the background infor- 

mation judged necessary to perform inspection. However there is virtually 

no emphasis at all on training for the perceptual skills necessary to 

detect defects and to recognize acceptable products. When training 

schemes which purport to accomplish this latter aim are described, the 

emphasis is often on the large savings that the scheme is alleged to 

have produced rather than the details of the technique and the method 

employed for evaluating it. 

Learning effects in laboratory simulations of inspection tasks have 

been noted without specific training being given, e.g. Smith and Adams 

(1971) and Lion et al., (1968). In an industrial setting Chaney and 

Teel (1967, 1969) have employed a variety of techniques in training 

machined parts inspectors and photomask inspectors. Their most commonly 

employed technique, known as job sample instruction, essentially 

involves giving inspectors knowledge of results (KR) after inspecting 

test items containing typical defects. 

KR (Knowledge of Results) has been employed in training for perceptual 

skills in a number of applied studies. Martinek (1965) reports a study 

in training photo-interpreters. Photo-interpretation, or image inter- 

pretation as it is alternatively known, consists of identifying military 

targets, which may be camouflaged,on aerial reconnaisance photographs. 

This task bears a close resemblance to an industrial inspection task. 

Martinek found that providing the photointerpreters with an error key
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which analysed the commonly occurring errors of previous interpretations, 

produced significantly fewer errors of commission than a key in which 

the characteristic features of the various target types were set out. 

The error key can be regarded as a form of group KR, although it is 

incomplete. As there was no significant difference in the number of 

targets detected, this suggests that the result was due to a change in 

sensitivity rather than response bias. Another image interpretation 

study» Cockrell and Sadacca (1971), showed that KR was more effective in a 

team context when team members first scanned a photograph independently 

and then discussed the results together immediately afterwards. The 

greatest gains in proficiency were made by the least able members of the 

team and although detection performance was improved, significantly, 

there were greater gains in reducing the number of misidentifications 

and false alarms. 

Another image identification study, Powers et al., (1973) attempted to 

improve performance by modifying the interpreter's scanning strategies 

vather than by KR techniques. Structured search practice increased the 

number of target detections at the expense of a greater number of false 

alarms. A ‘speed reading' training technique, designed to reduce 

fixation times and expand the visual field,succeeded in halving the 

search time without changing the accuracy of the interpreter. Training 

using the ‘error key' approach discussed earlier significantly reduced 

false alarms. Brock et al., (1974) prwided a complete training pro- 

gramme for non-destructive testing radiograph examiners. The programme 

consisted of tape/slide presentations which gave examples of various 

types of defect, and then a KR phase where radiographs containing 

defects were presented and the student was given full KR after he had 

attempted to identify them. A self-administered test then determined if
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the student should go on to the next module or re-take previous modules. 

There was a gradual increase in difficulty of the radiographs both 

within and between modules. The programme was highly successful in that 

it reduced the time to train to the required criterion from an average 

of 80 hours to 10.9 hours. Wallis (1963) describes the use of KR in the 

training of a complex perceptual task associated with a weapons system. 

Although no details were given of the classified system, substantial 

reductions in training time were found. 

In view of the importance of training as a relatively low cost means of 

increasing inspection accuracy, it is surprising that no studies appear 

to have been performed to specifically investigate training techniques 

for inspection. It is felt that training is one of the areas which 

requires experimental investigation using tasks which are more repres- 

entative of industrial inspection situations. In section (3.2.2) some 

of the theoretical considerations which will provide guidelines for 

research in this area will be considered in depth. 

3.1.7 Conclusions regarding the general literature of 

inspection 

It seems clear that inspection performance in a given situation will be 

the result of a complex interaction between some of the factors con- 

sidered in the review up to this point. Although there is a paucity of 

research in a number of areas, two in particular will be considered in 

further detail in the theoretical review which will constitute the next 

part of this chapter. The first of these will be the implications for 

selection of some of the cognitive variables which may account for 

individual differences in inspection skill. The remainder of the
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review will consider in detail some of the work that has been performed 

in the area of training for perceptual skills. 

3.2 Theoretical literature survey 

3.2.1 Cognitive variables in selection 

An analysis of the cognitive skills necessary for the performance of 

inspection tasks provides useful guidelines as to possible new 

approaches to the problem of selection for these tasks. 

In Chapter 2 the decision making aspects of inspection were emphasized 

in the context of SDT. It was implicitly suggested that decision making 

skills were learnt rather than innate. Although there may well be 

innate differences in the ability of individuals to utilize evidence 

concerning the existence of a defect to the full, it is not clear how 

one would devise selection procedures to identify such individuals, 

apart from simulation exercises. 

Other aspects of the cognitive skills utilized in inspection seem to 

hold more promise. In an earlier section, when considering the visual 

search aspects of inspection, it was pointed out that in very many 

inspection tasks, the critical defect in an item is difficult to detect 

because it does not emerge perceptually from the background in which it 

is embedded. In fact this is by far the commonest situation. The 

defect virtually always occurs in noise. The noise may be an external 

random perturbation which degrades the detectability of a defect by 

obscuring or modifying the critical cues such as contours, angles or 

shade gradients which define the defect. Alternatively we can consider
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a higher level 'cognitive noise’ which results because the background 

within which the defect is embedded shares so many attributes of the 

defect that it is difficult to separate them perceptually. On this 

basis, if there are inherent individual differences in ability to 

separate a wanted configuration from the background in which it is 

embedded, this should provide a basis on which to select inspectors. 

In fact a very considerable body of research exists on the ability of 

subjects to 'disembed' stimuli from their backgrounds. This dimension 

of individual differences is concerned with the field dependence - 

independence continuum, Field dependent individuals show great 

difficulty in breaking up an organized visual field in order to keep a 

part of it separate from that field. Field independent subjects on 

the other hand are readily able to extract a wanted configuration from 

the confusing field in which it may be embedded. These contrasting 

styles of functioning are found to be extremely stable with time and 

to affect performance in a wide variety of tasks. The work in this 

area is associated with Witkin and his collaborators (Witkin (1950), 

Witkin et al., (1962), Witkin et al., (1954)), Witkin developed an 

effective pencil and paper test for discriminating between field dep- 

endant and independant individuals, the Embedded Figure Test (EET). 

This test has been validated in a wide variety of situations (see 

Witkin et al., (1971) for a review) and has demonstrated, for example, 

consistent sex related differences on the field independence dimension. 

In view of the relevance of this aspect of individual functioning to 

many applied perceptual tasks it is surprising that so few studues 

have considered this variable. There are in fact very few studies 

applicable to the inspection area. Thornton et al., (1968) used an
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identification task in which subjects had to locate and identify a 

series of small buildings in an aerial photograph. There was a highly 

significant correlation (0.72) between scores on the EFT and target 

detection performance in terms of number of targets detected during the 

time limits for the test. 

Seale (1972) however, found no significant relationship between EFT 

scores in an aerial target acquisition simulation using aircrew as 

subjects. However, examination of the data suggested that the subjects 

were already a highly selected field independent group (airline pilots 

were used as subjects) and hence the test was likely to be too insensitive 

to differentiate between individuals. This may not detract from its 

general value as a selection instrument however. 

There seems to be a good case for further work to be carried out using 

the field independence variable. 

Other cognitive factors also deserve attention as potential dimensions 

upon which to base selection procedures. Field dependence is related to, 

but distinct from the dimension of distractability. It was originally 

hypothesized that field independence could be interpreted as the 

ability to resist distraction rather than to overcome the effects of 

the embedding context (Witkin et al., 1962). Subsequent work by Karp 

(1963) using factor analytic techniques suggested that distractability 

was a separate factor from field independence, but that the two factors 

were moderately correlated. Karp (op. cit.) differentiated between dis- 

traction and embeddedness as follows. In the distraction situations, 

the figural properties of critical items remain intact. In the embed- 

dedness situation, the critical item or its parts are organized into new,
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competing gestalts which serve to break up the original figure. A dis- 

tracting context may be thought of as obscuring a critical item without 

changing the nature of the item, whereas an embedding context serves to 

obscure a critical item because it changes the nature of the item. Both 

types of field occur in inspection situations. Karp (1962) produced a 

number of tests designed to measure the characteristic of distractability. 

These will be described in detail in a later chapter, 

Sack and Rice (1974) consider attention to have a directional aspect 

which can be analysed into at least three processes: degree of selec- 

tivity, resistance to distraction and shifting. Gardner and Moriarity 

(1968) discuss a factor termed 'field articulation', an index of a 

subjects ability to attend selectively to cues. Although the Witkin 

approach does not interpret field independence as an attentional 

phenomenon there is clearly a considerable overlap between the two con- 

cepts. Sack and Rice (op. cit.) consider distraction to be an invol- 

untary change in an established attentional focus. Whichever inter- 

pretation of distraction is 'correct' there is no doubt as to the 

importance of this variable in inspection tasks. In many situations, 

particularly where the inspected item may only appear for a short time, 

as in paced tasks, if the inspector is too readily distracted by 

extraneous stimuli, he may miss defects. Smith and Barany (1970) 

present evidence that such non-observing does in fact take place in 

inspection tasks: the 'shifting' variable considered by Sack and Rice 

(op. cit.) is related to the ability to change one's attentional focus 

at will. It is clearly important to be able to readily change an 

attentional focus, as for example when one must lay aside one task and 

attend to another. The inspection of discrete items requires a readi- 

ness to shift attention from item to item as they are presented. This
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variable also seems worth considering as for a possible means of selecting 

inspectors. 

In summary it is apparent that the cognitive variables considered con- 

stituting an extremely promising area of research and one which will be 

pursued further in subsequent sections of this study. 

3.2.2 Theoretical approaches to perceptual learning 

Virtually all of the applied studies reviewed in section 3.1.6 have 

employed some form of KR as the basic training paradigm. This is partly 

because of the success of the KR approach in motor learning and the 

corresponding assumption that it is the most efficacious approach for 

perceptual skill training. There is still however some debate whether 

there may be other, equally efficient methods of training for these 

skills. 

Most of the work that has been done has not used tasks which resemble 

the typical inspection situation. However, it is useful to consider in 

detail the approaches of two particular workers who have made sub- 

stantial contributions to this field. These are Wiener, who has 

advocated the: use of KR in these tasks, and Annett who has investigated 

cuing techniques in some depth. 

It is useful at this point to define in more detail the two approaches. 

Knowledge of results (KR) has been defined as ‘knowledge which an 

individual or group receives relating to the outcome of a response or 

group of responses' (Annett 1961). Forms of KR encountered in the det- 

ection context include immediate feedback as to whether a response was
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a correct detection or false alarm or the provision of all or part of 

this information in the form of summaries. 

KR is the classical learning paradigm and is said to exert its effects by 

reinforcing an S-R link, by reinforcing observing responses and by main- 

taining alertness via its motivational effect. The Law of Effect suggests 

that KR, contingent on a learners response, serves to reinforce the 

association between stimulus and response. The subject must make a 

response before the information can be obtained, and a ‘corrected 

guessing' technique is used for training. 

Annett, influenced by Gibson's (1953) suggestion that perceptual learning 

is a distinct type of learning requiring its own formulation, and not 

necessarily analogous to motor learning, has made a study in depth of the 

technique of cuing. Cuing has been defined (Annett 1959) as the pro- 

vision of stimulus information before or during a response such that the 

response is made more effective or more likely to occur than without 

such information. Annett suggests that an overt response is only 

necessary as a means of acquiring information otherwise impossible to 

obtain, e.g. the 'feel' of a control. In identification tasks the 

stimulus and its name can be presented together and the learner does not 

necessarily have to make a response to the first in order to receive the 

second. Annett asserts that learning in perceptual tasks can take place 

via a simple association principle rather than a reinforcement paradigm. 

In his view the repeated pairing of the stimulus pattern to be learnt 

and its name, leads to the building up of a template against which a 

stimulus to be identified is compared. This theoretical position was 

part of Annett's general orientation that the facilitation learning by 

the provision of KR was not through its reinforcement or motivating
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properties, but through the information conveyed to the learner (Annett 

1969). Annett has presented an impressive array of evidence to support 

his position, although, as we shall see, his later work was more equivocal 

as to the superiority of cuing as compared with KR in promoting per- 

ceptual learning. 

3.2.2.1  Cuing in perceptual skills training 

Annett (1966) quotes an experiment in which subjects had to estimate the 

number of dots present in a tachistoscopically exposed field. Both cuing 

and KR training was superior to a simple practice control group. Ina 

Landolt ring experiment in the same study, subjects were cued by placing 

the targets and non targets on different coloured backgrounds. The 

other conditions were a control and an 'easy' training condition in which 

larger gops in the Landolt rings were used. The training effect was 

significantly greater for the cuing method. This suggests that simply 

making the task easier does not promote learning. Cuing makes the task 

easier without changing the critical dimensions of the stimulus. The 

final experiment in this series utilized a simulated sonar task in 

which 1000 Hz tone bursts were superimposed on a 50dB background of 

white noise. Four training methods were compared: 

a) Cuing - a warning light was turned on half a second before each 

signal. 

b) XR - as above, but the warning occurred after the signal, usually 

before the subject had responded. 

c) Summary KR - a summary of hits, misses and false alarms was pro- 

vided at five minute intervals. 

a) Easy material - the background was reduced by 5dB so that most 

signals were readily detectable.
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The cuing group was significantly superior to the others in enhancing per- 

formance. Annett concluded that these results were consistent with the 

view that perceptual learning takes place when a stimulus is unambig- 

uously paired with its name or designation. He proposes that perceptual 

learning can be regarded as a simple example of paired associate learning. 

The failure of KR methods in some cases of training for auditory 

detection (Campbell (1964), Swets et al., 1964) is cited as further 

support for his case. 

To further elucidate the relationship between cuing and KR methods of 

training, Annett and Clarkson (1964) conducted experiments using the 

same experimental set up as in the last study described. Five training 

groups were employed: 

a) 100% cuing. A yellow light flashed half a second before each signal. 

b) Retrospective cuing (non-contingent KR). A blue light flashed 2 

seconds after each signal. 

c) KR (contingent). Correct responses were followed immediately by a 

green light, incorrect responses by a red light. 

d) Partial feedback cuing. The first signal was cued. Subsequently, 

if a signal was missed, the next signal was cued, if detected the next 

was uncued. False positives had no effect. 

e) Partial feedback cuing and contingent KR - conditions for groups 

(c) and (d) combined. 

According to the hypothesis that the most effective training procedure 

would provide the subject with as many authentic examples of the signal 

as possible and its distribution over the training period, it was 

expected that conditions (a) to (c) would produce the same rank order of 

effectiveness. Condition (d) was added in case cuing was effective,
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but that the learner became dependent on it. It was intended as a form 

of conditional cue removal. Condition (e) was added when no training 

effect was found with condition (d). It was felt that this was because 

(d) gave no information on the signal distribution in time and hence 

partial KR was provided to enable the subject to obtain some knowledge 

of this through his responses: 

Groups (a), (b) and (c) showed learning effects in the predicted order. 

Group (a) has maximum exposure to the signal plus full information about 

its frequency and distribution in time. Group (b) has fewer signal 

samples available but full information on signal frequency and distri- 

bution. In group (c) there are about the same number of signal samples 

available as in (b), but less distribution information. Group (e) with 

a proportion of authentic signals plus the opportunity to gain incom- 

plete distributional information through contingent KR, is better than 

(b) or (c) but inferior to (a) which is again consistent with the 

hypothesis being proposed. The failure of group (d) to produce any 

training effect at all could be accounted for by the low proportion of 

signals cued and hence the reduced opportunity to accumulate the 

necessary experience. The cue withdrawal was initiated before any 

learning could be established. A notable feature of the results was 

that the improvements in detections found with KR were accompanied by 

an increase in false alarms, which was not the case with the cuing 

training. This is consistent with the SDT interpretation that cuing 

improves sensitivity but KR promotes a criterion change. In terms of 

the degree of vigilance decrement found, the cuing group showed a 

greater resistance to the decrement than the KR group. This was inter- 

preted in terms of the expectancy theory of vigilance (Baker 1963) 

such that the subjects with the most accurate knowledge of the signal
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distribution would show the smallest decrement. 

Later experiments (Annett and Paterson 1966) using a similar experimental 

task provided further insights into the differing roles of cuing and KR 

in perceptual training. It was found that giving subjects information on 

the distribution of signals by flashing a warning light when a signal 

would have appeared, without actually presenting the signal, produced 

performance increases comparable to those obtained through cuing. This 

suggests that what is learned during cuing is not the nature of the sig- 

nal itself, but some appreciation of its distribution. It should be 

noted however that in this task the signal, a 1800 Hz tone, had very few 

characteristics that one could learn. The results also suggested that 

the apparently lax criterion found in free response situations was at 

least partly due to an attempt by the subject to gain more information 

on the signal characteristics. With a fixed interval condition and 

complete KR there is much less difference in the style of performance 

between KR and cuing, although KR still induces a slightly lower 

criterion. In the third phase of Annetts study (Annett and Paterson 

1967) subjects were trained in three attributes of sonar operation, i.e. 

pitch discrimination, intensity discrimination and duration discrimin- 

ation. Cuing, KR, and a combination cuing/KR conditions were employed. 

All three methods were effective in training pitch and intensity dis- 

crimination but none for duration discrimination. There were no 

significant differences between the various training conditions. It 

was hypothesized that this was because a technique specifically designed 

to eliminate the effects of change in response bias was employed (2 

alternative forced choice) and that the only difference between the 

various techniques is in terms of the change in response strategy pro- 

duced. The most recent of Annett's work, Annett (1971), treats
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cuing and KR as being essentially equivalent. This is in line with his 

general orientation that perceptual learning takes place purely by the 

pairing together in time of the stumulus and its name. If the experi- 

mental conditions are such that the subject does not have to make extra 

responses in order to obtain samples of the stimulus during training, 

then it does not make very much difference if the information is pres- 

ented before or after the stimulus. 

Annett's work has been discussed in some detail because of the compre- 

hensiveness of his experimentation in this area. The issues arising 

from this work and possible further research that it might generate are 

discussed subsequently. 

3.2.2.2 Knowledge of results in perceptual training 

Wiener and his associates have produced a number of studies investigating 

the use of KR and other techniques mainly on visual vigilance type tasks. 

Wiener's early experiments (1963) agreed with Annett's findings that the 

provision of KR contingent on the subjects' responses (i.e. correct 

detections and false alarms) increased detections at the expense of a 

higher false alarm rate. Improvements due to full KR persisted after 

the KR was removed. A later study (Wiener 1968a) showed that detections 

continued to improve after 5 sessions of KR training, but that the train- 

ing effect did not persist in a follow-up five weeks after the training. 

There was a significant increase in false alarms for the KR group over 

the first two sessions but not for the rest of the training, suggesting 

that a genuine increase in sensitivity was occurring. In these experi- 

ments complete KR was being given and hence there was no necessity for 

the subject to produce a high rate of responding to gain information.
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An earlier paper (Wiener 1967) had shown that a group trained with KR on 

a visual meter monitoring task showed a significant improvement, compared 

with a control group, when transferred to a different type of visual 

monitoring task. There was no change in false alarms. This result tends 

to disconfirm the Annett hypothesis that perceptual learning consists of 

building up a 'template' of signal characteristics, since this would 

suggest that training would not readily transfer to tasks with different 

signal types. The results can, however, be accounted for quite readily 

by Annett's other proposal, that learning the signal distribution is 

almost as important as learning its characteristics. In Wiener's 

experiment the signal distribution (in terms of intersignal interval) 

was virtually the same for both tasks. Two other explanations were put 

forward by Wiener. One is that KR increases the subject's motivation to 

perform at a high level, and that this carries over to the transfer 

session, and the other that KR enables the subject to gain a general 

skill at maintaining vigilance in some unspecified way. In view of the 

fact that a vigilance decrement occurred in the transfer session, the 

latter two explanations seem less likely than Annett's proposal. Ina 

direct test comparing cuing, KR, KRtcuing and a control, significant 

training effects were obtained with the KR, and KRtcuing groups but not 

with the cuing only group (Wiener and Attwood 1968). There was no sig- 

nificant change in false alarms on transfer with the groups receiving KR, 

but the cuing group made significantly fewer. 

In SDT terms the results could be accounted for by the more cautious 

criterion induced by cuing, indicated by the lower false alarm rate in 

the transfer session. It is known (Broadbent and Gregory 1963) that 

during a vigilance task an increasing stringency of criterion is 

observed. This, combined with the already high criterion induced by
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the cuing, could account for the observed absence of training effect in 

this experiment. An excessively high criterion would of course depress 

both false alarms and correct detections. The criterion effect would pre- 

sumably exert a greater effect on detections than any learning associated 

with cuing, because of the simple nature of the signal in this experi- 

ment. A similar lack of efficacy of cuing and superiority of KR was 

reported for an auditory task in Annett and Paterson (1966). It was 

suggested in this case that the protracted nature of the training may 

have lead the subjects to become bored with the passive cuing training. 

However, the results can equally well be accounted for by the SDT 

hypothesis proposed earlier. 

3.2.3. Some conclusions on KR versus cuing 

We have seen from the analysis of Annett's and Wiener's work that their 

basic orientation to the question of training for perceptual skills is 

different, in spite of the fact that more recently Annett has been pre- 

pared to allow that cuing and KR may be largely equivalent. Annett's 

basic assumption is that perceptual learning is based on a simple 

association principle, and that learning will take place via a simple 

contiguity in time of a stimulus and its name. It follows therefore that 

both KR and cuing are important from the standpoint of the information 

they provide as to the characteristics of the stimulus and its distri- 

bution in time. Wiener's position is that the Law of Effect is the 

appropriate training paradigm and that it is primarily via the motiva- 

tional effect of KR that the subject learns to maintain a higher level 

of arousal in the transfer session. Any knowledge of the signal charac- 

teristics that the subject learns through cuing or KR is by way of a 

bonus. Wiener also suggests that there is a danger that subjects may
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become 'cue-dependent' and be unable to transfer any training gained to 

subsequent sessions. 

The differing standpoints and perhaps the results of the workers in this 

field can be seen to be at least partly due to the differing types of 

task that they are interested in. Annett has not been concerned with 

vigilance phenomena as such, and although the signals he has employed 

have generally been fairly simple, the long term aim seems to have been 

towards the accurate identification of complex, near threshold stimuli, 

rather than reducing the vigilance decrement. The tasks employed by ‘ 

Wiener have, on the other hand, been largely visual, above threshold and 

extremely simple. The meter monitoring task was in fact chosen because 

it was known to produce a vigilance decrement. It is not surprising 

therefore that Wiener has been more interested in the motivational effects 

of KR. Although he has not stated as such, Wiener's orientation can be 

regarded as being concerned with enhancing signal detection through 

arousal mechanisms mediated via motivational variables. In this way, 

performance can be regarded as being improved both through an improved 

signal detection ability and a greater resistance to vigilance decrement. 

Annett would probably see the main gaol of training as improved signal 

detection ability, and any resistance to vigilance decrement as a bonus 

to be gained through a more accurate apprehension of the signal dis- 

tribution. Lau (1966) and Wiener and Attwood (op. cit.) suggest that 

cuing may be more effective as the perceptual complexity of the task 

increases, whilst Annett and Paterson (1966) propose that KR may be 

judiciously mixed with cuing to provide a more interesting and therefore 

effective training regime for subjects.
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In spite of the Wiener and Attwood experiment which showed no particular 

advantage for mixed KR and cuing training, several studies e.g. Weiz and 

McElroy (1964), Swets et al., (1962) and Swets et al., (1964) have shown 

this form of training to be advantageous. 

It is clear that in spite of the considerable amount of research that 

has been expended on the question of KR versus cuing in perceptual 

training, the issue is still very much open. A number of omissions in 

the research to date can be identified. The most important of these is 

the absence of signals representative of real life tasks. In the context 

of this thesis, it would be of interest to apply some of the findings 

discussed in this section to the complex stimuli encountered in 

inspection tasks. Another important development would be to attempt to 

apply SDT in a more rigid way to the issues discussed up to now. Many of 

the changes in performance would be clarified by the application of SDT 

methods to isolate changes in sensitivity from those of response bias. 

This work would provide a useful link with the SDT approach to inspection 

developed in Chapters 1 and 2. A particular area of interest is the 

question of the development of a knowledge of the distribution of 

defects using KR or cuing techniques. The ability of an inspector to be 

sensitive to a change in defect distribution is important, since as 

discussed in Chapter 2, he can only employ an optimal criterion if his 

subjective estimate of the defect density is in accord with reality. 

It would be interesting to investigate if any of the techniques discussed 

up to now would develop any general ability to recognize a change in 

defect density. Presumably any technique which enhanced sensitivity 

would provide a larger sample of defects from which the inspector could 

more easily infer the defect distribution in time. The use of SDT would 

seem to be the most effective way to investigate this problem. These
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possibilities would seem to be potentially fruitful areas for further 

research. 

3.2.4 Other factors in perceptual training 

Although the approaches discussed up to now represent the most consistent 

and prolonged studies of training for perceptual skills, a number of other 

models of perceptual learning exist and a variety of other variables can 

be seen as important in this area. 

Wallis (1963) presented an interesting model of the perceptual learning 

process. Learning to identify complex patterns is seen as a blend of 

analytic and synthetic processes. Initially the trainee analyses the 

pattern to be detected into cues and features such as lines and angles 

in a visual stimulus. Eventually a process of synthesis takes place and 

perception occurs as an wholistic process, a Gestalt that is detected in 

its entirety. In his description of a training technique, Wallis 

stresses the demonstration of the relevant cues embedded in the complex 

whole by techniques such as drawing attention to one cue at a time and 

using training materials in which they are readily visible. As training 

proceeds, this analytic approach is gradually modified until an overall 

synthesis takes place. The main method of guidance utilized in this 

process is KR, and emphasis is placed on the importance of using real- 

istic materials in training. It is pointed out that augmented feedback 

i.e. KR and cues, must be withdrawn at an appropriate time so that 

trainees do not come to depend on it for successful performance. 

The problem of trainees becoming dependent on cues and being unable to 

successfully transfer from training has been pointed out earlier. A
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similar difficulty could occur in KR situations under certain circum- 

stances. Abrams and Cook (1971) propose that identification skills 

involve the development of internal references. If KR is provided con- 

tinuously, the learner will utilize it to sustain performance at the 

expense of learning. Their experiments indicate that fading KR through- 

out the training session enhances the retention of identification skills. 

It is suggested that the removal of KR by fading creates the need for 

learning, and the continued, but reducing provision of KR the necessary 

information. Another finding which confirms the ideas of Wallis is that 

learning is enhanced by a gradual increase in the stimulus complexity 

during the training programme. Caution may be necessary in applying 

these results to inspection training however, since the stimuli were 

complex auditory signals. 

Another issue arising from Wallis' analysis of perceptual learning is 

the relative efficiency of analytic compared with synthetic training 

techniques, otherwise known as part and whole methods. Annett (1971) 

reviewed a number of studies considering this variable. He conducted 

experiments comparing a large number of different analytic and synthetic 

methods. The overall result was that simple whole methods are as 

effective as any of the more complex part methods which attempt to draw 

attention to identifying features of complex stimuli. 

3.3 Directions for research 

The specific research proposals which emerge from the literature reviews 

of this and the preceding chapter can be seen to have three main themes. 

The first of these is the utilization of SDT in a sophisticated form in 

the analysis of real life and realistically simulated inspection tasks.
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Secondly it is proposed to use SDT as a tool in the investigation of 

training techniques for the perceptual skills important in inspection. 

Finally the important but neglected area of selection will be considered 

from the standpoint of the cognitive skills necessary to perform 

inspection. 

Prior to these more theoretically orientated areas, a description and 

analysis of the real life inspection systems which will form study 

vehicles for this thesis will be given and the results of on-line experi- 

mentation in an industrial context described.



CHAPTER 4 CASE STUDY I : THE INSPECTION OF BUBBLE CHAMBER 

PHOTOGRAPHS
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4.0 INTRODUCTION 

In this chapter a case study will be presented in which many of the 

theoretical topics discussed in the review chapter will be examined from 

the point of view of their applicability in a real inspection situation. 

The results of this case study and that considered in the next chapter 

will provide a useful orientation for the theoretical experimental work 

considered later. 

Although the analysis of bubble chamber photographs may seem to be a 

somewhat specialized area, it will be demonstrated in this chapter that 

this task is directly comparable to inspection tasks found in industry. 

The inspection system considered, which is in the Physics Department, 

University of Birmingham, has been described in a previous report 

(Embrey 1970). The work set out in this thesis is, however, previously 

unpublished. 

4.1 General considerations 

High energy nuclear physics research is carried out in many centres 

throughout the world. One of the most important research activities 

that these groups perform is the investigation of the structure of 

matter using large and very expensive particle accelerators such as the 

machine at Cern in Geneva. Beams of high energy particles produced by 

such machines are fired into devices known as bubble chambers, which con- 

sist of large containers filled with liquefied gas. The particles 

ionize the gas to give distinctive configurations of tracks, some of 

which may have been produced by new particles created as a result of



126 

collisions between the incident particle beam and the gas atoms. It is 

the detection and analysis of these patterns which constitutes the bulk 

of the research effort in this field. The volume of data is such that it 

is not possible for experienced physicists to examine all data produced. 

Each time a beam of particles is fired into the bubble chamber, auto- 

matic cameras photograph the resulting tracks, giving rise to perhaps a 

million photographs from a particular experiment, each of which needs to 

be examined. 

In order to cope with this inspection problem, data analysis groups have 

been set up in which the films are scanned and particular configurations 

of tracks, known as events, are detected and categorized. 

The importance of the film examiner (or 'scanner') is not to be under- 

rated. High energy nuclear physics research consumes a significant 

proportion of the funds available for scientific research in this 

country. In spite of the considerable expenditure on hardware LAs 

salutory to note that the inspection efficiency of the unaided human 

operator is a vital link in the chain of analysis. For this reason the 

film scanning task constitutes a useful and valid area of study in its 

own right in addition to its implications for industrial inspection. 

4.2 The scanning task 

The items to be examined consist of photographs of bubble chamber events 

taken from three different angles, giving rise to three separate rolls 

of film, referred to as views 1, 2 and 3. Each roll consists of 750 

frames. The appearance of a typical film frame can be seen from the 

enlarged photographs shown in Figure 4.2. The series of parallel curved
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FIGURE 4.2 BUBBLE CHAMBER EVENT.
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tracks entering at the bottom of the frame are known as bean tracks. As 

can be seen from the figures, most of the beam tracks pass through the 

bubble chamber without interacting. In the centre of the frame a 

typical 'event' can be seen where a number of prongs emanate from a 

"production vertex'. The configuration of tracks which make up an 

event, known as its 'topology' can be described by means of a three 

number code. For the purpose of this study, it will be necessary to 

consider only two classes of event topology, those in which two or four 

prongs emanate from the production vertex, known as 200's and 400's 

respectively. 

It is configurations of tracks similar to those illustrated which are of 

special interest to physicists. The task of the scanner consists of 

examining each film frame for meaningful patterns, in accordance with 

pre-assigned criteria. In many cases the scanners will be looking for a 

variety of different types of event on each frame although in some cases 

only one configuration is searched for. The film frame often contains 

a large number of unwanted patterns as can be seen in Figure 4.2. These 

tend to obscure the wanted configurations and can be regarded as visual 

"noise'. The similarity with industrial inspection will be apparent. 

The 'Shiva' scanning machines used to examine the film are illustrated 

in Figure 4.3. They consist of two scanning tables mounted side by side. 

Three rolls of film are loaded into a film transport mechanism at the 

side of the machine and the film images are then projected via an over- 

head mirror system on to the scanning table surface. The optical system 

contained in the scanning machine produces a magnification of 30 times 

to give a projected image of the same size as the scanning table i.e. 

2.5 by 0.9 metres. The movement of the three views is controlled by 

the three switches to the left of the table surface. These enable the
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operator to advance any of the film views independently and to super 

impose views if necessary. The whole optical system can be moved by the 

handle which can be seen to the left of the operators position in 

Figure 4.2. This enables any part of the projected image to be moved 

close to the scanner for more detailed examination. Most scanners use 

this system extensively to scan the various parts of the display in 

which a suspected event lies. 

4.3 Detailed task description 

The scanner is required to examine every frame of the film specified, 

using at least two film views, and to find and record all the events on 

the film that satisfy the criteria detailed in the scanning instructions. 

There is no detailed procedure laid down for carrying out the actual 

operations of scanning but the following is typical. The scanner 

advances view 1 of a particular film frame so that it is in a standard 

position on the scanning table. This is done by operating the view 1 

film advance switch until a fiducial mark on the film coincides with a 

mark drawn on the scanning table. The operator then scans the projected 

image for wanted events, using the film transport handle to move parts 

of the field closer to the end of the table as necessary. Having 

scanned view 1, the scanner then changes to view 2, advances the film 

to the same frame as view 1 and then checks his findings from the first 

scan. This procedure is necessary because the appearance of an event 

can differ substantially from view to view, since each view is a two 

dimensional representation of a three dimensional space. Complex events 

are usually resolved unambiguously by use of the third view.
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Having decided upon an interpretation, the scanner then feeds the infor- 

mation into a keyboard attached to the scanning table, from which it is 

transferred to on-line computer storage. Finally the scanner switches 

back to view 1, advances to the next frame and then begins the cycle of 

operations again. Each film is scanned twice, and lists compiled of 

any differences between the two scans. Finally the film is scanned a 

third time by a 'fine scanner’, a more highly trained scanner who 

utilizes the comparison list and his own judgement to resolve ambiguities 

between the two previous scans. The 'fine scanner' is the final arbiter 

who decides which events are recorded. 

yy Analysis of scanning as an inspection task 

In the analysis of the data analysis group referred to earlier (Embrey 

op.cit.), a number of the variables important in inspection systems, 

e.g. selection, training and environmental aspects were discussed. The 

detailed consideration of these and other variables in the earlier 

review chapters enables a more complete analysis of the system to be 

produced. 

4.5 Theoretical areas relevant to film scanning 

HS od Signal detection theory 

SDT is clearly applicable to the scanning task in that it involves dis- 

tinguishing the signal, in the form of the wanted event, from the 

'noise' of the non-signal patterns in which it is embedded. It is of 

interest to consider if the equal or unequal variance model is likely 

to be appropriate in this task. If a population of experienced
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scanners is being considered, they might be expected to know the 

characteristics of both signal and noise equally well and therefore 

the equal variance model would be more likely to apply than in labor- 

atory based studies (Taylor op.cit.). 

4.5.1.1 Factors affecting the criterion 

Another consequence of a well practised subject population is that the 

scanners would be likely to be relatively homogeneous with respect to 

the criterion they adopt. This would be partly on the basis of 

experience per se,in that over a long period of time, there is con- 

siderable opportunity for feedback, informal or otherwise, to stabilize 

the criterion. Additionally the implied payoffs for correctly detecting 

an event or making a false alarm do not change substantially over time. 

The fact that all the events discovered by a scanner are subsequently 

checked by a fine scanner encourages the use of a lax, low criterion. 

On the other hand the low average probability of an event occurring 

(about 0.2 for the events considered in this study) would tend to raise 

the criterion. The way in which the criterion is affected by the com- 

bination of a priori signal probabilities and payoffs of the various 

types of division possible, was set out in chapter 2, page 27. The 

probabilities of the various types of event that are scanned for is 

approximately constant over time, which also tends to give rise to a 

relatively constant overall degree of bias. Predicting the numerical 

value of beta is difficult because we do not have any quantitative 

estimates of the payoffs involved. However, by using the value of beta 

obtained experimentally, it should be possible to determine the sub- 

jective utilities employed by the scanners, assuming that the equal 

variance assumption model is appropriate. Alternatively, by assuming
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detections, it would be possible to establish if the scanners were 

employing the theoretically optimum criterion. These questions will be 

considered during the experimental analysis. 

4.5.1.2 Sensitivity considerations 

In view of the relatively homogeneous criterion predicted in the 

previous section, performance variability would be primarily due to 

differences in sensitivity, either because of differences in sensory 

skills such as visual acuity, or intrinsic differences in the detect- 

ability of different event topologies. A fairly high overall value of 

d' would be expected, since most events are readily detectable by 

experienced scanners, given sufficient time to examine the film frame in 

detail. 

There is a distribution of event discriminability across films which is 

a function of the contrast level, the number of beam tracks and the 

presence of extraneous tracks which are confusable with events. Within 

a particular film, different events of the same topology will vary in 

discriminability depending on, for example, whether the production 

vertex is obscured by an overlapping track, or the acuteness of the 

angles between the event 'prongs' and the beam track. Event prongs 

which have a very narrow angle are easily confused with the beam track. 

The number of 'awkward' events on a film is relatively small, but they 

give rise to protracted response latencies, whilst the scanner makes a 

very careful examination of the frame in order to resolve the ambiguity.



4.5.2 Visual search 125 

It would be expected that much of the visual search data would apply to 

this task, as there is clearly a considerable search involved to cover 

the large area of the scanning table. However, the search is certainly 

not free search over the whole area, since the nature of the task con- 

strains the scanner's attention to specific areas of the projected image. 

Events can only be produced from a beam track and these are concentrated 

in the centre of the frame. Typically the scanner will look along the 

curved, parallel beam tracks to see if their symmetry is broken by the 

oblique prongs of an event. A more general search would be carried out 

after the main event had been discovered, to ascertain if there were 

any other configurations associated with the main event. 

In view of the inhomogeneous nature of the scan required, it seems 

unlikely that search time could be readily predicted from the techniques 

described by Bloomfield (1970). Because the task is self-paced, search 

time considerations are of less importance than in a conveyor belt 

situation. However, the overall length of time to completely scan a 

film will obviously be influenced by search variables, and so the 

overall throughput of the system is partly a function of this variable. 

4.5.3 Vigilance aspects 

It is difficult to predict a priori whether or not vigilance effects 

will significantly affect performance of the task under consideration. 

In terms of Kibler's comments cited in the last chapter (Kibler 1965), 

the signals encountered in scanning are more complex and (usually) of 

greater frequency than those found in laboratory vigilance experiments.
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Also the fact that usually many categories of event are scanned for sim- 

ultaneously, indicates that a more complex decision process is necessary 

than in vigilance experiments. Against these factors must be set the 

fact that many scanners subjectively find the task very boring. 

Certainly the author's own experience of scanning has tended to confirm 

this view. In theory scanning is carried out for periods of up to two 

hours continuously, although in practice the fact that all the scanning 

is carried out in one room means that there are many informal breaks 

when work stops for conversations with other scanners. In general it is 

felt by the scanners that the complexity of the task is such that it 

would be difficult, if not impossible, to perform whilst carrying out a 

conversation. 

In view of these conflicting factors, it was felt to be of interest to 

investigate this variable experimentally. 

4.6 Task characteristics 

4.6.1 Pacing 

The task is self-paced, which, as suggested by the review in the last 

chapter, should produce detection performance superior to a paced 

situation. 

4.6.2 Enhancement of signal discriminability 

Although the optical system produces a magnified image of the events, 

the actual inspection procedure is carried out on these magnified 

images, and hence no additional magnification is employed. The lumin- 

ance of the scanning table surface (4 lumens) was within acceptable
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limits. The only technique employed to enhance the discriminability of 

the defects was the informal one described in section 4.5.2 in which 

scanners look along the beam tracks in order to detect the oblique 

tracks of events. 

4.6.3 Complexity 

In considering how the complexity of the films being inspected affects 

event detection probability it is important, as pointed out in the last 

chapter, to consider the dimensions along which complexity is to be 

measured. In scanning, the complexity of the film can be regarded as 

the number of non-signal configurations likely to be present on a given 

film. Although there are occasional films in which there are a large 

number of beam tracks, which produce a high incidence of unwanted con- 

figurations, steps are usually taken to ensure that the beam tracks are 

widely spaced and are relatively few in number. 

Another aspect of complexity that needs to be considered is that of the 

events themselves. Whether a four pronged event is more discriminable 

than say, a two pronged event, remains an empirical question. On common- 

sense grounds, one would expect differences,since the four-pronged event 

(known as a 400 in scanning terminology), has more of the event charac- 

teristics (oblique tracks) than a two pronged 200. In fact many 

scanning errors consist of misidentifications of events rather than 

missing them completely. In most cases it is necessary to ensure that 

both views are used to identify an event.
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Because scanning is a self-paced inspection task, the signal rate in time 

will be determined by the average time that a scanner takes to scan a 

frame, and the overall probability that an event is present on a part- 

icular frame. Work by Colquhoun (1961), suggests that it is the probab- 

ility of an event occurring given that a frame is presented that would 

determine detection efficiency, rather than the total number of frames 

scanned. Therefore one would not expect 'fast' scanners to detect a 

greater proportion of the events than 'slow' scanners, if one is con- 

sidering only the event incidence in time. In general the probability of 

an event remains approximately constant for a given event type. We would 

not therefore, expect to encounter problems associated with the inspector 

being unable to modify his response strategy to take into account a 

sudden change in event probability, as was discussed in the last chapter. 

However, where a scanner was required to inspect for a different event 

type, with a different probability of occurrence than he had been used to, 

performance could be sub-optimal because of an inappropriate criterion. 

The commonly occurring types of event have a probability of about 0.2. 

Usually, the scanner will be scanning for a range of events with pro- 

babilities varying from 0.2 to approximately 10°. These latter very 

rare events have an extremely high 'payoff' associated with them in 

terms of their interest to physicists, so that the criterion associated 

with them would not be as strict as might be expected from consideration 

of their probability alone. In the actual scanning task then, the 

inspector would be utilizing a range of criteria for the different event 

types.



4.6.5 Number of inspectors 

Although there is only one inspector to each scanning table, the presence 

of the other inspector at the opposite end of the scanning machine, 

using the other scanning table, should enhance performance through the 

social facilitation noted in the studies reviewed in the last chapter. 

4.6.6 Repeated inspection 

All films that pass through the data analysis group receive two indep- 

endant inspections from different scanners. Subsequently, comparison 

lists are compiled of differences between the two scans, and the film is 

then scanned for a third time by an experienced 'fine scanner', who 

utilizes the lists to resolve the differences between scans, as des- 

cribed earlier. Therefore the repeated inspection studies described in 

the last chapter are relevant here. 

4.6.7 Environmental conditions 

The environmental conditions are described fully in Embrey (op.cit.). 

The main problems are the poor ventilation and heating in the scanning 

room, and the bursts of high intensity noise from measuring machines 

in the same room, 

4.6.8 Organizational and social factors 

The organizational details of the system have been described in Embrey 

@,cit). Considering social factors within the group, there tends to be 

friction between the old established workers, and the students who are
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employed during vacations. The latter often quickly learn to perform the 

task satisfactorily but are easily bored. 

4.6.9 Selection and training 

Selection is on the basis of an interview with the supervisor of the 

data analysis group and the departmental personnel officer. Training is 

informal, and consists of an introductory lecture on the organization of 

the group and some of the basic elements of scanning. Subsequent 

training is largely 'on the job', the trainee being assigned to sit with 

an experienced inspector during the scanning procedure. In view of the 

complex nature of the stimuli, the perceptual skills required for scan- 

ning usually take a long time to acquire. 

4.7 Conclusions regarding scanning from an ergonomics standpoint 

In view of the fact that the task is self-paced and that repeated 

inspection is employed one would expect the system to be highly 

efficient in its operational objective of detecting particle interactions 

on film. Selection and training appear to have received little atten- 

tion however, and the badly ventilated and noisy working conditions are 

likely to affect performance. There seems to be a possibility that 

there will be performance decrement with time, but this needs to be 

verified experimentally. The discrimination required to detect events 

requires both adequate visual acuity to acquire the information and the 

possession of high level perceptual skills to distinguish the wanted 

from irrelevant patterns. The scanner can employ learnt strategies, 

e.g. looking along the beam tracks, to enhance the detectability of the 

events. Although search is employed to locate an event, it is not 

clear how conventional search theory might be employed to predict the
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time taken to achieve this. Signal detection theory would seem to be 

applicable to determine the degree to which the scanners employ an 

optimal decision criterion and the factors which affect their sensitivity 

for defects. 

4.8 Experimental objectives 

4.8.1 Specific practical goals 

The analysis of the scanning task in the last section suggests several 

possible research objectives of interest. However, the experimental 

work eventually carried out had to reflect the specific needs of the 

organization concerned. 

In the current investigation, two factors were of particular interest to 

management. These were whether different types of event differed in 

detectability and whether the noisy conditions in the scanning room 

degraded performance in the inspection task. When the possibility of 

performance deterioration as a result of prolonged periods of scanning 

was discussed, it was felt that this variable should also be investigated. 

The interest in establishing whether there were intrinsic differences 

in detectability for the different event types, stemmed from certain 

statistical considerations connected with high energy physics. The 

calculation of various physical parameters was based on the probability 

of occurrence of different event types as inferred from the number of 

events detected by the scanners. These calculations assumed that all 

types of event were equally easy to detect. There is little data 

available on the effect of defect complexity as such on detectability.
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Most of the studies using complexity as a variable have considered the 

overall complexity of the items being inspected, rather than defect com- 

plexity itself. As suggested in section 4.6.3, we would expect the 

number of prongs emanating from the production vertex of an event to 

determine its detectability, since it is primarily these characteristics 

which differentiate an event from the most commonly occurring form of 

background noise, the beam tracks. This hypothesis needs to be tested 

experimentally however. 

The proposal to investigate the effect of noise levels on the detect- 

ability of defects was prompted by the fact that the management were 

trying to decide,on cost effectiveness considerations,whether or not 

to scrap the older machines that were responsible for most of the noise 

problems. They had not previously considered the possibility that the 

noise levels being generated might be affecting scanning performance, 

and hence were interested in obtaining objective evidence for this effect. 

If definite evidence of performance deterioration with prolonged periods 

of scanning was obtained, management were prepared to consider the 

possibility of rescheduling the rest pauses. 

4.8.2 Theoretical goals 

This study provided a useful vehicle to investigate the practical 

utility of the theoretical orientation discussed extensively in Chapter 

2: Signal Detection Theory. It was of considerable interest to 

evaluate the extent to which theories of this type could be translated 

from laboratory situations to real world tasks. As the earlier review 

suggested, many of the applications of SDT to date seemed to have not



13% 

adequately checked whether the underlying assumptions of the equal 

variance model apply. 

I£ SDT in some form could be applied to the experimental data, then this 

would facilitate the separation of bias and sensitivity effects in the 

detection results and allow the comparison of the criterion used by the 

scanners with the theoretical optimum. 

The effects of noise on detection situations employing patterns as com- 

plex as those found in this study had not previously been investigated, 

and it was of interest both theoretically and practically to see if 

those effects were different from those found in simpler detection 

situations. It was also of interest to investigate whether the nature 

of the noise had any differential effect on detection performance. 

Most studies had employed continuous white noise as the stressor, whereas 

the noise in the scanning room consisted of intermittent bursts as the 

machines were operated. 

The investigation of time related decrements on the scanning task would 

provide additional evidence for the generalizability or otherwise of 

vigilance research to real world tasks. 

Finally the possibility of interactions between the variables of noise 

pattern complexity and time on task was thought likely to provide 

further insights of theoretical interest. 

4.8.3 Summary of research objectives 

A. Practical 

1. To investigate whether there were intrinsic differences in
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detectability between events of differing complexity. 

2. To evaluate the effects of various types of auditory noise on 

detection performance. 

3. To determine whether detection of events was affected by prolonged 

scanning, i.e. time on task. 

B. Theoretical 

1. To investigate the applicability of SDT as a usable model in a 

real inspection situation. 

2. To consider the effects of auditory noise on various parameters of 

detection performance. Different types of noise were to be con- 

sidered. 

3. To verify or otherwise the applicability of vigilance data to the 

scanning task. 

4, To consider the interactions of the major variables present in the 

study. 

4.9 Experimental philosophy 

As the objectives of this study were to collect data in as realistic a 

situation as possible, it was necessary to conduct the experiment using 

real films and employing the scanning machines customarily used by the 

inspectors. The most authentic results would have been obtained by 

introducing a test film into the everyday work of the scanners and sub- 

sequently scoring it for accuracy. There were a number of disadvantages 

to this procedure. The unofficial breaks taken and other occurrences 

difficult to allow for, lead to the decision to conduct the experiment 

using a greater degree of control.
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4.10 Experimental work 

4.10.1 Hardware considerations 

As far as the scanning task itself was concerned, two aspects needed 

modification. The first of these was the tendency of some of the 

scanners to advance the film so that only part of it was visible on the 

scanning table. They would then examine the tracks by moving a separate 

handle which moved the optical system independently of the film. In 

order to obtain consistent estimates of the total time to scan a frame, 

it was necessary to ensure that each frame was presented at a standard 

position at the commencement of each scan. Ideally the frame needed to 

be positioned on the scanning table such that the whole of it was 

visible. A second problem concerned the use of the various views 

available. Some scanners tended to scan using one view only, and when 

they encountered an event which was difficult to resolve on a single 

view, they would wind on the second and sometimes even the third view 

to obtain the additional information present on the corresponding 

frames. Sometimes these views would be very far behind the current 

frame and a considerable time might elapse until they were wound to 

the appropriate position. This procedure would clearly adversely 

affect any estimates of scanning time. 

Both of these problems were resolved by modifying the film advance 

mechanism of the scanning machines. As described in detail in Embrey 

(op.cit.) an electronic film advance mechanism was designed such that 

by depressing a button, all three views of the film advanced simul- 

taneously. When the frame image was at the correct position on the 

scanning table, a photocell sensor stopped the film advance mechanism.
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During the actual experiment, subjects were asked to depress one of two 

buttons after they had scanned a film frame, depending on whether they 

felt that there was an event of a specified type on the frame. Depres- 

sing one of the buttons caused an oscillator tone to be recorded on tape, 

and simultaneously initiated the film advance sequence. The tapes were 

subsequently analysed using SETAR (Welford 1952) to give an output 

indicating the nature of the response (i.e. event present or absent) and 

the elapsed time since the previous response, i.e. the response 

latency in a self-paced task. 

4.10.2 Experimental design - general 

The basic conditions to be investigated were auditory noise levels and 

types, differing complexities of events, and time on task. Two of the 

noise conditions utilized continuous white noise, one level being a 

masking noise condition of 65dB and the other corresponding to the 

noisiest conditions in the scanning room of 85dB. The third noise 

condition consisted of an actual recording of the highly variable 

noise environment in the scanning room, the average intensity of which 

was 85dB. The object of this condition was to investigate whether the 

nature of the noise, apart from its intensity, had any effect on per- 

formance. The two most commonly occurring types of event, the four 

pronged and two pronged topologies, were chosen as the two levels of 

pattern complexity, which were known to be approximately equi- 

probable on the film to be used. A time interval of thirty minutes 

was chosen for the task duration, which was divided into three periods 

of 10 minutes for the purpose of the performance decrement analysis. 

Subjects started scanning at random points on the film, subject to the 

proviso that there were sufficient frames available for the fastest 

scanner to work for 30 minutes. It was not possible to control



141 

completely for time of day effects because different subjects belonged 

to shifts which started at different times. Attempts were made, however, 

to ensure that the various sessions took place at approximately the 

same time within each shift for each subject. The subjects employed 

were seven experienced scanners, all with at least one year's experience. 

They all had normal or corrected vision. There were six males and one 

female (subject 7). 

4,10.3 Experimental design - statistical 

A 3x 2x 3x 7 complete factorial repeated measures design was 

employed, the factors being noise conditions, event complexities, time 

intervals and subjects respectively. This design is discussed in 

Kirk (1968) p.237, Myers (1966) and other standard texts. Poulton 

(1969 ) has criticized such designs on the grounds of possible carry- 

over effects between treatments, In the opinion of the present author 

however, these criticisms are really applicable primarily in labor- 

atory studies where learning effects between trials are almost 

inevitable with the time available for practice in typical experiments. 

In industrial experimentation, where very highly practised subjects 

are available, as in the present study, it is felt that such effects 

will be minimal, and hence the repeated measures design is considered 

appropriate. The desire to test a number of variables and the 

relatively limited number of trained subjects available made the 

subjects X treatments design a natural choice. 

All the factors in the experiment were assumed fixed. In the case of 

of interest 

the experimental treatments, the particular levels of the variables 

considered were all included in the experiment. The justification
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for using subjects as a fixed rather than a random effect was that the 

conclusions drawn from this study were intended to be specific to the 

group under study. Additionally, scanners are a specialized group and 

cannot be regarded as being randomly sampled from the population. 

The analyses of variance were performed by a program from the IBM 

Scientific Subroutine package, modified extensively to produce the part- 

icular design used. Where appropriate, arcsine or log transformations 

were used to reduce the heterogeneity of variance of the raw data or 

where obvious skewness of the distribution existed. 

4.10.4 Analysis of data 

The basic data from the experiment consisted of yes or no (event present 

or absent) decisions for each frame together with the time interval 

from the presentation of the frame to the response by the scanner. 

This was obtained from SETAR as described in Embrey (op.cit.). A 

computer program (DATAL, Appendix D) converted this data to give the 

measures set out below: 

1. Performance measures based on SDT theories 

(a) Parametric 

a’ 

beta 

(b) Nonparametric 

(I) Sensitivity 

Pollack Norman index 

Latency sensitivity index (Navon 1975) 

(II) Bias 

Hodos-Grier index 

ZFA
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2. Inspection performance indices 

Indices Al and A4 (McCornack 1961) 

Correct detection probability 

False alarm probability 

3. Response latency measures 

Correct rejection (i.e. correct decision that frame did not contain 

an event) latency 

Correct detection latency 

False alarm latency 

Missed defects latency 

The inspection measures Al and A4 are defined as below: 

Al = NCR + NCD x 100 

NFA + NCR + NCD + NOM 

A4u = NCD - NFA x 100 

NCD + NOM - NFA 

where NCD = no. of correct detections of signals 

NFA = no. of false alarms 

: NOM = no. of missed signals 

NCR = no. frames correctly rejected as not containing signals 

The program also performed arcsine and log transforms on some of the 

data prior to the analysis of variance. Most of the measures set out 

above have been discussed in Chapters 1 and 2. Any new measures con- 

sidered will be discussed in the text. 

4.10.5 Treatment of zero cells in SDT analyses 

I am indebted to Dr Raj Parasuraman for suggestions on this topic. In 

this study, as in most detection experiments, on several occasions 

subjects made no false alarm responses during the experimental period
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being analysed. This creates difficulties for the calculation of SDT 

parameters because without a pair of correct detection and false alarm 

probabilities beta and d' cannot be calculated. When these probabilities 

are obtained from detection experiments, the quantity we are actually 

measuring is the relative frequency of a particular response category 

over a number of n trials, which tends to the actual probability as n 

becomes large. If a given time period does not contain any false 

alarms, for example, this does not automatically mean that commission 

error probability during this period is zero. It simply indicates that 

the probability is too small to be estimated by the use of relative 

frequency techniques. 

Several methods are available for the estimation of false alarm pro- 

bability P(S/n) during a period in which n non-signal trials occur and 

no false alarm responses are made. 

The technique that has usually been adopted, Jerison, Pickett and 

Stenson (1965), Wallack and Adams (1969), is to assume that half a com- 

mission error has occurred. This is equivalent to assuming that: 

P(S/n) = 1 (1) 
2n 

Another technique is to take a weighted average of the probabilities 

associated with each noise trial in the observation period, i.e.: 

Aiea pst a / 2n 
Z 

P(S/n) a 
2 

(2) 0 e ' ie % 

A final possibility considers the likelihood of no commission errors 

occurring within a period.
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Probability of a commission error not occurring during a single trial 

= 1 - P(S/n). 

Assuming a fixed probability, the probability of no commission errors 

occurring in n trials = (1 - P(S/n))". 

The likelihood of this can be tested by setting (1 - P(S/n) 2g 1, from 
2 

L which P(S/n) J 1 - 1, » where p(S/a) = 1-1. (3) 

n n 
Z 2 

For large n (}50) equation (3) gives the best estimate of P(S/n), and 

was therefore used by the programs where zero false alarms occurred. 

4.11 Results and discussion 

The summary data and waste are given in Appendix B and the analyses of 

variance referred to in the text can be found in statistical Appendix A. 

The first group of results discussed will concentrate on the theor- 

etical implications of the data prior to a consideration of their 

practical significance. 

4.11.1 SDT considerations 

4,11.1.1 The applicability of SDT to the data 

One of the major goals of this study was to investigate the applic- 

ability of SDT in the task under consideration. The first test which 

can be applied is to plot the Z transforms of the false alarm and 

correct detection probabilities against one another to give the normal- 

ized or Z-ROC curve. Figure 4.4 shows this for all 126 data points. 

The data clearly do not fall on a straight line as predicted by SDT.



DATA Ae Z-ROC 4.4 

 
 

  
  

 
 

1
4
6
 

wn 

IN 

& 
S, 

m 
hd 

an 

m
R
 

: 
= 

RR 
s 

& 
& 

eee 
es 

In 
R i 

1 
& 

Bom 
qn 

& 
<— 

B
e
 

‘ 

a 
Es 

* 
& 

fon 
g 

Be 
m
R
 

In 
ie 

BR 
o
e
 

& 
4 

Es 
aaa 

en 

en 
2» 

Ea m
k
 

eo 
e 

c
e
 

m 
& 

i
 

oh 
co 

e
e
s
 

& 
“ 

B
 

7 
R
 

uw 
sas 

Ni 
m 

& 
ac 

5 
HH 

OB 
Es 

a 
OR 

2 
gh 

R 

- 
& 

e 
% 

= 
fn 

at 
m 

ey 
Ea 

K 
et 

BR 
R 

4 
is 

J 

a
t
 

B 
eS 

& 
i 

i 
ie 

i 
m 

s 
Sage 

& 
8 

% 

[epeereeel 
 



147 

A nonsignificant correlation confirmed this. On the other hand this 

result is not too surprising in that we are superimposing ZFA and ZCD 

values obtained across a wide variety of experimental conditions and 

subjects. Analysis of variance 1 for ZCD shows significant differences 

between subjects (p < .001) and time intervals (p < 0.05) whereas for 

ZFA there is a significant time interval x subject interaction. In 

order to obtain meaningful ROC curves it is therefore necessary to con- 

sider the ROC curves within time intervals within subjects. It was 

mentioned in Chapter 2 that because of the error inherent in the 

estimation of both false alarm and correct detection probabilities, the 

ROC curve should be obtained using maximum likelihood rather than least 

squares techniques, which assume an errorless independent variable. 

Considering the data within time intervals, within subjects, allows the 

utilization of the Grey-Morgan maximum likelihood (ML) fitting program, 

Grey and Morgan (1972). This program normally only accepts data from 

rating experiments in which a series of ascending confidence ratings 

have been made. Each pair of false alarm and correct detection fre- 

quencies in the data subset under consideration provides one point on 

the ROC curve, but if the raw frequencies were entered into the ML 

program without regard to order, the program would fail in attempting 

to fit a single straight line. A preliminary program (SIGROC, 

Appendix p) therefore first calculated a series of ZFA values from the 

false alarm frequencies. Since ZFA is monotonic with the magnitude of 

the sensory evidence regardless of the variances of the noise and sig- 

nal + noise distribution, (Chapter 2), sorting the ZFA values into 

ascending order together with the associated FA and CD frequencies 

provided the program with the appropriate inputs. Part of the output 

from the program is given in Appendix A. The straight line Z-ROC fits 

the data in every case, as tested by chi-square. The mean ratio of 

the signal + noise to the noise variance is 1.362 which differs
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significantly from 1 (t = 14.47, p< 0.001). Although the Grey-Morgan 

program, strictly speaking, was written with the rating experiment as 

its underlying model, its use in the present context is justified on 

the grounds that it is being employed purely as a device for fitting a 

straight line to the data using maximum likelihood techniques. 

The use of the program also enables us to correct the beta values found 

by assuming the equal variance model, to the actual betas employed by 

the subjects in the unequal-variance situation. The Grey-Morgan pro- 

gram produced estimates of the variance ratio (the reciprocal of the 

slope of the fitted Z-ROC curve) for each block of time data within 

subjects that it was applied to. The unequal variance betas are 

obtained simply by multiplying the equal variance betas by the appro- 

priate Z-ROC slope (McNicol (1972) p. 92). This was done for each of 

the 21 blocks of data for which the Z-ROC had been fitted. 

Hence the data appears to be describable by the unequal variance SDT 

model. This is in accord with most laboratory studies using SDT with 

visual tasks, but does not agree with the earlier suggestion that the 

well practised subjects used in this study might be expected to know 

the signal characteristics as well as the non-signal attributes, and 

hence have equal variance internal distributions. It seems possible 

that because of the very low incidence of false alarms found in this 

study, the other cause of apparently unequal variance distributions, 

the greater sampling error involved in the calculation of the signal 

distribution variance, may be an important factor. The present find- 

ing differs from the only other published industrial study using SDT, 

Drury (1973), which found the equal variance model to fit the data. 

The main difference between the two studies was that Drury's subjects
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were provided with rapid feedback during the latter part of his study, 

whereas no direct feedback for the scanners in this experiment was pro- 

vided. However, even before feedback was provided in Drury's study, a 

slope of 1 for the ROC curve was obtained. Probably the main reason 

for the different findings in each study is in the nature of the signals 

in each case. The variability of glass faults is relatively small com- 

pared with the extremely wide range of configurations that are found on 

bubble chamber film, and this would tend to increase the variance of the 

signal distribution in the latter case. 

4,11.1.2 Other tests of the SDT model 

A number of methods are available for testing whether certain other 

assumptions of the SDT model hold in this situation. Ingleby (1974) 

points out that although the likelihood ratio criterion, beta, is the 

theoretically ideal measure of how much weight to attach to a sensory 

datum, it has never empirically been established that human subjects 

actually do set their criteria in terms of beta rather than, for 

example, the sensory evidence x itself. 

It can be shown (McNicol (1972) p.64) that: 

log beta = d'x - d' 272 (1) 

in the equal variance case, ( x = 2FA, since this is monotonic with 

the sensory evidence used by the observer). In the unequal variance 

case, the expression becomes: 

log beta = g [(oe - 1) /2 ol Fide k= (a'?/,) =alog o,~ (2) 

If the observer is actually positioning his criterion on the basis of 

beta, the first implication of land 2 is that there should bea 

linear relationship between x , i.e. ZFA,and log beta in the equal 

variance case, and a parabelic relationship in the unequal variance
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situation. In fact, with the value of the variance ratio found in this 

experiment (1.3) it would be difficult to distinguish between a linear 

and parabolic regression with the range of probabilities which occurred. 

We can therefore take a good linear fit of the relationship between ZFA 

and log beta as reasonable evidence that a likelihood ratio criterion is 

being used. 

The graph of log beta v. ZFA is plotted in Figure 4.10 and it can be 

seen that a good fit is obtained, ( r = 0.74 p< 0.001). 

Confirmation that the unequal variance model applies can be obtained by 

considering the change in ZFA for a given change in log beta at different 

values of d'. The parabolic relationship between log beta and ZFA of 

equation (2) suggests that ZFA should change less at high values of d' 

than at low values, with changes in log beta. We can test this by 

obtaining the regression equations for ZFA v. log beta for each subject. 

Since there are significant differences between d' for subjects 

(analysis of variance, Appendix A p. ) a plot of the slope of the 

regression lines (a measure of the rate of change of ZFA v. log beta) 

against tya should be linear. As Figure 4.6 shows, there is a high 

degree of relationship with r = 0.757 (p< 0.01). 

The preceding tests strongly suggest that the SDT model provides a good 

description of the data. The evidence is not entirely unequivocal 

however. The equal variance model suggests that beta should be related 

to the a priori probability P by the equation: 

((1 - P) /P)x(relative cost factor) = beta (3) 

(see Chapter 2 p.27). 

A significant correlation was only obtained between beta and (1 - P)/P
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for one out of seven subjects. Although the fact that the unequal 

variance model does not produce a linear correlation, since the 

variance ratio is not very large, one might have expected a larger 

number of significant correlations. The result obtained is probably 

due to the fact that the a priori probability of the events does not 

vary sufficiently to produce a modification of the subjects' criteria. 

One aspect of SDT predictions that has not yet been considered is the 

effect of the payoff matrix on the positioning of the criterion. It is 

clear that in the scanning task we do not have a symmetrical payoff 

matrix, in that missed signals are more expensive than false alarms, 

because the latter errors are likely to be picked up at the fine scan- 

ning stage. As mentioned in Chapter 2, the payoff matrix is given by 

the expression: 

value of correct rejections - cost of false alarms (3) 
  

value of correct detections - cost of missed signal 

In order to provide an approximate check of the effects of these 

utilities, a survey was carried out amongst the scanners, and the mean 

utilities for the various decision alternative was found to be as 

follows: 

value of correct rejections (of non-signal frames) = 4 

cost of false alarms =1 

value of correct detections =10 

cost of missed signal 2.5) 

Substituting in equation (3), assuming on a priori signal probability 

of 0.2, the theoretical optimum value of beta obtained is 2.2. By 

comparison the overall mean beta obtained for the experiment is 2.71. 

The closeness of these figures supports the view that the inspectors 

are using a likelihood ratio criterion.
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We can conclude, therefore, that the evidence suggests that the SDT 

model is an appropriate one in the inspection situation under investig- 

ation. 

4,11.1.3 Relationships between performance measures 

The fact that the unequal variance model is appropriate to the data 

makes it useful to consider the applicability of the non-parametric 

measures of performance in investigating the effects of the various 

experimental variables. It is also of interest to look at the relation- 

ship of some of the inspection performance indices such as Al and A4 to 

the SDT measures. 

As discussed in Chapters 1 and 2, the unique advantage of the SDT para- 

meters is that they allow the separation of sensitivity and bias 

effects. They also have the advantage of resting on a solid theor- 

etical foundation, and of providing a predictive capability. None of 

the non-parametric measures available for yes-no data are able to offer 

these advantages and we are therefore justified in judging their use- 

fulness by the extent to which they correlate with beta and d'. In 

the present experiment it was possible to correct the betas obtained 

under the assumption of equal variances by multiplying each block of 

values by the slope obtained from the ROC curve for that particular 

block, as described earlier. This provided a baseline of ‘actual’ 

betas against which to compare the non-parametric measures. Unfort- 

unately such a blanket procedure is not available to correct the d' 

values. The appropriate version of d' in the unequal variance case 

is Amor ae as described in Chapter 2. These can only be obtained 

from the ROC curve; 4d! values obtained under the equal variance
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assumptions cannot readily be rescaled. In the comparisons that follow 

it was decided to use the equal variance d' as a baseline. Since the 

variance ratio is not large, the comparisons will retain some degree 

of validity. 

Plots of the Pollack-Norman and latency sensitivity indices against d' 

are given in Figures 4.7 and 4,8. These indicate a high degree of cor- 

relation in the first case and a smaller but still significant r in the 

latter. These are confirmed by the product moment correlations in 

Table 4.1 below: 

comparison correlation sig. 

d' v. Pollack - Norman index 0.923 p< 0.001 

d' v. Navon latency index -0.184 p< 0.05 

Table 4.1 Comparison of sensitivity indices 

The relationship between d' and the Pollack-Norman index seems to be 

slightly curvilinear in nature, although assuming a linear relation- 

ship would lead to only slight errors. 

The scatterplots of the corrected values of log beta against the Hodos- 

Grier bias index and ZFA are given in Figures 4.9 and 4.10 and Hodos- 

Grier v. ZFA in Figure 4.11. The corresponding correlations are 

given in Table 4.2 

comparison correlation significance 

log beta v. Hodos-Grier 0.893 p < 0.001 

index 

log beta v. ZFA 0.743 p < 0.001 

Hodos-Grier index 0.746 p < 0.001 

v. ZFA 

Table 4.2 Comparison of bias indices
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We can conclude that the non-parametric indices are closely related to 

the corresponding SDT parameters. This is not surprising in the case 

of ZFA, because of its monoticity with the evidence variable used by 

the observer as discussed earlier. The close empirical correspondence 

between d', log beta and the two corresponding geometrical indices is 

encouraging in view of the difficulty in establishing an analytical 

relationship. The fact that the latency sensitivity index also shows 

a significant correlation with d' suggests that the theoretical res- 

ponse latency model adopted by Navon in deriving the index was correct. 

The next performance indices of interest are Al and A4. Their scatter- 

plot is given in Figure 4.12. The two measures are clearly highly 

correlated, which is confirmed by an r of 0.742 (p ¢ 0.001). Plots of 

Al against d', Figure 4.13 and log beta, Figure 4.14 also indicate a 

high and a more moderate degree of correlation, r = 0.947 (p< 0.001) 

and r = 0.225 (p £0.05) respectively. These plots demonstrate the 

essential disadvantage of measures such as Al: they are dependent on 

both sensitivity and bias changes, and this clearly reduces the pos- 

sibility of ascribing a cause to a given change in the performance 

index. 

4.11.2 Effects of experimental variables on performance 

4,11.2.1 Overall performance measures 

Considering the analysis of variance for both the correct detection 

probability and its arcsine transformation, we see that there are sig- 

nificant differences between subjects (p < 0.05) and between time 

intervals (p ¢ 0.01). In fact the time effect is an increase in per- 

formance with time, a comparison of means showing that the performance
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on the last two ten minute periods of the experiment is significantly 

better than during the first ten minutes (Tukey test, p< 0.05). 

The arcsine transformation of the false alarm probability shows a sig- 

nificant time x subjects interaction (p< 0.01). Examination of the 

interaction suggests that there are increases in false alarms with 

time intervals for five out of the seven subjects. The correct det- 

ection and false alarm probabilities taken together suggest that a 

change in criterion is responsible for the effects, rather than a sens- 

itivity change. 

The analysis of variance for the Al inspection index indicates sig- 

nificant differences between subjects (p < 0.01) but does not indicate 

any time effects. No significant effects are found for A4, in spite 

of its high correlation with Al. 

4,11.2.2 SDT performance measures 

The analysis for d' gives significant differences between subjects 

(p £0.01) but any conclusions drawn need to consider the fact that 

the unequal variance assumptions do not apply in this case. 

In the analysis of variance for log beta the corrected values of beta 

were used as described earlier. Significant differences were found 

between time intervals, (p < 0.05), with a significant time intervals 

x subjects interaction (p< 0.01). In view of the importance of 

this variable, a simple main effects analysis was conducted to 

clarify the nature of the time effects for the different subjects. 

This is given in Table 4.3 below, and the corresponding graph showing 

the changes in log beta over time intervals for each subject for
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Source Sum of squares af M.S. EF Significance 

T at Sl 1.56 2 0.78 2.07 

T at S2 2.78 2 1.39 3.69 p< 0.05 

T at S3 1.63 Z 0.82 2.18 

Tat S4 6.75 2 3.38 Soo? p< 0.01 

T at S5 1.5 2 0.75 1.99 

T at S6 3.4 2 1.7 4.51 p< 0.025 

T at S7 1.9 2 0.95 2.52 

ERROR 24 0.377 

Table 4.3 Simple main effects analysis: time intervals x subjects 

interaction for log beta 

which the differences were significant is given in Figure 4.15. 

The simple main effects analysis indicates that log beta is signif- 

icantly different between time intervals for subjects 2, 4 and 6. 

The significance of the difference between the means for these sub- 

jects is shown in Table 4.4 below (Tukey tests). 

Subject 2 Subject 4 Subject 6 

TLint2 T3 TL 72 T3 Le T2 T3 

TL NS p < 0,05 NS p < 0.01 NS p < 0.05 

ae NS NS NS 

T3 

Table 4.4 Significance of the difference between log beta means 

(Tukey test) 

With two of the subjects (4 and 6) there is a significant decrease in 

log beta between the first and last time periods, with subject 2 the 

trend is reversed. The overall trend, as indicated by the means, is 

for a decline in criterion with time on task.
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FIGURE 4.15 Changes in log beta 

over time intervals 
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The Pollack-Norman sensitivity index shows significant differences 

between subjects on the analysis of variance (p < 0.05), paralleling 

the result for d'. The Navon latency sensitivity index analysis gives 

significant differences between subjects (p < 0.01) and two signif- 

icant interactions, i.e. time x subjects (p < 0.05), and event types x 

time x subjects (p <0.05). Most of these interactions occur because 

the quantities used to calculate the Navon index, the latencies for 

the response categories, are highly sensitive to the experimental 

variables. As a result, it is difficult to interpret them in this case. 

The Hodos-Grier bias index shows a highly significant time effect 

(p < 0.01) and a significant noise condition x time x subject inter- 

action. Consideration of the NxTxS summary table largely confirms the 

analysis for log beta, for times and subjects. The pattern of the 

results however, varies in an unsystematic way under the differing 

noise conditions. 

ZFA shows a significant time intervals x subject effect (p< 0.05). 

This is analysed in Table 4.5 to give the simple main effects to com- 

pare with the corresponding analysis for log beta (Table 4.3). 

It will be seen that the detailed analysis using ZFA does not exactly 

parallel that using log beta. Although subject 6 shows significant 

differences in bias across time intervals using both measures, subject 

5 shows a significant difference using ZFA as the index and subjects 

2 and 4 using log beta. It is apparent, therefore that different 

results are likely if the two indices are used in statistical 

analysis, even though the overall trend of the means is identical in 

each case.
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Source ss dt BS = sig. 

T at Sl 0.07 2 0.035 0.41 

T at S2 0.04 2 0.02 0.24 

T at S3 0.44 2 0.22 2.59 

Tat S4 0.43 2 0.22 2.59 

T at SS 0.73 2 0.37 4.35 Pp £ 0.05 

T at S6 1.44 2 0.72 8.47 p< 0.01 

T at S7 0.01 2 0.005 0.06 

ERROR 24 0.085 

Table 4.5 Simple main effects analysis for time x subjects interaction 

for ZFA 

4.11.2.3 Latency measures 

For the purposes of analysis, the latencies of the four categories of 

response, i.e. correct detections, correct rejections (of frames con- 

taining no events), false alarms and missed signals will be considered 

separately in addition to the total response time. In most cases, the 

latencies were subjected to a log transformation before the analysis of 

variance. 

For reasons which will be discussed in the next section, a detailed 

analysis of some of the more complex interactions will not be given, 

particularly where these are associated with subject differences. 

Considering the correct detection latencies, subjects show highly sig- 

nificant differences (p < 0.001) with a significant time by subject 

interaction (p < 0.01). Simple main effects analyses indicate that 

whether correct detection latency increases or decreases with time on 

the task depends on the subject, only subjects 2 and 4 showing signif- 

icant changes.
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The correct rejection latency shows a number of significant main effects 

and interactions. As usual there are significant subject differences, and 

the main effects of event type and time are also significant at p < 0.05 

and p ¢ 0.001 respectively. Conclusions drawn from these main effects 

need to be modified by the presence of significant noise x event type 

(p £0.05) and time x subject (p < 0.001) interactions. Simple main 

effects analysis of the latter interactions shows that all subjects show 

significant differences between time intervals but that the change is not 

always in the same direction. As suggested by the time means, however, 

the predominant change is to a decrease in latency with time on task. 

Analysis of the noise x event type interaction shows that there are sig- 

nificantly longer correct rejection responses for the 200 as compared 

with 400 events, but only under the high white noise conditions. 

Analysis of the log of the missed signals latency indicates, in addition 

to the usual subject differences, a significant noise type x subject 

interaction (p < 0.05) a significant noise x time x subject interaction 

(p ¢ 0.05) and a significant event type x time x subject interaction. 

The means for noise types suggest a longer response latency under the 

high white noise condition compared with the other types. The event type 

means imply an overall longer response latency for the 200 events, but the 

significant interaction times and subjects suggests that this may not be 

constant over conditions. 

Considering the false alarm latencies, the only significant effect 

apart from subjects is a noise x event type x subject interaction, 

(p < 0.05). 

The final latency measure considered, the total latency, shows significant 

time and subjects main effects, (p < 0.05) and p ¢ 0.001 respectively,
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and significant event type x time (p £0.05) and time x subjects inter- 

actions (p< 0.01). The means for event types indicate longer latencies 

for the 200 events and for the earlier time intervals compared with the 

later. 

4,12 Conclusions from experimental study 

4.12.1 The application of SDT 

The evidence presented in the preceding sections suggests strongly that 

the unequal variance SDT model satisfactorily accounts for the data 

obtained. The original proposal that the equal variance model would 

apply is not supported by the evidence. In view of the fact that the 

subjects knew the characteristics of signal and noise equally well, as 

a result of extensive experience, alternative explanations for the 

good fit of the unequal variance model need to be sought. The greater 

variance of the signal distribution can be accounted for by the con- 

siderable intrinsic variability of the signal in this task and by the 

sampling error inherent in calculating the false alarm probabilities 

with the low incidence of false alarms observed in this experiment. 

These explanations are more tenable than the suggestion that the 

absence of feedback during the experiment prevented the scanners from 

learning the characteristics of the signal. 

The fairly close correspondence between the optimum criterion for 

this task and the mean beta actually obtained, adds further weight to 

the use of the SDT model. It should be pointed out however, that 

there is a wide range of values of beta about the optimum criterion 

which will give most of the maximum value possible for the inspector's 

decisions (Swets and Green (1966) p.93.
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The absence of overall significant differences in beta between subjects 

is in accord with the hypothesis proposed originally, that the scanners 

would be homogeneous with respect to their criteria, as a result of long 

experience on the task. 

4.12.2 Comparisons of performance measures 

Comparisons of commonly used indices of inspection performance Al and 

A4, showed that they were correlated with both bias and sensitivity 

measures, thus limiting their usefulness in terms of suggesting causes 

for suboptimal performance. 

Investigation of the relationships between the parametric and non- 

parametric indices of bias and sensitivity suggested that the non- 

parametric indices considered seemed to correlate highly with the co- 

responding beta or d'. At a detailed level of analysis however, they 

could not be expected to provide exactly the same results. 

4,12.3 Effects of experimental variables 

The first questions of interest are those relating to the effects of 

the experimental treatments on SDT parameters. The changes in 

correct detections and false alarms with time suggested a decreasing 

response criterion. This was confirmed by the analysis of variance 

for log beta, even though a significant decline was only Buiained 

with two subjects, and an anomalous significant increase was obtained 

with a third. However, the overall pattern of the results was con- 

sistent with a reduction in beta with time. The change in beta to a 

more lax criterion is difficult to account for. In vigilance tasks, 

the opposite effect, the increasing stringency of beta with time on
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task has been accounted for by the inhibition of neural responses, a 

greater stimulus intensity being required as time goes on, for a signal 

to achieve a given criterion (Mackworth (1969)). Another explanation 

advanced is in terms of an inappropriately low signal expectancy at the 

beginning of the session, leading to few signals being detected, which 

in turn leads to a lowering of the criterion (Mackworth, (1970)). In 

the present experiment, as has been emphasized previously, there was no 

reason to believe that the subjects began with an inappropriate expect- 

ancy. If this was not the case, we could account for the results by 

saying that the subject began the experiment expecting fewer signals 

than he actually encountered, and that he subsequently lowered his cri- 

terion as a result of detecting a high incidence of signals. The 

neural habituation theory also seems inappropriate, since it cannot be 

modified to predict a decline in the criterion. In fact the results 

seem to be more readily accounted for by a suggestion of Welford (1968), 

that an increase in arousal would move both signal + noise and noise 

distributions to the right, without modifying the position of the cri- 

terion. This would produce an apparent decrease in the criterion. On 

the other hand the task cannot be regarded as particularly arousing, 

and there seems no obvious reason why arousal should increase with time. 

A more likely explanation would seem to be in terms of an initial mod- 

ification of the subjects' utilities for the various decision classes, 

due to their perception of the experiment as a ‘high risk' situation. 

The evidence suggests that initially the scanners approach the experi- 

ment with a criterion which was different than that employed in their 

day to day work. Because they were 'on test' it seems likely that 

they were initially utilizing particularly stringent criteria as to 

what constituted a wanted event. This would result in many 'border- 

line' events being rejected, even though in the real task they would
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probably be accepted on the basis that the fine scanner would look at 

them again and make the final decision. In fact they could be regarded 

as putting themselves in the position of the fine scanner, who makes the 

final decisions about which events should be accepted or rejected, and 

who utilizes more stringent criteria. This effect can be interpreted in 

terms of payoffs, since during normal scanning, the fact that an event 

will be looked at again obviously encourages a lax criterion, because 

the cost of a false alarm is very low. In the experiment, one would 

expect the 'raised criterion effect' to decline as the scanners be- 

come more used to the experiment. Support for this hypothesis comes 

from an examination of the actual beta values for each of the 10 minute 

time intervals on the task, i.e. 3.356, 2.587 and 2.197. The final 

magnitude of beta obtained is very close to the calculated optimum i.e. 

2.2. The anomalous subject who increased his criterion may have per- 

ceived the utilities of the situation differently than the other 

subjects. 

The implications of this analysis are than the observed decline in 

beta was a characteristic of the experimental situation rather than an 

effect which occurs in the day to day performance of the task. 

Although this may be regarded as a 'negative' finding, it does seem to 

be of considerable importance when considering industrial experimen- 

tation in general. Any experimental study which utilizes an off-line 

investigation of the type described for signal detection experimen- 

tation, needs to control for variables of this type, or to perform a 

SDT analysis to isolate the effect. The results are also illuminating 

examples of the way in which subjects are able to modify their 

criteria without a concomitant change in d'. 

The absence of any significant differences between event types was
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expected, since there is no a priori reason to expect event complexity to 

affect beta. Although high intensity white noise is known to affect 

beta in vigilance tasks (Davies and Tune (1970)), this is generally at a 

higher level than the 85dB used in the experiment, and therefore 

the lack of any effect in this experiment is not surprising. 

A surprising aspect of the results for d' and the non-parametric sens- 

itivity indices, is that d' should be apparently unaffected by the 

characteristics of the event. The expected intersubject differences in 

sensitivity were found but no significant differences between event 

types, despite the strong a priori reasons discussed in section 4.6.3 

for expecting these to differ in detectability. The lack of any effect 

of noise on d' is again probably due to the relatively low levels 

(85dB) employed. 

The reasons for the lack of an effect on d' of the different complexity 

of the events are related to the self paced nature of the task, as will 

be discussed in the next section. 

4.12.4 Latency measures 

As has been discussed earlier, any response latency observed is the 

sum of the time to make a structured search to find a configuration of 

tracks which is a potential event, and the decision time to assign the 

configuration to the category signal or noise. Visual search theory 

and the various signal detection latency theories therefore do not in 

themselves provide good descriptions of the data. Some interesting 

insights emerge from a consideration of the latency results, although 

they will not be analysed in detail because of these theoretical 

difficulties and because response time is a relatively unimportant 

variable in practical terms for this particular task.
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Let us first consider the degree to which the latency results provide 

support for the application of the SDT model. If we assume that the 

search time is some random time increment which is added to the decision 

making time, we can examine the total response latency in the light of 

SDT concepts. A further assumption that needs to be made is that the 

latency associated with each decision is a function of the distance of 

the observation point (in decision space) from the criterion. The 

further the distance from the criterion the shorter the response 

latency. This can be interpreted as the further the observation is 

from the criterion, the more discriminable it is, and hence the less 

time is required to sample sufficient evidence to make a decision. The 

notion of a difficult decision requiring a greater decision time is 

intuitively reasonable. 

Considering Yes responses, incorrect Yes responses (false alarms F.A.) 

will, on average, be distributed nearer the criterion than correct 

detections (CD), implying that CD latencies will be shorter than FA 

latencies, i.e. 

L(cb) < L(A) - @) 

Similarly for No responses, correct rejection (CR) latencies will be 

shorter than missed signal (Omissions, OM) latencies, i.e. 

L(cR) <  L(oM) - (2) 

Considering both Yes and No responses, we can say that in a situation 

such as the present experiment, where the probability of a signal is 

less than that of noise, No will be the dominant response. No 

responses will, therefore, on average, be distributed further from the 

criterion and will hence have a lower mean response latency. Hence 

both No responses, i.e. correct rejection and missed signal latencies
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will be shorter than both Yes responses (correct detections and false 

alarms). This implies: 

L(CR) and L(oM) < L(CD) and L(FA) - (3) 

Combining (1) (2) and (3) , the latencies for the four categories of 

response should fall in the order: 

cr <om< cD < FA 

The actual mean latencies are, in seconds: 

CR = 7.38, OM = 10.24 CD = 10.42, FA = 12.31 

which is in the predicted rank order. 

A possible explanation for the lack of an effect of event type on indices 

of discriminability can be found in the response latencies for the two 

types of event. The latency for the 200 event is consistently longer 

than for the 400 for all categories of response. In an unpaced 

situation it seems likely that the inspector is able to overcome the 

effects of a low signal to noise ratio by utilizing extra time to sample 

more attributes of the stimulus. Presumably the d' values which would be 

obtained from a short, fixed interval experiment, would be lower than 

those found in the self-paced situation. 

The results for the effects of the experimental variables on the 

latencies of the various response categories cannot be simply accounted 

for, because of the reasons discussed at the beginning of this section. 

The large number of subject interactions found are likely to be a 

function of the differing scanning strategies adopted by the subjects, 

which tends to obscure the effects of the main variables. There is 

some evidence that the high white noise condition produces longer 

response latencies for some categories of response and this could be 

interpreted as evidence of a distraction effect. However, the effect
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is small, difficult to isolate from the effects of other variables, and 

is unlikely to have any practical significance. 

In summary, the most important information gained from the latency data 

is that it appears to provide further support for the application of the 

SDT model. The dataare also useful in suggesting how in a self-paced 

situation, the subject may utilize extra sampling time to make the 

correct decisions for difficult discriminations. 

4,13 Summary and general conclusions 

The inspection task performed in the Data Analysis Group, University of 

Birmingham, has been considered from the standpoint of some of the 

variables considered in the review chapters of this thesis. An experi- 

mental study was performed to answer a number of practical and theor- 

etical questions. The first of these concerned the applicability of 

the SDT model to the inspection task under consideration. The inter- 

relationships between various performance measures was also investig- 

ated. Finally the effects on performance of several variables, of 

particular interest to the management of the inspection system, were 

analysed. 

The evidence strongly suggested that the unequal variance SDT model pro- 

vided a good fit to the experimental data obtained. It was found that 

in general the non-parametric measures of bias and sensitivity cor- 

related well with their SDT counterparts, but that this correlation was 

not sufficiently close to produce the same results from detailed stat- 

istical analysis. A consideration of the relationship between SDT 

performance measures and other commonly used inspection measures showed
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that the latter failed to adequately distinguish between changes of bias 

and sensitivity. 

Having established that the SDT model was appropriate, the effect: of 

the various experimental variables on the measures of bias and sens- 

itivity was considered. The only significant effects obtained with d!' 

and the non-parametric sensitivity measure of Pollack and Norman was 

between subjects. The criterion measure, log beta,was corrected for the 

effects of the assymetrical underlying variances,before being used in 

the analysis. A significant effect of time on log beta was obtained, 

the criterion decreasing with time on task. Various explanations were 

considered for this, and it was concluded that it was likely to be due 

to the experimental situation, the scanner initially utilizing a high 

criterion, because of the perceived payoffs of the various types of 

decision in that situation. As the experiment progressed the scanner 

utilized a criterion which was more in accord with the utilities found 

in the everyday task, as suggested by a prior survey of the inspection 

staff. No other significant effects were obtained with log beta. 

Although the latency data was of secondary interest in this study, its 

analysis in general terms provided further support for the SDT model. 

A number of complex effects of the experimental variables on the 

latencies of the various categories of response were obtained. Inter- 

pretation of these was restricted because of the difficulty of separa- 

ting search time and decision time. Considerable between-subject 

effects were found, probably as a result of differences in scanning 

strategies. Systematic investigation of the visual search aspects of 

this task would necessitate a two - phase experiment, in which the 

decision times would be evaluated independently of the search component.
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Although it would have been possible to have conducted further analyses 

on the latency data in the form of distribution fitting, it was not felt 

that this would contribute to modelling the situation, because of the 

problems discussed earlier. The data provided general evidence that the 

simpler pattern produced an overall longer response latency, although 

this effect was complicated by subject differences. This result gave an 

explanation for the lack of any significant differences between the event 

types as measured by the SDT indices. It was hypothesized that in a self- 

paced situation the inspector was able to employ additional sampling of 

a near threshold potential defect,in order to make a decision about it. 

Self-pacing in inspection could be regarded as a means of enhancing 

sensitivity from this standpoint. 

The conclusions for management were as follows. There was no concrete 

evidence of performance decrements as a result of the effects of 

auditory noise. The indirect evidence that the lack of differences 

found between the two types of event was due to the self-paced nature 

of the task suggested that no attempt be made to introduce pacing. 

The fact that there was no evidence for performance decrements with 

time during the experiment could not necessarily be extended to longer 

time periods. 

In conclusion ,the study demonstrated the practical feasibility of the 

SDT approach to inspection, and the unique insights that can only be 

obtained by this technique.



CHAPTER 5 CASE STUDY II : THE INSPECTION OF FILM IN THE 

QUALITY CONTROL DEPARTMENT OF ILFORD LTD.
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5.0 INTRODUCTION 

The industrial site for this study was Ilford Ltd., at Brentwood in 

Essex, a large manufacturing unit concerned with all aspects of photo- 

graphic film manufacture, including Xray, ciné and roll film. 

This study was particularly useful in that it served to emphasize the 

difficulties that can arise when attempting to apply some of the 

theoretical concepts that were discussed in the review chapters, to 

situations where the definition of acceptable quality is highly sub- 

jective. Although this study and the Data Analysis Group study were 

superficially related, in that they both involved film, in fact the 

nature of the inspection task itself was very different. Although the 

difficulties encountered in this study meant that an in-depth theor- 

etical analysis of the results was not possible, many of the practical 

problems encountered provided an impetus for the experimental work des- 

cribed in later chapters. 

The first part of the study involved a semi-structured interview with 

four of the senior film examiners and with the Quality Control 

Manager, Mr R F Salmon. The interviews were tape recorded and their 

content provided the basis for the general description and the task 

description which follows. Two experiments were then performed in 

an attempt to establish the basic performance parameters of the 

system and to investigate the utility of SDT in tasks of this type. 

The difficulties involved in the analysis of these tasks will be dis- 

cussed in detail subsequently. 

In spite of these difficulties, a report was presented to the firm 

which produced a positive response, and the contacts established at
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Ilford proved to be very useful during the laboratory phase of the 

research discussed in subsequent chapters. 

5.1 General description 

The manufacture of photographic and X-ray film involves the coating of 

a plastic base material with a photosensitive emulsion. The coating 

machines which perform this operation operate in total darkness, 

because of the light sensitive nature of the coating, and produce large 

rolls of film approximately 44 inches in width. These are subseq- 

uently sliced up into a size appropriate for the use to which the film 

is to be put. The film is sold to a very wide market, with the 

emphasis on the commercial and industrial sector rather than the 

domestic field. Consequently the potential users have high quality 

standards, and quantities of film are sent back to the manufacturers 

if they are found unsatisfactory. 

Quality control at Ilford is the responsibility of the Technological 

Services Division. The quality control section performs two functions. 

One is concerned with the maintenance of the physical parameters of 

film quality, such as coating thickness, grain size and base thick- 

ness, which are monitored by routine laboratory procedures. This 

aspect of quality control will not be considered in this study. The 

other function involves the visual inspection of film,which will be 

the main area of interest. 

S.A. Visual inspection 

Visual inspection takes place at two points in the manufacturing



183 

process. The first of these is known as production testing. Samples of 

coated film in the form of large sheets are taken at an early stage of 

production, developed, and inspected by being placed over an illuminated 

table. The function of production testing is to provide rapid feed- 

back if a malfunction in the coating machinery is producing a defective 

product. This section is run on a twenty-four hour basis in order to 

do this. 

The other type of inspection is known as viewing. In the case of 

photographic film this involves taking samples of between 200 and 2000 

feet in length, with widths of 16mm. or 35mm. from selected parts of 

the original roll. These are then exposed to give an even neutral 

density, developed, and sprocketed to produce cine films known as 

test references, or simply references. The references are projected 

on to a large screen in a cinema-like projection room. As the film is 

projected, a clockwork mechanism unwinds a tape in front of the 

inspector (or 'examiner') at a rate proportional to the rate of film 

transport through the projector. When a defect is observed, the 

inspector makes a mark on the tape indicating the nature of the fault. 

Measurement of the distance of the mark from the beginning of the 

tape enables the position of the defect to be subsequently located on 

the reference. 

After a number of test references have been viewed in this way, any 

film which the examiner wishes to examine more closely is put .on a 

device known as a viewing box, which enables the film to be wound at 

high speed to any position indicated by the tape as containing a 

defect. The film frames in this locality are then examined by trans- 

mitted light from an illuminated panel set in the front of the box, 

using a hand magnifier if necessary. This procedure, known as
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"boxing' enables a detailed examination to be made of any part of the 

test reference of interest. Samples of film may be cut from the 

reference and sent to the laboratory for further analysis. 

The report that is produced after examination, is usually qualitative 

in nature and generally consists of a description of the predominant 

defect characteristics, e.g. ‘slight incidence of black spots but 

acceptable', The overall philosophy of testing is to examine the film 

under the conditions that it will eventually be used. Thus ciné film 

is projected on to a large screen and 16mm. film on to a screen more 

representative of those used by amateurs. A numerical count of the 

defect is only made in detail if some problem exists which is 

associated with the occurrence of a particular defect, or if a count 

is required for statistical purposes. 

The examiner has some prior information as to the potential defects 

which may occur on a reference. Each reference film can contains a 

‘coating card' which indicates whether any obvious problems occurred 

during the coating operation. Since many of the defects arise during 

the coating procedure, this gives the examiner some prior information 

as to the nature of the defects which may be expected. 

Viewing is regarded as a very important operation, and normally no 

film is released on to the market until adequate screening has taken 

place. 

5.1.2 Nature of the defects 

A large number of configurations occur on film which can be categ- 

orized as defects. There are about 15 commonly occurring discrete
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defects, which include items such as 'fibres', due to a foreign body 

being on the film when it was coated, and ‘insensitive spots' due to 

the coating not adhering to the film base at some point. There are also 

‘continuous' defects, for example there may be a continuous slight 

variation in the film density. Apart from the more common defects 

there is a very large category of defects which occur occasionally, and 

even some which occur once and are never seen again. 

The defects vary in size although they are generally very small com- 

pared with the area in which they appear. The angular size of an 

average defect (a 'fibre'), is about 1.44 minutes, and it has a con- 

trast relative to the screen of approximately 10 to 1. If a defect 

occurs on a single film frame, as is often the case, the presentation 

time is of course extremely short, approximately 0.04 of a second for 

films being projected at the usual rate. The rate of occurrence of 

defects is extremely variable and may change suddenly at any time. 

Sted) The definition of acceptable quality 

The definition of what constitutes an acceptable film is highly sub- 

jective in nature. The ultimate arbiters of quality are the 

experienced film examiners, and any references which may be regarded 

as borderline will usually be referred to them. Inherent in the 

criterion of acceptability in a particular case,is the type of pro- 

duct and the customer for whom it is destined. In the case of cine 

film for example, the occurrence of a relatively large number of 

defects will be very readily apparent to the user, who will view a 

large sample of the film in a relatively short time. By contrast, 

with microfilm for example, the potential viewing population will be
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small and the presence of a small defect even on each frame will not 

significantly degrade the quality of the film for the purposes for 

which it is intended. 

5.1.4 Physical environment 

The viewing area consisted of a large cinema-like projection room con- 

taining rows of seats. Around the periphery of the room were six 

viewing boxes with their associated winding machinery. There is 

usually a small 16mm. projector in use which projects the lower grade 

film on to a small screen on the sidewall. The main projectors were 

large, standard 35mm. cinema projectors. 

The size of the main screen was 9'6" x 5'5" and the viewing distance 

11'6", thus giving maximum visual angles of 79° and 58° respectively. 

The brightness of the screen as measured by an SEI photometer was 

3.55 foot lamberts. Most of the time the ambient noise intensity was 

60dBA. When two of the winding machines were being operated, the 

noise intensity went up to 84 dBA. Although the room was windowless, 

temperature and ventilation appeared to be adequate. The examiner 

viewing the main screen was generally seated in one of two large, 

deeply sprung armchairs provided for the purpose. 

Sedo Selection and training 

No formal procedures existed for selecting inspectors. There were 

difficulties in obtaining staff generally, partly because of the 

rather restricted long term career prospects. Most of the younger 

staff had been taken on to work specifically within the quality 

control area, whilst the more established examiners had generally



187 

moved into quality control from the manufacturing side of the firm. 

None of the employees spent the whole of their time examining film, 

but most of them had at least one session a week. 

No formal training programme existed. Most trainees sat with an 

experienced examiner whilst he was inspecting film until he was sat- 

isfied with their general level of competence. Many of the most 

experienced staff regretted the absence of a training scheme, but felt 

that there was at present insufficient time for a senior member of the 

staff to spend long periods with a trainee. It was felt that it took 

a considerable time to learn to examine film satisfactorily. 

The educational background of the examiners was variable. Most of the 

older workers did not possess any formal qualifications, but some of 

the recent employees had G.C.E's. 

S21 Signal acquisition factors 

It is clear that the acquisition of the signal is considerably more 

difficult than in the task considered in Chapter 4. The very short 

presentation time of the signal (0.04 seconds) means that the screen 

area cannot be searched and hence the probability of detection will 

depend on the size of the visual lobe relative to the size of the 

total screen area. The visual lobe size in turn depends on 

physiological factors such as peripheral visual acuity, and perceptual 

variables such as the ability of the inspector to distinguish between 

signal and noise. This latter skill is particularly important in 

film examining because of the very high level of noise stimuli that 

appears on the projected film. This is a result of dust particles
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and other extraneous configurations put on to the film during its devel- 

opment. The perceptual skills required to distinguish between defects 

and non-defect stimuli take a considerable time to develop, and this is 

part of the reason for the length of time required to train an 

examiner. In SDT terms, increasing d' requires a thorough knowledge of 

the signal and non-signal characteristics. 

From the standpoint of possible vigilance effects, the task character- 

istics would suggest that these are a distinct possibility. The 

signals are brief and are usually simple rather than complex. They 

often occur at a very low frequency in time and space, and the task is 

normally performed in an unstimulating environment. The decision pro- 

cess attending each response is usually simple. These conditions are 

in accord with those proposed by Kibler (1965) and Mackworth (1970) as 

giving rise to vigilance decrements. The length of time taken to 

examine the longest reference is 20 minutes, which is the minimum 

period at which vigilance effects would become evident. At the end of 

the 20 minutes there is usually a break of two or three minutes whilst 

a new film is loaded into the projector, before the next examining 

session begins. In this way, an examiner may inspect for several 

hours if there is a particularly urgent batch of film to examine. 

It seems possible that the short recovery periods between films might 

not allow performance to return to its original level, in which case 

a progressive decline over a number of sessions would be observed. 

This possibility suggested an experimental investigation, which will 

be described in a later section.
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Decision making factors are of considerable importance in this task. 

They operate at a micro and a macro level, affecting the decision 

making applied to an individual defect, and the global decision making 

employed to decide whether the test reference as a whole is acceptable 

or otherwise. 

If we adopt the SDT paradigm, we would expect decision making at both 

levels to be influenced by prior probabilities and payoffs. Ata 

defect detection level, the obvious effect would be that due to the 

expected incidence of defects. If the incidence of defects increased, 

it is likely that they would not necessarily be detected immediately 

because of the inappropriate criterion of the examiner. They could 

be interpreted, for example, as being due to extra dust particles on 

the film. In fact, examples of this effect were mentioned to the 

author during the interviews. In one case a particular type of defect 

had gradually increased in severity over a number of weeks. This was 

not detected until complaints were received from customers. When the 

films were re-examined with this new 'set' the presence of the 

defects was obvious. Considering the payoff matrix, at the defect 

detection level, false alarms could be regarded as relatively 

"inexpensive' since they could always be checked at the boxing stage. 

This would promote a lax criterion. 

The decision as to whether a test reference is acceptable or not is a 

global one which will depend only partly on the evidence gathered 

during screening. In addition to this evidence, which is in the form 

of the number of defects present and the overall appearance of the 

film, the final decision will also be influenced by prior probabilities
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and payoffs, which may be different from those employed during the 

decisions concerning individual defects. The final acceptability 

decision will clearly be made partly in terms of the prior probability 

of the reference actually being unacceptable. This is normally a 

function of the particular film type, a new product being likely to 

have a higher a priori probability of being defective than an estab- 

lished one. The payoff matrix is a function of the likely effects of 

the various categories of decision. The probability of declaring a 

film acceptable will be influenced by the consequences of releasing a 

batch of film which is actually defective on to a particular market. 

Similarly, declaring a film unacceptable carries with it the costs of 

a possible false alarm, which include long delays whilst the batch of 

film is thoroughly investigated. There appears to have been no formal 

attempts to verify if the quality standards operated by the senior 

examiners are actually in accord with those required by the customer. 

The general feeling was that if complaints remained at a reasonably 

low level then quality was acceptable. 

Another question which appears to have been neglected is the question 

of the drift of criteria of acceptability over time. We have seen 

from studies analysed in Chapter 3 (e.g. Thomas 1962) that in the 

absence of regular recalibration sessions, or absolute standards to 

refer to, then it is quite common for criteria to change over time to 

such a degree that they are no longer in accord with the professed 

quality standards of the inspection system. 

A model of the film examination process in decision theory terms is 

given in Figure 5.1. It can be seen from the model that the actual 

film examination procedure produces an accumulation of evidence as 

to the number of defects and the general level of acceptability of the
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reference. The quality of this evidence will be influenced by the 

inspector's intrinsic sensitivity for defects and the criterial 

factors discussed earlier. If the inspector has no difficulty in dis- 

tinguishing between signal and noise, (noise in this case could include 

other defect types if we are considering only one class of defects) 

then the evidence which is input to stage II will be highly reliable. 

During stage II, the examiner will have to decide, on the basis of the 

evidence from stage I, whether to accept or reject the sample. If we 

regard his sensitivity at this stage of the process as fixed, then his 

ability to decide between the two possible courses of action will be 

strongly influenced by the quality of evidence he receives. This is 

indicated in the model by the loop connecting the sensitivity and 

criterion factors of stage I to the degree of ambiguity of evidence 

box in stage II. In terms of SDT, the value of d' that the inspector 

is using at stage II is influenced primarily by the signal to noise 

ratio of the evidence. The payoff factors utilized at stage II dis- 

cussed earlier, together with the prior probabilities of an acceptable 

or unacceptable sample, will determine the position of the criterion 

for the final decision. 

If the examiner has a high d' at stage I, the evidence utilized at 

stage II will be truly representative of the actual state of the film, 

and hence the probability of an incorrect decision will be minimized. 

5.2.3 Training 

The SDT model proposed has various implications for training. The two 

stage nature of inspection suggests that any training programme will 

need to consider both phases. According to the SDT approach, training
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should be aimed at two goals, enhancing the discriminatory powers of the 

inspector as much as possible, and modifying his response bias to the 

optimal position in a given situation. 

Improving d' at stage I basically involves training the examiner to 

recognize the characteristics of defects as compared with spurious 

signals under the conditions that they appear on the screen, and also 

distinguishing between defect types. A consideration of the nature of 

the defects makes it obvious why training is so prolonged. The very 

short exposure time of the stimuli makes their initial detection 

difficult and hence any feedback from the trainer will only be effect- 

ive on a relatively small proportion of the trials. Another dif- 

ficulty concerns the lack of reference standards which would allow 

the trainee to gain insights into the appearance of the defects as 

they appear tachist o scopically on the screen. There is also an 

absence of a clearly defined nomenclature for the defect types. Some 

examiners gave examples of confusion that had arisen as a result of 

different inspectors using different names for the same defect. It 

is obvious that this situation is very confusing for a beginner. 

The training techniques which are appropriate for this situation have 

been reviewed in Chapter 3 and will be considered further in 

Chapter 7. The question of training an examiner to adopt an optimal 

criterion at stage I is a difficult one. An optimal criterion can be 

calculated from SDT from a knowledge of the a priori defect probab- 

ility and the payoff matrix. The first difficulty involves the def- 

inition of the payoff matrix. Assigning numerical values to the 

various decision alternatives is particularly difficult in this case, 

where the results of the stage I decisions are used as input to the 

stage II decision making. Another difficulty concerns the a priori 

defect probability. As we have seen, it is pointless training an
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inspector to rigidly adhere to a criterion appropriate for a particular 

defect incidence, if this is likely to change. The solution would seem 

to be to devise a training procedure which would allow the examiner to 

alter his criterion readily in the light of the prevailing defect 

incidence. Presumably this flexibility would also extend to changes of 

beta implied by changes in the payoff matrix. Although it may not be 

possible to assign precise values to the various payoffs, it should be 

possible to say in which direction the criterion should move ina 

particular case. 

Considering the stage II decision making, it is clear that considerable 

experience is required to know what constitutes acceptable product for 

a particular market, particularly as the criterion is likely to be 

weighted by factors such as the urgency of a particular order and the 

possible cost penalties of not fulfilling it on time. Whether such 

complex utilities could be trained for explicitly seems doubtful. In 

any case, before a decision was made about a particularly important 

market, it is likely that confirmatory opinions would be sought from 

a number of experienced examiners, and further samples taken. In 

spite of this, there does not seem to be any reason why examples of 

acceptable quality film for various products and markets should not 

be utilized in training to give some indication of the required 

criteria. 

It is not proposed to delineate a training programme at this stage. 

The review of perceptual training techniques in Chapter 3 would 

indicate that some form of KR or cuing technique would be an appro- 

priate basis for training for sensitivity. The experimental 

studies in Chapters 6, 7 and 8 will provide further insights into 

this area.
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S52 Enhancement of the detectability of the defects 

Another approach to improving the efficiency of the system, apart from 

training considerations, is to consider the ways in which defect detect- 

ability could be enhanced. 

The most obvious way of doing this would be to slow down the rate of 

projection. This could only be done up to a point, since flicker 

would begin to be present at very low projection speeds. Nevertheless, 

it seemed reasonable to suppose that an effectively longer presen- 

tation time for each frame would effectively improve the detection pro- 

bability. This proposal was put to management and met with an unen- 

thusiastic response. The reason for this was that the proposal con- 

flicted with the philosophy of viewing the films under the same 

conditions as they would be viewed by the customers. Even though more 

defects might be detected it was regarded as being more important to 

retain the fidelity of the inspection procedure to the conditions of 

eventual use. Although this attitude was certainly partly rooted in 

a desire not to disturb what was regarded as an effective system, 

there were other arguments that could be advanced to support it. The 

strongest of these was the fact that the senior examiners had estab- 

lished their criteria of what was acceptable for a particular market 

and product over a number of years. Any changes in the incidence of 

defects on the film, due to changed inspection techniques which were 

not related to true changes in quality, would require a complete 

recalibration of their standards in order to inspect to the same 

criteria as before. This emphasizes the fact that it is the integ- 

ration of information over the entire examination of the film that is 

the important parameter of quality, not merely a count of defects.
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Another suggestion made was to produce negative prints of the test 

references. This would mean that the defects would appear as light 

configurations on a dark background, rather than dark on light as at 

present. The proposed change would mean that afterimages of the 

defects would remain on the retina for a considerably longer period 

than the actual presentation time of the defect, thus considerably 

enhancing their detectability. Using fully dark adopted subjects, 

data from Alpern and Barr (1962), suggests that the after image would 

remain for an order of seconds. An additional bonus would be that 

spurious stimuli due to dust shadows would be absent. 

Although this suggestion seems attractive, it was rejected on two 

grounds. The first of these was that, as discussed earlier, the test 

would be unrepresentative of its eventual use. Secondly there was 

the question of the time involved in the special processing of the 

film. There was constant pressure on the Quality Control Department 

from Sales to inspect the film references as quickly as possible so 

that the batch could be released for sale. It was felt that the 

extra processing time that would be required was not available. 

5.235) Conclusions from ergonomics considerations 

Film examining is a difficult discrimination task because of the 

short duration of the stimuli, the presence of a high level of visual 

noise and the highly subjective nature of the definition of accept- 

able quality. The present training technique would seem to be 

inadequate to produce trained examiners in a relatively short time, 

in the light of the difficulty of the task. A number of the 

techniques for training for perceptual skills discussed in Chapter 3
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would seem to be relevant here. Consideration of the task from a 

decision making standpoint suggests that different types of training 

may be appropriate for different stages of the task. 

It was felt that attention should be given to two aspects of the 

quality standards employed. The first of these was their degree of 

correspondence to those of the customers, and the second the possib- 

ility of drifts over time of these standards. 

There seems to be a strong possibility of vigilance effects being 

important in this situation and it was felt that an investigation of 

these factors should be made experimentally. The visually demanding 

nature of the task also suggested that the visual skills of the 

inspectors should be examined. 

These considerations formed the basis of the experimental studies des- 

eribed in the next section. 

5.3 Experiment 2 

The first experiment was intended to provide basic data on the overall 

efficiency of the inspectors and to investigate whether there were 

any performance decrements in time. Differences in performance 

between inspectors were also of interest. 

5.3.1 Procedure 

As the aim of the experiment was to gather data on the system under 

conditions as authentic as possible, six sample films were chosen by
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the Quality Control Manager, which represented an average cross- 

section of the current work. Each of the six films was presented one 

after another, in randomized order, to each subject. The films were 

2000 feet in length and each film lasted for twenty minutes. Reloading 

films meant that there was a gap of approximately three minutes between 

each film. The total experimental session lasted approximately 2shours. 

There were no breaks apart from the two or three minutes between film 

changes. 

Each subject was given a set of printed instructions in which he was 

told to inspect the film in the usual way, noting any defects that 

occurred on the moving tape. To maintain authenticity, no attempt 

was made to keep the inspection room silent during the session, and 

hence there were several sessions in which extraneous noises and con- 

versations occurred. 

When all the experimental sessions had been completed, the tapes were 

collected from the subjects, and each film placed in turn on the 

viewing box. It was then examined very slowly by two senior inspec- 

tors, and a key chart prepared for each film, containing the 

locations and descriptions of each defect. The subjects' tapes were 

then examined and a similar chart prepared for each subject. Eight 

experienced examiners were used as subjects and they all had at 

least one year's experience and normal vision, according to a Snellen 

Chart. 

5.3.2 Analysis of results 

Considerable problems arose in scoring the experiment. Since the 

films contained a very wide variety of defects, it had been decided
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to use one particular defect type, a 'fibre', to assess performance. 

After the experimental sessions had been completed and the key charts 

were being prepared, it was found that the overall density of defects 

differed considerably between some of the test films. The main reason 

for this was the very high density of ‘coating bubble' defects on 

three of the test films. This led to a very high rate of response by 

the examiners and since it was impossible to resolve the responses 

marked on the tape to closer than 3 feet on the film, it was inevitable 

that the apparent detection efficiency on the high density films would 

be greater than that for the others. 

A further difficulty was the variability in the numbers of fibres on 

the films, which ranged from two to twenty in number. It was therefore 

decided that the possibility of confounding together defects of 

differing discriminability was to be preferred to estimating prob- 

abilities with widely differing sample sizes. The performance index 

used was therefore the percentage of all non-coating bubble defects 

that were detected. These problems could have been avoided by pre- 

selecting the films to ensure approximately equal densities of a 

particular type of defect, but sufficient time was not available to 

do this. Additionally it would not have been representative of a 

typical selection of films. It was decided not to attempt to obtain 

measures of the incidence of false alarms, since the high incidence 

of coating bubbles made it impossible to tell if responses were in 

fact false alarms or correct detections of nearby coating bubbles. 

For this reason SDT measures could not be obtained.



5.3.3 Statistical analysis ae 

The raw data consisted of the percentage detection efficiency for all 

non-coating bubble defects for each film examined by each subject. 

These were analysed first as a two-way analysis of variance with 

repeated measures on subjects, the other variable being time intervals 

of twenty minutes, corresponding to individual films. The data were 

then de-randomized such that the factors were subjects and films and 

a similar analysis performed to detect any differences between films 

in the detectability of the defects they contained. 

5.3.4 Results 

Table 5.1 gives the percentage detection efficiencies for all defects 

excluding coating bubbles arranged in randomized order as presented 

in the experiment. 

Mean detection 

Subject/Time efficiency for 
Interval TL T2 T3 TH 15 T6 subject 

72.0 40.0 55.0 32.25 26.30 82.50 51.34 

E 47% =-55.0 9 9050° 69.5 53.0 80.0 55.81 

A 92.0 65.0 96.0 74.0 70.0. 47.4 74.06 

G 52.0 69.50 26.3 64.00 23.5 35.0 45.04 

c 70.5 60.0 78.0 31.5 88.0 35.0 60.50 

H 52.0 52:0 15.8 48.0 30.0 29.5 37.88 

F 35.0 16.0 65.0 36.0 26.3 53.0 38.54 

D 44.0 26.0 26.3 20.0 17.6 20.0 25.64 

Mean detec- 

Pama ed Grand Mean 
iency for 
time inter- 
vals. 58.11 47.93 49.05 46.9 41.83 47.8 48.607 

Table 5.1
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Percentage detection efficiencies for all defects excluding coating 

bubbles arranged under the 6 test films used, i.e. de-randomized. 

Subject/Test 
Film Fa F2 F3 Fu PS F6 

B 55.0 26.3 40.0 32.25 72.0 82.5 

E 55.0 47.4 30.0 53.0 80.0 69.5 

A 70.0 47.4 92.0 65.0 96.0 74.0 

G 35.0 26.3 52.0) 23.5 64.0 69.5 

c 35.0 31.5 60.0 70.5 88.0 78.0 

H 30.0 15.8 52.0 29.5 52.0 48.0 

13 35.0 26.3 16.0 53.0 36.0 65.0 

D 20.0 26.3 44.0 17.6 20.0 26.0 

Mean detection 
efficiency for 
each film 41.87 30.91 48.25 43.04 63.5 64.0! 

Table 5.2 

Analysis of Variance for Table 5.1 

Source of Sums of Degrees of Mean 
variation squares freedom squares E; 

1122.95068 $ 224.59011 <1 

9629 .47072 7 137563843 3.9 

TS 12287 .94338 35 351.08404 

TOTAL 23040 .36333 47 

Table 5.3 

Analysis of Variance for Table 5.2 

Source of Sums of Degrees of Mean 
variation squares freedom squares F 

6801.32423 5 1360.26489 3.9 

Ss 9629.47072 if 1375 63843 3.9 

FS 6609.57325 35 188.8449 

TOTAL 23040 .36333 47 

Table 5.4 

6 

Sig. 

N.S. 

p<0.05 

Sig. 

p <0.05 

pg0.0s
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5.9.5 Discussion 

The results indicate that there were significant differences between 

subjects in their detection efficiency, significant differences between 

the films in the detectability of the defects they contained but no 

significant effects of time on task on defect detection. 

In view of the differing difficulty of the test films, the results 

cannot be taken as indicating unequivocally that there are no time 

effects on performance. These could have been obscured by the film 

differences. 

The reasons behind the considerable inter-subject variability are 

worth considering in detail. Subsequent discussion with the examiners 

revealed that there were large differences in the type of experience 

they possessed. Although all of the inspectors had been examining for 

at least a year, the experience of some of them went back over 15 

years. It was noticeable that the very experienced inspectors had a 

detailed knowledge of the mechanics of film manufacture and were 

able to utilize this to aid them in the inspection. For example, if 

a defect in the coating machinery caused a distinctive variation in 

the density of the film, the inspector would then be looking out for 

other defects associated with the malfunction. Other examiners were 

accustomed to inspecting mainly colour film, and hence were less 

familiar with the appearance of defects occurring on the monochrome 

films used in the experiment. A rigorous pre-selection of the sub- 

jects would have provided a more homogeneous sample, but would not 

have provided the realistic assessment of overall group efficiency 

that was required by management. Management were in fact surprised 

at the rather low overall detection probability for non-coating
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bubble defects of 49%. Some possible reasons for this finding will be 

discussed in the conclusion. 

5.4 Experiment 3 

Experiment 2 had left several questions unanswered. The differences 

between films had made it difficult to detect any performance decre- 

ments with time, and the high incidence of coating bubbles had meant 

that false alarm rates could not be calculated. SDT measures could 

therefore not be applied. 

For experiment 3, attempts were made to overcome these difficulties 

by obtaining four films which had an incidence of defects more typical 

of the norm. These films had also been selected on the basis that 

they were of equal difficulty and that they contained no distinguishing 

features that would lead to them being recognized as being different 

from the normal test references. 

The object of the experiment was to test again for decrements in per- 

formance with time and also to obtain a wider range of performance 

measures than in experiment 2. It was also hoped to apply SDT 

measures to the data. 

5.4.1 Procedure 

An experimental session consisted of the alternation of the four test 

films with four normal references. This procedure was replicated a 

second time during another examining session to provide an increased 

estimate of experimental error. For ethical reasons, the examiners 

were told that test films had been introduced into the screening
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session, but were not informed of how many films there were, and of 

their position. Each film lasted for twenty minutes, and hence they 

were viewed during the following time intervals from the beginning of 

the session: 

test 1 20 - 40 minutes 

or 60 = 80." 

3 ead OO ko 120)" 

AE We NO =160) "2 

Because of the interuptions in the normal flow of work necessitated 

by the experimental requirements, it was only possible to perform the 

study on three of the most experienced examiners. These were told to 

perform film examination in the normal way but to give the tapes pro- 

duced, indicating the positions of the defects, to the investigator. 

The results were scored in a similar manner to experiment 1. The 

positions of the defects as indicated by the tapes were compared with 

a key which had been prepared by a special examination of the films 

under optimal conditions. The detection of 'fibres' was again used 

to assess performance. 

To investigate the visual acuity of the examiners in more detail, 

subjects were given the Bausch and Lomb Orthorater test for visual 

skills subsequent to the experiment. Only six of the original eight 

subjects agreed to take this test.
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5.4.2 Statistical design 

The experiment was analysed as a 3-way repeated measures analysis of 

variance, the four presentations of the film being regarded as sampling 

four time intervals, replications being the second factor and subjects 

the third. All effects were assumed fixed, by the same logic as was 

discussed in Chapter 4 section 4.10.3. 

5.4.3 Results 

Problems were again encountered when attempting to score the results. 

The main difficulty was the fact that it was impossible to be certain 

that a particular response was in fact a false alarm, when it 

occurred in close proximity to another non-fibre defect on the key 

chart. In fact virtually all false alarms appeared to be misidentif- 

ications of this type. This result would be expected if the subjects 

were able to discriminate readily between defects and spurious 

stimuli on the film, but were less sensitive to differences between 

categories of defects. On this assumption, the results can be 

analysed as a discrimination problem between the defect category under 

consideration ('fibres') and all other types of defect that occur on 

the film. 

Where no apparent false alarms occurred, the approximation used in 

Chapter 4 was employed to obtain an estimate of false alarm probab- 

ility. 

Tables 5.5 and 5.6 give the correct detection and false alarm probab- 

ilities calculated as described earlier.
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Subject 

Subjects Replications Tl T2 T3 TH means 

Sl RL 0.455 0.273 0.636 0.909 0.568 

R2 0.364 O.455 0.818 0.636 

$2 RL 0.273 0.182 0.182 0.091 0.182 

R2 0.273 0.091 0.182 0.182 

$3 RL 0.182 0.455 0.273 0.455 0.398 

R2 0.455 0.636 0.455 0.273 

time 0.333 0.348 0.424 0.424 grand mean 

means 0.383 

Table 5.5 Correct detection probabilities for Experiment 3 

TIMES 

Subject 

Subjects Replications T1 T2 T3 Ty means 

sl RL 0.083 0.056 0.083 0.083 0.108 

R2 0.056 0.250 0.167 0.083 

$2 RL 0.$33' 0.250 0.056 0.167 0.160 

R2 0.167 0.083 0.167 0.056 

$3 Rl 0.056 0.056 0.083 0.056 0.070 

R2 0.083 0.056 0.083 0,083 

time 0.130 0.125 0.107 0.088 grand mean 

means 0.112 

Table 5.6 False alarm probabilities for Experiment 3 

The statistical Appendix A section 2, gives the analyses of variance 

for the arcsine transforms of the correct detection and false alarm 

probabilities in Tables 5.5 and 5.6. There are significant 

differences between subjects in correct detections (p € 0.001) but no 

other effects. All effects are non-significant for false alarms.
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The efficiency indices Al and A4 both confirm the significant subject 

effects for correct detections. The SDT parameters d' and log beta 

both showed significant differences between subjects (p < 0.01 and 

P £0.05) which were reflected in the corresponding nonparametric 

Norman-Pollack and Hodos-Grier indices (p < 0.01 and P < 0.05 respect- 

ively). 

The SDT indices need to be considered in the light of the fact that 

the plot of the z-scores for correct detection and false alarm pro- 

babilities shows no sign of being fitted by a straight line, thus 

bringing into doubt the validity of the SDT assumptions in this experi- 

ment. 

The visual profiles from the Orthorater visual test are given in Table 

5.7. An attempt was made to assess the adequacy of the visual skills 

using the templates provided with the Orthorater which defined min- 

imum visual standards for various jobs. The 'visual inspection’ pro- 

file provided, however, made no reference to the far visual skills 

required for film examination. Subjects F and D show the most 

adequate visual standards, their only deficiency being some degree 

of lateral phoria (an inability to fuse images from each eye). 

Subject H has both near and far visual deficiencies whilst subject A 

has below standard near vision and impaired colour vision. There 

was no correlation between these scores and performance on the task 

however. 

5.4.4 Discussion 

The salient feature of the results is the very low overall detection 

probability for defects obtained in this experiment. In view of the
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fact that the subjects were three of the most experienced examiners, 

the overall detection probability of 0.38 needs to be accounted for. 

The most likely explanation would seem to be in terms of the way in 

which the inspectors view the task of examining. As has been mentioned 

before, the prime function of examining is seen as globally estab- 

lishing the acceptability or otherwise of a film rather than of obtain- 

ing a numerical count of defects, except for special purposes. For 

this reason the information on the tape will usually be more in the 

form of an aide memoire indicating the approximate disposition of 

defects rather than a precise record. Although in the experimental 

situation the subjects obviously made a more determined attempt than 

normally, to document the occurrence of defects on the tape, it must 

be recognized that the act of noting down every defect would be un- 

familiar to them. This explanation is confirmed to some extent by 

considering the detection results for experiments 2 and 3. Experiment 

2 was far more of a special situation where the examiners could con- 

centrate on attempting to note and detect defects, knowing that none 

of the sample films was actually a 'real' reference which had to be 

assessed for acceptability. In the case of experiment 3, they would 

not be certain which of the references was a test film, and would 

therefore have to treat all of them in the same manner. This would 

involve concentrating on the more general aspects of film quality to 

the detriment of noting down specific defects. These contrasting 

strategies are reflected in the higher apparent detection probabilities 

of experiment 2 compared with experiment 3. 

In view of these considerations, it is not surprising that SDT does 

not appear to fit the data according to the Z-ROC curve. From the
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preceding discussion it is clear that from the data available it is not 

possible to decide unambiguously whether or not SDT applies in this 

situation. However, it is interesting to note that the significant 

differences in log beta between the subjects reflects the appropriate 

changes in correct detections and false alarms that would occur if the 

theory did apply, i.e. decreasing log beta is accompanied by increases 

in correct detection and false alarms. Log beta will always provide 

an index of such changes, whether or not SDT applies. 

With regard to the changes in performance over time, no significant 

effects were found. It is notable, however, that the changes in log 

beta over time intervals, although not statistically significant, 

showed a clear decline similar to that observed in experiment 1 in 

the last chapter. The absence of significant vigilance effects can 

be ascribed partly to the short breaks between each film and partly 

to the wide variety of non-target stimuli that occurred during the 

session, which can be regarded as maintaining arousal. 

5.5 Conclusions 

This study exemplifies the difficulty of using the SDT approach in 

situations where obtaining accurate estimates of correct detection 

and false alarm probabilities is difficult, and in which the stand- 

ards for acceptability are not rigidly defined. In spite of these 

difficulties, the two stage decision model described would seem to 

be applicable in this and similar situations where an accumulation 

of evidence over time is utilized to make an accept/reject decision.
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The practical difficulties of scoring the data for the experiments des- 

cribed in this chapter made a valid test of the applicability of SDT 

at the defect detection stage impracticable. Although the results 

quoted do not provide direct support for SDT, this is not surprising 

in view of the small sample size and the rather gross assumptions 

made in scoring the data. The changes in correct detections and false 

alarms over time, although not statistically significant, are con- 

sistent with a criterion change in a more lax direction, as observed 

in experiment 1, Chapter 4. 

Another experiment was planned to test the stage II decision making 

part of the model, by asking the inspectors to rate a number of films 

in terms of their degree of acceptability, from completely accept- 

able, to completely unacceptable. This would enable the generation 

of ROC curves and provide a more meaningful test of the stage II 

part of the model than a yes-no experiment. Unfortunately sales and 

production pressures meant that the experiment had to be deferred 

indefinitely. 

No support was found for the hypothesis that there would be perfor- 

mance decrements with time on the task, despite subjective reports 

of occasional sleepiness by some of the examiners when normally per- 

forming the task. The suggestion was made that the variety of 

stimuli which occur on the film provide sufficient stimulation to 

maintain arousal. 

The investigation provided the impetus for several lines of research 

which are described in subsequent chapters. The first of these was 

the possibility of training the inspector to be able to modify his 

criterion readily in the face of changing defect rates or payoffs.
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The study suggested a need for this ability at both stage I and stage 

II of the decision making process. The need to provide a rapid means 

of training the examiner to discriminate between defects and noise 

stimuli, and between different categories of defects, was also 

identified as being an important research area. Finally the absence of 

any effective selection procedures suggested the possibility of work 

on this topic. 

The analysis of the inspection system in terms of some of the dimen- 

sions proposed in Chapter 3 produced a number of specific recommend- 

ations for management. 

It was suggested that a library comprising examples of the various 

types of defect be established, which could be referred to readily. 

Similarly a proposal was made to keep a range of film reference 

examples which provided clear examples of the quality standards 

required for particular markets and products. It was felt that a 

uniform system of nomenclature for both types of defects and levels 

of acceptability would further aid the establishment of clear quality 

standards. 

In conjunction with these latter suggestions, the practice of regular 

calibration sessions was proposed as a means of ensuring that quality 

eriterian, especially those defined largely subjectively, did not 

drift over time and that there was a high degree of concordance 

between inspectors. The relationship between customer standards and 

inspection criteria was felt to be an important one. Investigation 

of this relationship would, however, require an extensive market 

research exercise.
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Returning to the training area, it was suggested that the results of 

further research be fed back to Ilford to aid in the specification 

of a training scheme. In addition to the perceptual skills discussed 

earlier, it was felt that information on film manufacture should be 

given to trainees, in view of its apparent importance in the ident- 

ification of defect types. 

Finally there was a recommendation that all potential film examiners 

should receive some form of industrial eye test such as the 

Orthorater. Although there was no apparent correlation between visual 

abilities and performance on the task, the examiners with the most 

impaired vision were in fact the most experienced. It was likely 

therefore that this would provide compensation for any visual def- 

iciencies. Adequate visual skills were felt to be particularly 

important during the training stage.



CHAPTER 6 INVESTIGATIONS INTO THE EFFECTS OF DEFECT 

PROBABILITY CHANGES ON INSPECTION PERFORMANCE
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6.0 INTRODUCTION 

The effects of changes in the probability of defects on inspection per- 

formance has been referred to at several points as being an important 

consideration in inspection situations found in industry. An example 

has been quoted in Chapter 5, where quality levels of a product became 

unacceptable because inspectors were unable to modify their criteria 

to take into account the changes in defect probability that had 

occurred. 

In this chapter, a brief survey will first be made of some of the 

relevant theoretical approaches. Two experiments will then be des- 

cribed in which some of the factors affecting performance in the 

changing defect density situation were investigated. 

6.1 Theoretical considerations 

The modification of performance in a changing defect probability 

situation can be seen as consisting of two aspects: perception of the 

fact that the probability has in fact changed, and the adaptation of 

the inspector's response strategy to the new conditions. We shall 

consider these two areas separately in the following discussion. 

6.2.1 Probability learning 

A large literature exists on the ability of subjects to learn pro- 

babilities. The classical probability learning situation differs, 

however, from that which occurs in inspection. Usually the subject is 

asked to predict which of two mutually exclusive events will occur, or
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has occurred, on each trial of a series in which two events occur with 

fixed, but unequal, probabilities. For example, the subject may be 

asked to predict which of two lights will blink on at each trial of a 

series. He is allowed to witness the outcome of each event and is 

therefore completely reinforced. He may, in addition, be given 

monetary rewards for correct predictions and/or be penalized in some 

manner for incorrect performance. 

A number of theories exist for analysing behaviour in these situations. 

One of the earliest, from game theory considerations, was that after a 

few trials the observer will distinguish the more frequent event, and 

predict it on all succeeding trials, thus maximizing his total number 

of correct predictions. This 'pure strategy' occurs very infrequently. 

Another theory, called the probability matching hypothesis, predicts 

that the subject will learn to match his response ratios to the pro- 

babilities of occurrence of the two events. This behaviour was first 

noted by Grant, Hake and Hornseth (1951). They observed that over a 

series of trials in which two alternative reinforced events occurred 

with fixed probabilities, the subject's probability of predicting a 

given event tended to approach or "match" the actual probability of 

the event. A large number of other studies, e.g. Bush and Mosteller 

(1955), subsequently showed that the subject begins by predicting the 

two events equally often, then after a slow initial rise he comes to 

predict the two events with the actual probabilities of their 

occurrence. Later work by Edwards (1961) produced evidence suggesting, 

however, that if a large number of trials is given, i.e. > 300, then 

the subjective probability estimate becomes more extreme than the 

actual probability.



216 

Siegel and Goldstein (1959) produced an analysis of probability learning 

from decision theory considerations which has obvious affinities with 

SDT. They suggested that the maximization of subjective expected 

utility will account for both probability matching and pure strategy 

(i.e. always responding the most likely alternative) behaviour. Since 

the utility of an outcome is its subjective value to the subject, his 

behaviour will be a function of the particular conditions and rein- 

forcements inherent in the task. The general hypothesis is that he 

will maximize his subjective utility in whatever terms he perceives it. 

Siegel and Goldstein suggest that in a task with no external payoffs, 

(monetary rewards etc.), the subject receives satisfaction from pre- 

dicting and having confirmed the rarer of the two events. This might 

be expected to relieve the monotony of the pure strategy of predicting 

the more frequent event on all trials. For whatever reason, it is 

hypothesized that the subject will adopt a mixed strategy which approx- 

imates to the matching hypothesis. 

If however, the subject receives some monetary reward for a correct 

prediction, or a penalty for an incorrect decision, the theory 

hypothesizes that as these rewards are increased, the subjects pre- 

diction of the more frequent event will tend towards 100% i.e. will 

approach a pure ‘strategy. Experimental evidence confirmed these pre- 

dictions. 

A number of other factors have been found to affect probability 

learning. These are reviewed in Lee (1971), but will not be discussed 

in detail here because of their limited relevance to inspection.
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It is clear that there are affinities between the inspection situation 

and research on probability learning. The main difference is in the 

nature of the reinforcement received by the inspector. In the pro- 

bability learning task, the subject is usually completely reinforced, 

whereas the inspector receives only partial reinforcement, depending 

on such factors as his ability to recognize defects. The occurrence 

of inspection error leads to the inspector having an incomplete know- 

ledge of the true proportion of defects. A probability learning study 

by Estes and Johns (1958), involving ambiguity in the reinforcement, 

similar to that occurring in the inspection task, found reasonably 

close agreement between the frequency an event was predicted, and the 

frequency with which it was judged to have occurred. 

It seems clear then, that the most fundamental difference between the 

probability learning situations usually studied and the inspection 

task is the amount of information the subject receives concerning the 

nature of the overall defect probability. In the probability learning 

task, the only information available is that obtained from the 

responses. On the other hand, this information is usually complete. 

In inspection tasks, the evidence from responses is partial, but there 

may be other sources of information available, as will be discussed in 

the next section. 

Ge2e2 Sources of information on defect probability 

Two sources of information are available to the inspector, from which 

he is able to estimate the prevailing defect probability. These are 

external sources and evidence inferred from the task itself.
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The first type of external evidence could be described as 'feed-forward' 

and consists of prior knowledge of the defect frequency, acquired 

either as a result of experience or from some other source. Examples 

of such information sources have already been quoted in Chapter 5, 

where film inspectors are provided with a card detailing the manufactur- 

ing history of a particular batch of film. In the glass industry, 

inspectors of float glass are given prior warning that the incidence 

of defects may change by the furnace operators working upstream from 

the inspection point (Gillies (1975)). The other form of external 

information is feedback, or knowledge of results concerning his 

accuracy, that the inspector receives subsequent to the actual 

inspection of the sample. In most real inspection situations such 

feedback is delayed and incomplete, and cannot readily be related to 

the separate decisions made during the task. 

The most accessible source of evidence available to enable the 

inspector to modify his subjective probability estimate is from the 

task itself. The accuracy of the subjective probability estimate 

will depend primarily on the inspector's ability to distinguish 

signal from noise, and to a lesser extent on the appropriateness of 

his current criterion to the prevailing defect density. A dynamic 

situation exists, in that the more optimally the criterion is set, 

in relation to the actual defect density, the more accurate will be 

the information available to the inspector to modify its position 

still closer to the optimum. It should be noted that these consid- 

erations are strictly only of importance in a relatively low a' 

situation. Where the signal to noise ratio is high, changes in 

defect probability can be expected to have a relatively slight 

effect on performance. On the other hand most real inspection
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situations involve discriminations between perfect and defective items 

which would normally be regarded as ‘difficult’. 

6.2.3) Modification of the subjective probability estimate and 

the criterion 

In the preceding sections, we analysed the sources of evidence avail- 

able to the inspector concerning the fault density. In considering 

how this information will be utilized by the inspector to modify his 

criterion we have to examine several further questions. First, it is 

necessary to know the extent to which the inspector will utilize the 

information to revise his subjective probability to correspond to the 

actual defect probability. Secondly there is the question of how 

large a sample of the new probability he needs (in a situation of 

change) in order to effect this change. Finally, we need to consider 

the ability of the subject to modify his criterion to the appropriate 

optimal position on the basis of his revised subjective probability. 

Data on the first question is available from a number of studies in 

the area of the revision of subjective probabilities, e.g. Edwards 

(1962), Edwards and Phillips (1964), Stael von Holstein (1971). In 

general these studies suggest that observers do not revise their 

subjective probabilities to the optimal extent that Bayes’ theorem 

would predict. There is very little evidence on the size of the 

sample needed by a subject to modify his subjective probability as 

a result of objective probability changes. The sample size might be 

expected to depend strongly on the discriminability of the signal 

employed. Nearly all SDT experiments have employed well practiced 

subjects and have used a fixed within-session probability. Within
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these constraints, subjects have shown that they can use the appropriate 

beta value corresponding to the a priori probability (Swets and Green, 

(1966)). 

One study does exist which investigated subjective probability consid- 

erations in an inspection context. Sims (1972) used a simulated 

inspection task in which subjects had to inspect printed facsimiles 

of printed circuit boards containing a range of defects. In the first 

experiment, prior to examining each item, the subject had to record 

whether or not he felt that it was going to be defective or not. 

Having made their predictions, the inspectors then examined the items 

and assigned them to accept or reject baskets. Three percentages of 

defects were used, i.e. 26, 14 and 2 percent and the subjects were 

either told the incidence in advance of defects or given no infor- 

mation at all. In the second experiment, the subjects were told that 

the defect level was 2%, but unknown to them there was a step 

increase in the defect rate to 14% midway through the session. 

Unfortunately, the experiment was analysed purely in terms of the 

inspector's perception of the defect probability, and no detection 

data were given. 

Considering the subjective probability estimates however, it was 

found that the subjects' estimates were significantly different for 

the differing probability levels within 30 trials of the start of 

each session. As expected, these estimates were in general more con- 

servative than the actual probabilities. It was found that prior 

knowledge of the probability did not affect the accuracy of the sub- 

jective estimates. The results also suggested that the final



221 

subjective estimates of probability were more closely related to the 

proportion of items classified as defective, than to the actual pro- 

babilities. The probability change experiment produced anomalous 

results. Only two subjects were employed, and in one case the subject 

accurately changed his subjective estimate of probability to the new 

probability level within sixty trials. The other subject however, did 

not show any significant changes. Unfortunately no investigation was 

made of possible differences in sensitivity which could have accounted 

for this finding. The result that subjects match their probability to 

the perceived incidence of defects is one which might have been pre- 

dicted on intuitive grounds. The lack of any effect of prior know- 

ledge is a surprising one and suggests that the subjects weighted 

intrinsic information from the task more than prior evidence. This 

could of course be a function of the degree of difficulty of the task. 

Presumably the harder the task, the more reliance would be placed on 

prior evidence. 

6.3 Experimental objectives 

In view of the foregoing discussion it is clear that there are several 

questions in the general area of detection performance under changing 

probability conditions that need to be investigated. 

The first of these is the general question of the ability of an 

inspector to adjust his criterion to the on-going defect probability. 

The other considerations concern the efficacy of knowledge of 

results and prior warning of a defect change in aiding this criterion 

change. Although the Sims study suggests that the inspector can 

correctly estimate the new probability, this does not guarantee that
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this will lead to the appropriate criterion being adopted. Another 

consideration was whether the inspector's performance strategy was 

different if the change occurred during a session, rather than from the 

commencement of the session. Two experiments were conducted to 

investigate these questions, and will be described in detail in sub- 

sequent sections. 

6.4 Experimental design: general 

It was decided to employ an experimental design which allowed the 

accurate evaluation of SDT parameters. The fact that a minimum of 

500 trials are recommended to do this (Swets and Green (1966)) and 

that a number of experimental conditions were to be investigated, 

meant that the number of subjects that could be included in the study 

was limited by time constraints, particularly as it was felt that 

extensive practice at the task was necessary in order to minimize 

learning effects. In view of the exploratory nature of the study, 

it was felt that three subjects would produce meaningful results. 

In order to facilitate obtaining SDT parameters, the experiment was 

performed using a rating scale approach (McNicol (1972), p.99) as 

will be described in detail subsequently. 

The first experiment was designed to investigate the situation where 

the defect probability remained constant throughout a session, but 

varied between sessions. The presence or absence of feedback on per- 

formance was considered, and performance changes between blocks 

within the session were also included in the analysis.



223 

The second experiment was concerned with within-session changes in 

defect probability. The probability of defect occurrence changed after 

the second block within each session. In the first session, no 

warning was given that a change was going to take place. In the 

vemaining sessions, subjects were warned that a probability change would 

occur. In the one case they were given summary feedback every hundred 

trials, whereas in the other case no feedback was provided. 

The conditions investigated in the two experiments are summarized as 

follows: 

Experiment 4 

1. Constant high probability of signal (p = 0.5) 

a) Feedback 

b) No feedback 

2. Constant low probability of signal (p = 0.1) 

a) Feedback 

b) No feedback 

Experiment 5 

Change in probability during session (p = 0.5, 0.2) 

a) No warning, feedback 

b) Warning, no feedback 

ce) Warning, feedback 

Five hundred trials were given under each condition and the order of 

presentation of the signals was randomized, subject to the constraint 

that the probabilities were constant within each block of 100 trials.
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In view of the fact that vigilance effects would complicate the inter- 

pretation of the results, the experiment was designed specifically to 

minimize these effects. This was achieved by providing short rest 

periods every 100 responses, which meant that the subjects did not 

perform the task continuously for longer than about eight minutes at a 

time. 

6.4.1 Apparatus 

It was decided to build a general experimental facility that could be 

utilized for a wide variety of detection experiments in addition to 

those described in this thesis. The equipment was based on a PDP-8E 

computer and the stimulus material was projected by means of a pair 

of Kodak Carousel projectors,on to a screen in the darkened experi- 

mental room. 

Essentially the requirement was for a device that could present 

signal and non-signal stimuli in a random sequence, would accept a 

series of responses corresponding to a rating scale and would provide 

various forms of knowledge of results for these and later experi- 

ments. It was also felt desirable to record the latency between the 

presentation of the stimulus and the response. The computer con- 

trolled the sequencing of stimuli, recorded the responses, and pro- 

vided the feedback. A wide range of other facilities were also 

available which are described in detail in Appendix C. The equip- 

ment represents a highly general means of conducting a wide range of 

detection experiments. However, its design and construction, and 

the programming of the PDP-8E computer, which was the entire 

responsibility of the author, consumed a very considerable amount of
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time, and in retrospect it is felt that a simpler if less elegant means 

of conducting the experiments would have been more appropriate. 

The general experimental layout is shown in Figure 6.1. The first 

projector produced a constant display on the screen, consisting of a 

matrix of 9 equally spaced black discs, each 5 inches in size, giving 

an angular size of 2.6° from the table where the subject was seated, 

10.5 feet from the screen. The second projector contained alternate 

opaque slides and slides with a small hole punched in them. When one 

of the latter slides was in the projector, the resulting pencil of 

light superimposed exactly on the central disc of the display. 

Filters were used with both projectors such that the increase in 

brightness produced was close to the threshold of detectability for 

each subject. A Compur magnetic shutter,which was controlled by the 

computer, operated to give a brief presentation of the stimulus. A 

teletype in the experimental area read in a steering tape which 

caused the second projector to either remain on the current slide, or 

to advance to the new slide, prior to the next operation of the 

shutter. This arrangement allowed a random sequence of any number 

of stimuli to be presented from a single Carousel magazine of 80 

slides. 

6.4.2 Procedure 

At the beginning of the experiment the projector advanced to the 

first slide and the shutter opened for 0.25 seconds. This interval 

was chosen to approximate to the time of a single eye fixation, 

since it was originally intended to utilize the results in the 

analysis of subsequent search experiments. The subject then pressed
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one of the response buttons and the response latency and the channel 

number of the response were output on paper tape by the computer. After 

a delay of three seconds from the response, the next stimulus was pres- 

ented. 

The six response buttons corresponded to six degrees of confidence that 

a signal had been presented on the preceding trial. From left to right, 

the ratings were: definitely non-signal, probably non-signal, possibly 

non-signal, possibly signal, probably signal, definitely signal. A 

symmetrical pay-off matrix was assigned to the responses in the follow- 

ing manner. Correct positive or negative responses were given 3, 2 or 

1 points, depending on whether they were made at an extreme, inter- 

mediate, or low level of confidence. Incorrect responses gave minus 

these payoffs. Subjects were given 750 points at the beginning of the 

session and paid a bonus if they scored a further 750 points from 

their responses, i.e. if they scored half the total possible number of 

points from the 500 responses. 

After each block of 100 responses the number of correct detections, 

correct rejections, false alarms and missed signals for that block 

was printed out on the teletype, together with the points scored, and 

the total cumulative number of points including the earlier blocks in 

that session. For the feedback conditions, the teletype was situated 

so that the subject could read this printout. A three minute break 

occurred between each block of 100 responses to allow the subject to 

do this. During non-feedback sessions the same length of break 

occurred. With both types of session, the experimenter made non- 

committal conversation with the subject during the break.
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White noise was played at a low level through headphones for the whole 

of the session, apart from rest periods, to mask the sound of the 

shutter and projector operation. As the experiment was self-paced, 

its duration varied slightly, but most sessions were completed within 

about 45 minutes. 

Prior to the main experimental sessions, all subjects had received at 

least 2000 practice trials using the same apparatus and stimuli. 

During the practice sessions, feedback similar to that administered 

during the test sessions was given, and the defect probability remained 

constant at 0.5. The last practice session had taken place one week 

before the first test session. 

During the practice periods the nature of the scoring system was 

carefully explained to the subjects, with emphasis on the fact that 

both missed signals and false alarms would be equally penalized. The 

use of the rating scale response buttons was discussed, and any dif- 

ficulties over what was meant by, for example, a 'probably signal’ 

response were resolved. Immediately prior to each test session the 

subjects were told that the defect probability would be 'the same as 

during the practice sessions', or simply that it would be "low', as 

appropriate. During the first session of the within-session pro- 

bability change experiment, where no warning was given, the subjects 

were told that the defect probability would be the same as during 

the practice sessions. For the two subsequent probability change 

sessions, they were simply told that a change would occur at some 

point in the session. Those subjects who had not inferred that a 

change had taken place during the first session were explicitly 

informed of this immediately after the completion of the session.
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All subjects received condition la first, which was identical to the 

practice sessions and was intended as a 'warmup'. The remaining con- 

ditions of the first experiment were presented in a random order, 

followed by the second experiment. Each subject performed one session 

per day. Attempts were made as far as possible to ensure that the 

subjects performed the task at the same time each day, but the exigences 

of lecture timetables meant that this was not always possible. 

All subjects were final year undergraduates and were paid 50p per 

session, with a 25p bonus if they achieved the target score. 

6.4.3 Statistical design 

Experiment 4 was analysed as a 4-way factorial analysis of variance, 

the factors being blocks of 100 responses, presence or absence of 

feedback, signal probability of 0.5 or 0.1, and subjects. Experiment 

5 was set out as a three way analysis of variance, with blocks of 100 

responses, the three experimental conditions and subjects being the 

factors. 

In both experiments all subjects received all combinations of con- 

ditions. As discussed in Chapter 4, the danger of carry-over effects 

exists in this type of design. In the present experiments, these 

effects were minimized by having a highly trained subject population 

and by including the blocks within the experiment as one of the 

specific factors. In view of the laboratory based nature of the 

experiments, a mixed model was utilized in the analysis of variance, 

with subjects being assumed a random effect and all other factors 

fixed.
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6.4.4 Analysis of the results 

The latency and response data which had been produced on paper tape by 

the PDP-8E computer, were fed into the PDP-15 computer for analysis. 

The responses were compared with the actual signal sequence and a 

number of performance measures produced. 

The use of rating scale data allowed some performance indices to be 

calculated which had not been available for the yes-no experiments 

analysed previously. These indices have been discussed in detail in 

Chapter 2. They were the Altham-Hammerton sensitivity index, and 

P(A), the area under the ROC curve, which provides a sensitivity 

index independent of the underlying variances. The latter index was 

calculated using a simple numerical integration technique (McNicol 

(1972) p.115). Another quantity calculated was the score achieved by 

the subject obtained from the rating responses made and the payoff 

matrix. The remaining performance indices were those employed in 

previous experiments. These were the latencies for the various 

types of response, the false alarm and correct detection probabilities, 

d' and beta, and the corresponding nonparametric indices. The rating 

scale approach allowed the Grey-Morgan program to be utilized to fit 

ROC curves to each block of data. This in turn allowed correction of 

the beta values to take into account the ratio of the variances, and 

the calculation of de, the corrected value of d' discussed in 

Chapter 2. In most cases the unequal variance SDT model produced an 

acceptable fit to the rating data. Ina small proportion of cases, 

an ROC curve could not be fitted because the subjects had used only 

the extreme response categories, effectively producing a single point 

on the ROC curve. In these instances, the slope for the ROC curve
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fitted to the whole 500 points for the entire session was utilized. 

The mean ratio of signal to noise variance was 2.564, and there were 

no significant differences in the sigma ratio between experimental 

conditions. 

6.5 Results - experiment 4 

The analyses of variance are given in Appendix A and the raw data 

and condition means in Appendix B. 

6.5.1 Signal detection results 

The correct detection and false alarm probabilities for the five blocks 

of responses within the four experimental conditions of P = 0.5 and 

P = 0.1, feedback present or absent, are given in Figures 6.2 to 6.5. 

The analysis of variance for the arcsine transforms of the two pro- 

babilities indicates significant differences between blocks and 

between probability conditions for the false alarm probability 

(p < 0.05 in each case) and significant differences between feedback 

conditions for the correct detection probability. Applying the 

Tukey multiple comparison test to the false alarm probability block 

means, indicates that this is significantly higher for the first 

block compared with the remaining four blocks (p< 0.05). With regard 

to the probability condition means the false alarm rate is sig- 

nificantly higher for the P = 0.5 condition than the P = 0.1 condition. 

The analysis further indicates that correct detection probability is 

significantly higher under the feedback condition compared with the 

non-feedback situation (p < 0.05).
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Considering the SDT measures, no significant differences are found for 

any of the sensitivity indices AH, P(A), d', de, or the Pollack-Norman 

index, under any of the experimental conditions. There are significant 

differences in bias as measured by log beta, between blocks wd 0.01) 

and a significant feedback by probability condition interaction 

(p < 0.05). A similar pattern of results is observed for the 

Hodos-Grier bias index, the corresponding significance levels being 

p € 0.05 in each case. 

Comparison of means for blocks shows that log beta increases signif- 

icantly between the first and fourth (p < 0.01) and first and fifth 

(p ¢ 0.05) blocks. This result accounts for the high false alarm 

rate observed during the first block. The correct detection pro- 

bability was also highest during this block, as would be expected 

from the low log beta during this block. 

The significant feedback condition x probability condition interaction 

is analysed in Table 6.1 below: 

probability feedback conditions 
conditions £/b no f/b 

P = 0.5 0.15 0.41 

P=0.1 1.35 0.87 

Table 6.1 Comparison of probability and feedback 

condition means for log beta 

A simple main effects analysis shows that log beta is significantly 

greater under the p = 0.1 condition, but only if knowledge of results 

is available.
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The next variable analysed, the subjects’ points score, is not strictly 

speaking a signal detection index, but is related to signal detection 

performance. It can be regarded as representing the value of the 

inspectors' performance to the inspection system, given the particular 

payoffs specified for the various degrees of response category which 

were described earlier. 

There are highly significant differences between the probability con- 

ditions, the mean score for the low probability condition being very 

much greater than for the P = 0.5 condition (p< 0.01). 

6.5.2 Latency data 

The log transform of the total latency indicates significant differences 

between blocks. Multiple comparisons show that the first three blocks 

have a longer total latency than the last two (p <0.05). The total 

latency is also significantly shorter (p < 0.05) under the P = 0.1 

condition that the P = 0.5 condition. Analogous results are found 

with the correct rejection latencies, the significances being p < 0.01 

and p < 0.05 in this case. 

No significant effects are obtained for the correct detection and 

omission latencies. The false alarm latency however is very sig- 

nificantly longer for the P = 0.5 condition that the P = 0.1 

condition (p < 0.001). 

6.6 Discussion 

The variables of particular interest in this experiment are the SDT 

measures of sensitivity and bias. The lack of any significant
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effects for any of the sensitivity measures was not surprising, since 

none of the experimental factors was expected to affect sensitivity. 

The significant increase in beta found over blocks is unexpected, and 

closely resembles that found in vigilance tasks. In fact, some form 

of time related performance decrement is the only obvious explanation 

for this effect. If it occurred only with the P = 0.1 condition we 

could explain it in terms of the subjects attempting to adjust their 

criteria from the unbiased one appropriate to the P = 0.5 condition 

to a more stringent one for the lower probability condition. There 

is no obvious reason why vigilance effects should occur in view of 

the fact that frequent rests were provided. The effect also occurs 

in conditions where feedback is provided, which is contrary to almost 

all vigilance studies in which KR has been given. Additionally the 

subjects gave no verbal intimation that they found the experiment 

particularly boring. A possible explanation is in terms of the 

particular circumstances of the experiment. 

The subjects were aware that the experiments were concerned with 

their ability to adjust to changes in defect probability, and may 

therefore have suspected that a change in defect density would occur 

within the session. There is some support for this notion in that 

the criterion, after reaching a maximum in session 4, declines again 

during session 5. Possibly the subjects had decided by that point 

that no change was going to take place. 

The analysis of the feedback x probability interaction is of part- 

icular interest. It suggests that subjects are able to adjust their 

criteria in the optimum direction predicted by SDT, but only if they 

are provided with knowledge of results. The result suggests that in
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this experiment, external sources of information were more important 

than evidence gained from the task itself, in shaping the criterion. 

It is difficult to compare this result directly with the Sims study, 

because no measurement of the criterion was obtained in that situation. 

In the current experiment we have no direct estimate of the subjective 

probability that the subject was employing. If we make the assumption 

that a change in subjective probability was translated directly into 

a change in criterion, in the present study, then the result is in 

direct contrast to the Sims study. The difference can be accounted 

for by the relative difficulty of discrimination of defects in the two 

studies. Although no measure of discrimination performance was given 

by Sims, it is clear from her description of the task, that it was 

considerably easier than the one under consideration. It is likely 

that Sims' task would provide far more intrinsic feedback for the 

subject than the present one. 

These considerations lend support to the idea that the ability of a 

subject to adjust his criterion to the optimum for a particular 

defect probability is a function of the amount of information 

available on the defect density, whether it be from within the task 

or from external sources. Where the implicit task information is 

highly reliable, i.e. the signals are readily discriminable, the 

Sims study suggests that external evidence on the defect density is 

redundant. 

The fact that the subjects obtained a higher net score under the 

P = 0.1 condition can be accounted for by the fact that in spite of 

extensive training, it was easier for the subjects to recognize a 

non-signal than a signal, as indicated by the greater variance of the
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the signal distribution obtained from most of the ROC fits. This 

allowed them to make a high proportion of 'definite' (i.e. extreme 

rating category) responses when most of the trials were known to be non- 

signals. It is also possible that the subjects were adopting a nearly 

pure strategy with the low probability signal condition, as proposed by 

the Siegel-Goldstein probability learning hypothesis discussed earlier. 

Most of the subjects were aware that they could obtain a high payoff by 

responding 'definitely non-signal' on a high proportion of the trials, 

regardless of the evidence from the task. It seems possible that in a 

difficult discrimination task, with no a priori information as to 

defect probability, the criterion will be set according to the sub- 

jective probability generated by considerations discussed in the 

probability learning literature. 

Most of the latency results can be accounted for by the SDT model. 

If the situation is as set out in Figure 6.6 below, with the signal 

variance greater than the noise variance, then with the assumptions 

set out in Chapter 4, the following predictions can be made. 
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Figure 6.6 Response latencies under the unequal variance SDT model.
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If the criterion moves from position Cl to a more stringent position C2, 

we would expect NO response latencies to decrease, since these would on 

average be distributed further from the criterion. In the equal 

variance situation, YES latencies would increase, because they would be 

distributed closer to the criterion and hence represent more difficult 

decisions. However, with the large signal variance situation 

illustrated above, the changes in both correct detection and omission 

latencies might be expected to be non-significant. 

The results generally bear out these predictions. The criterion 

increases significantly with time on task and is overall greater for 

the P = 0.1 condition than the P = 0.5 condition. The correct 

rejection (i.e. correct 'no signal’ decision) latency decreases sig- 

nificantly with both increases in criterion. The omission and correct 

detection latencies show no significant changes. The false alarm 

latencies are anomalous, since they should increase with the increase 

in log beta for the P = 0.1 condition, whereas they actually show a 

significant decrease compared with the P = 0.5 condition. This result 

can be seen as a consequence of the subjects habituating to a part- 

icular mode of response. In the P = 0.1 condition, since most of the 

responses were 'non signal' and the non-signal stimuli were more 

recognizable as such than the signal trials, the rapid high confidence 

responses made to non-signals probably tended to spread to other 

categories of response. This effect would be likely to dominate the 

effects of the greater bias. In the P = 0.5 condition, the equi- 

probable signal occurrence would prevent a style of response develop- 

ing which was dominated by one type of trial.
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The total response latency results are simply a reflection of their pre- 

dominant component, the correct rejection response latencies. 

6.7 Results - Experiment 5 

The correct detection and false alarm probabilities for the blocks and 

experimental conditions are set out in Figures 6.7 to 6.9. The trans- 

formed correct detection probability showed significant differences 

between blocks (p < 0.05), the first two blocks differing significantly 

from the remainder. The transformed false alarm probability showed 

significant effects between blocks, with a highly significant blocks x 

conditions interaction, (p< 0.001). This interaction will not be 

analysed in detail at this point, since it is a direct consequence of 

the criterion effects to be discussed subsequently. 

Considering the sensitivity indices, the results are somewhat 

ambiguous. The analysis for the Altham-Hammerton, Pollack-Norman 

indices and d' all indicate a significant blocks x conditions inter- 

action, whereas de, and P(A) show no significant effects. This 

anomaly will be discussed in more detail subsequently. Log beta gives 

significant effects for blocks, conditions, and a highly significant cadi- 

tion by blocks interaction (p< 0.001). The simple main effects 

analysis is set out in Table 6.2 below: 

Source Ss. aft MS. F Significance 

B at Cl, no warning feedback 0.094 4 0.0235 0.28 ns 

B at C2, warning, feedback 1.55, 4% 0.39 4.59 p<0.05 

B at C3, warning, no feedback 8.09 4% 2,022 23.79 p< 0.01 

error 1.355 16 0.0847 

Table 6.2 Simple main effects analysis of BxC interaction for log beta
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The simple main effects analysis indicates that there are significant 

differences between blocks for the two conditions in which warnings of 

change were given, but not for the no warning condition. Tukey 

multiple comparisons tests for C2 and C3 indicate that there are sig- 

nificant differences between blocks 1 and 2 combined together, and 

blocks 4, 5 and 6 combined, (p { 0.05, p < 0.01). 

The latency results will not be considered in this experiment, since 

they do not provide any additional insights into the variables of 

interest. 

6.8 Discussion 

The first question to consider is whether any changes in sensitivity 

have occurred as a result of the within session change in probability. 

In view of the fact that both P(A) and de, which are known to be 

independent of the nature of the underlying variances in SDT, show no 

significant changes, the validity of the changes suggested by the 

other indices must be viewed with scepticism. This is particularly 

the case in view of the fact that sensitivity measures are not 

normally affected by signal probability changes. It seems likely, 

therefore, that the apparent change in sensitivity is an artefact in 

this instance. 

The detailed results for the effects of the within session changes in 

probability on log beta provide very interesting insights. It appears 

that prior warning of a probability change is more effective in pro- 

ducing an appropriate criterion change than the provision of full 

feedback from the task. Also, when a warning is given, the subjects
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are able to adjust their criterion in the appropriate direction, even 

in the absence of feedback. An interesting feature of the no feedback, 

warning condition is that the criterion continues to increase to the 

end of the session, whereas with feedback it remains fairly stable. 

The KR information can be regarded as encouraging a stable, moderately 

high criterion after the probability change, because even given a 

precise knowledge of the signal probability, from the KR, the subjects 

will always adjust their criteria in a conservative manner. Where KR 

is not provided, the subjects are likely to assume that the defect 

probability has changed to an even lower level than is actually the 

case. Adopting a more stringent criterion will lead to fewer defects 

being detected which will in turn produce an even higher criterion, as 

a consequence of the perceived signal probability. 

6.9 Conclusions 

These experiments have provided general support for the hypothesis 

that the degree of criterial change produced by a subject ina 

changing defect probability situation depends on the amount of infor- 

mation available on the probability from external sources, and from 

the task itself. The relative weighting of the internal and external 

sources of information would appear to be a function of the 

reliability of these sources. For between session changes in defect 

probability, even when the subject was aware that a reduced incidence 

significant 

of defects could be expected,/criterion changes only occurred when 

knowledge of results was available. This could be explained by the 

fact that although the subject knew that the defect incidence was 

less, he did not know to what degree he needed to alter his criterion. 

The precise evidence obtained via feedback provided this information 

and encouraged the appropriate criterion change. In a situation of
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high uncertainty, as with the within session probability change experi- 

ment, the importance of prior information is seen in enabling a 

criterion change to occur. Even when the subjects had full KR, they 

were unable to modify their criteria unless they had been alerted to 

the possibility of change. The fact that warning of change seems to 

be a more important factor in criterion adjustment, than feedback from 

the task, where within session probability changes occur, suggests 

further investigation is needed in this area. In both experiments the 

importance of external evidence of some form can be explained by the 

difficult nature of the discrimination task, and hence the unreliab- 

ility of evidence from this source. 

No attempt has been made to analyse the degree to which the subjects 

were able to achieve the actual optimum beta predicted by SDT. This is 

because, as shown by Green and Swets (1966) p. 92, there are a range 

of beta values about the optimum which will achieve a high proportion 

of the theoretical payoffs. This does not however, invalidate the 

practical importance of the inspector at least being able to modify 

his criterion in the direction appropriate to the current defect 

probability. As discussed earlier, an inability to do this can pro- 

duce a very inefficient quality control system, if defect pro- 

babilities are liable to fluctuation. 

Although these experiments were exploratory in nature and utilized a 

laboratory situation and a limited number of subjects, the results 

seem sufficiently interesting to suggest further work in an 

industrial context.



CHAPTER 7 TRAINING AND SELECTION FOR INSPECTION
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7.0 INTRODUCTION 

In this chapter experimental work arising from some of the issues dis- 

cussed in the review of perceptual training techniques and selection 

methods in Chapter 3 will be presented. In the final phase of the 

study, two experiments were performed in which various types of training 

for perceptual skills were investigated. The performance measures from 

these experiments were used in conjunction with a number of tests of 

various cognitive skills, in order to establish the usefulness of such 

tests for the purposes of selecting individuals for inspection work. 

Theoretical considerations in perceptual learning 

It is useful at this point to briefly recapitulate the conclusions of 

the earlier review in the area of perceptual training. 

The two basic methods of training that had been used to train for 

perceptual skills were cuing and knowledge of results (KR). Enhance- 

ment of signal detection ability by cuing was seen as a result of the 

simple paired contiguity in time of a signal and its name. This form 

of training promotes perceptual learning because it provides the 

subject with the maximum information concerning both the character- 

istics of the signal and its distribution in time. 

It was suggested that the other form of perceptual training, KR, trains 

recognition skills primarily via the reinforcement of a simple S-R 

link. An important aspect of KR is its motivational effect in main- 

taining arousal during prolonged sessions. Improvements in performance 

using both techniques can be ascribed partly motivational effects,
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partly to learning the characteristics of the signal, and partly to an 

increased knowledge of the statistical distribution of the signals. 

The applicability of the SDT approach to these latter two areas is clear. 

Increased knowledge of the signal characteristics implies an increase 

in d', whereas knowledge of the signal distribution produces an 

appropriate expectancy. This has been analysed in previous chapters as 

an accurate subjective estimate of the signal probability, leading to 

an optimization of the response bias, as measured by beta. 

Early work by Annett and Wiener suggested that cuing enhanced d', 

whereas KR improved detection performance at the expense of increased 

false alarms mainly by producing a more lax criterion. Subsequently 

it was found that the latter result was to some extent an artefact of 

a free response situation, in that subjects appear to make a higher 

number of affirmative responses, and hence produce an apparently 

lowered criterion, in an attempt to gain more information about the 

signals and their distribution. Recent studies, e.g. Annett (1971) 

have suggested that in a situation where a subject has to respond to 

a series of successive trials, the differences between the two train- 

ing techniques are slight, because they both provide essentially the 

same information. 

Another aspect of perceptual skills training that was discussed was 

Wallis' (1963) suggestion that learning to recognize complex signals 

was best accomplished using an analytic-synthetic approach where the 

salient features of the stimulus are first learnt separately and 

then synthesized into a wholistic 'Gestalt'. The importance of the 

withdrawal of cues at an appropriate time was mentioned in this 

study, and the whole question of the dangers of a subject becoming 

dependent on cues or KR, to the detriment of learning, was further
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emphasized by Abrams and Cook (1971). These workers employed a 

gradual reduction in the amount of KR to reduce dependence on feedback, 

and suggested that this technique facilitated the development of the 

internal referents necessary for identification skills. 

From the point of view of its applicability to inspection, much of the 

existing work on perceptual skills training suffers from several 

disadvantages. The stimuli employed have usually been unrepresentative 

of those found in inspection tasks, and much of the work has been in 

areas such as sonar where auditory signals are employed. These 

factors were considered in the design of the experiments described in 

the following sections. 

Experimental work - general 

In view of the points discussed earlier it was decided to attempt to 

simulate the critical features of a real inspection task in both 

experimental studies. The task chosen was one that had already been 

analysed in some detail, the Ilford film inspection task described 

in Chapter 5. It will be recalled that considerable problems had 

been experienced in scoring experiments with the task in its 

original form, because of the difficulty in resolving the position 

of the defects on the film with a sufficient degree of accuracy to 

prevent ambiguity. It was therefore decided to alter the task in 

the following manner. A particular type of defect, known as 

‘insensitive spots' was chosen as being representative of those 

encountered by the inspectors in their everyday work. This defect 

type consists of a number of tiny spots on the film where the coating 

has not adhered adequately to the base. Because the film coating is
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not darkened at these points, the appearance of the defects when the 

film is projected is that of a number of small points of light on the 

otherwise grey background of the correctly exposed film. Actual 

samples of defects were cut from films and turned into a series of 

slides. Similarly samples of 'perfect' film from other parts of the 

same roll were made into 'non defect' slides. This was done to ensure 

that the background density for both types of slide was of the same 

apparent brightness in both cases. These slides were then used in 

conjunction with the equipment described in Chapter 6, to simulate 

the appearance on the screen during film examination of a single 

frame containing insensitive spot defects. The speed of the shutter 

was adjusted to give a viewing time for each slide of 1/15th of a 

second. This was the closest speed available to the 1/18th second 

employed in the actual task. 

A continuous overall background illumination of the screen was pro- 

vided by a second Kodak carousel projector and was -0.4 log foot 

lamberts as measured by an SEI photometer. When a slide was pro- 

jected on to the screen, the brightness increased to 0.2 foot lamberts, 

which approximated to that found in the actual inspection situation. 

The basic operation of the equipment was similar to that described in 

Chapter 6. At the start of the session the computer operated the 

slide projector magazine to load the first slide, and then the Compur 

magnetic shutter to provide a presentation on the screen of 0.06 

seconds. A software clock within the computer was started at the 

same time and this enabled the subjects response latency to be 

measured. The response arrangements were as in previous experiments. 

A series of six buttons was provided to enable the subject to make
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the rating responses described previously. As before, a symmetrical 

payoff scheme was assigned to the responses such that 1, 2 or 3 points 

were gained for correct responses of increasing certainty and a 

similar number of points were subtracted for the corresponding 

incorrect responses. The computer outpy tted the response type and 

time on paper tape after each response. 

The detailed arrangements for each experiment will be described 

separately in the following sections. 

Experiment 6 - comparison of cuing and feedback techniques 

The first experiment was designed to investigate the effectiveness of 

cuing versus knowledge of results in the simulated inspection task. 

To do this, three conditions were investigated. These were cuing, 

feedback and a control condition. All three groups were given a 

short practice session to familiarize them with the equipment and the 

method of response. The scoring scheme was carefully explained to 

them and twenty practice trials were given, at the end of which the 

individual slides were discussed to indicate what were the character- 

istics of the defective as compared with the non-defective slides. 

It was pointed out that even the 'perfect' slides contained many con- 

figurations which were confusable with defects and that they were 

only to categorize as defective those slides which contained 

‘insensitive spots’. 

The subjects were assigned at random to one of the three experimental 

groups and all subjects first received five hundred trials as the 

pre-training phase. As in experiment 5, attempts were made to
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minimize vigilance effects by providing the subjects with a three 

minute rest after each 100 trials. Low level white noise was played 

through headphones throughout the experimental sessions, but subjects 

were allowed to remove these and converse with the experimenter 

during the breaks. 

For the training sessions, the control group received a further 100 

trials similar to the pre-training session. Before each slide was 

presented to the cuing group, the computer typed a message on the 

teletype, which was visible to the subject, of the form: 'the next 

trial will be a defect' or 'the next trial will be a signal’. The 

subjects were told to read the message,and to use it to ready them- 

selves to observe the characteristic features of the defect or non- 

defect. They were also told to make an appropriate response after 

the slide had been presented. For the KR group, a message was typed 

by the computer after each response and consisted of one of the 

following four types: 

1. You have just missed a defect. 

2. That was a false alarm. 

3. That was a correct detection of a defect. 

4, That was a correct detection of a non-defect. 

The final post training session was a repeat of the first session, in 

which five hundred trials were given. 

Twenty one subjects were employed in the experiment, seven being 

assigned randomly to each condition, They were all undergraduate 

students from various disciplines and were paid 50 pence per session. 

The pre-session and training session were administered on the same
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day, and the post session, as far as practicable, at the same time on 

the following day. The probability of a defect remained constant within 

blocks of a hundred trials throughout the experiment and was 0.2. 

Analysis of the results 

As described for experiment 5, the paper tape output from the PDP-8 was 

transformed into magnetic tape files on the PDP-15 computer and the 

various performance measures employed in experiments up to this point 

calculated. The statistical design employed was a 'split plot' experi- 

ment (Keppel (1973) p.433). The between subjects factor was the 

training conditions, and there were repeated measurements on blocks of 

100 responses within the 500 blocks for each subject. The quantity 

entered into the analysis of variance was the difference between the 

pre and post training sessions for the various performance measures. 

This method of analysis is generally regarded as being superior to 

including before and after training as a separate factor, because it 

compensates for the differing initial performances of the subjects. 

Where the summary data for all 500 responses were used in the analysis, 

the design becomes a simple one-way completely randomized analysis of 

variance. 

The rating data from the performance summaries for all 500 responses 

of the pre and post training data were run through the Grey-Morgan ROC 

curve fitting program to obtain the variance ratio, the sensitivity 

index a, and the five beta values employed corresponding to the six 

rating categories utilized by the subjects. A fit was obtained for 41 

of the 42 sets of data, although in some cases signal to noise
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variance ratios of 23 had to be assumed by the program to carry out the 

fitting procedure. This is not surprising in view of the fact that the 

first 500 responses the subjects were unfamiliar with the characteristics 

of the signal. The results in general suggest that the SDT model 

applies, however. 

Results 

All analyses of variance will be found in Appendix A, together with 

summary data. 

The first analysis was conducted on the SDT information output from 

the Grey-Morgan program. Only the summary data for all 500 responses 

in the pre and post training sessions was considered. The sigma 

ratio was first analysed as an index of sensitivity change, because one 

might expect the variance of the signal distribution to decrease as 

the subject learns the characteristics of the signal. Such a 

decrease was only found for the cuing condition, but the differences 

between the conditions were non-significant. A similar result was 

obtained for d,s the correctedsensitivity index. The next variables 

considered were the log beta values for each cutoff corresponding to 

the rating categories employed by the subjects. The only significant 

effect was a significant difference between subjects for cutoff 4 

(p < 0.05). 

For the remaining analysis, the separate blocks of 100 responses were 

considered as repeated levels of the same factor for each subject. 

No significant effects for any of the sensitivity measures were found 

apart from d', which indicated a significant change between blocks.
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In view of the unreliability of d' in the unequal variance situation, 

and the lack of corroboration from any of the other sensitivity 

measures, this result must be regarded as artefact. 

Considering the bias indices, a significant difference between training 

conditions was obtained for beta (p ¢ 0.05). Tukey's test indicates a 

significant difference from the control, but not from the other 

training condition. The Hodos-Grier bias index indicates significant 

differences between blocks, (p< 0.05) the change in bias as a result 

of training being significantly greater for block 1 compared with 

blocks 3 and 5 (Tukey test, P < 0.05). The only other significant 

effect obtained was significant differences between blocks in the 

changes in false alarm probability due to training. The false alarm 

probability declined significantly for block 1 compared with blocks 3, 

4 and 5S. 

Discussion 

The overall absence of significant changes in sensitivity produced by 

either of the training conditions could be due to the relatively small 

number of training trials employed. The increases in bias observed as 

a result of training are in the opposite direction to those found 

with KR in free responding situations. The direction of change was in 

the correct direction in this experiment, since the final value of 

beta was closer to the optimum than the original. We can conclude 

therefore, that cuing seems to promote a greater change in bias in 

the correct direction than KR, although the difference is not stat- 

istically significant in this experiment.
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The changes in bias indicated by the Hodos-Grier index, and reflected by 

the false alarm probability changes, probably occur because during the 

earlier blocks of the pre-training session, the subjects were utilizing 

a more inappropriately low criterion than during the later blocks, as a 

result of their initially limited knowledge of the signal distribution. 

The effects of the training in increasing bias would therefore be more 

marked for the earlier than for the later blocks. 

Experiment 7 - further training techniques 

Although the last experiment yielded some interesting results it was 

felt that a wider variety of training techniques should be investigated, 

particularly from the point of view of improving performance in 

situations where the probability of a defect occurring varied within 

sessions. It was also felt that a greater amount of training might 

produce changes in sensitivity which had not been revealed by the 

first experiment. 

The first two conditions that were used in the final experiment were 

feedback alone and cuing alone. These conditions were included to 

replicate the first experiment, but to provide a greater number of 

training trials. The next condition was a combination of cuing and 

feedback, in which alternate training trials were either cued or KR 

was supplied after the response. The object of this technique was to 

investigate whether cuing and KR utilized together were more effective 

than either used alone. The fourth condition provided an even 

greater amount of information to the subject by giving him alternate 

cuing and KR as in condition 3, and also supplying him with a 

summary of his performance in terms of correct detections, false alarms
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etc. at the end of each block of 100 responses. The final condition was 

similar to condition 1, the feedback only situation, but in addition to 

the feedback information, the subject was provided with the points 

score he had obtained as a result of his responses, at the end of each 

block of 100 trials. This condition was included to establish if the 

provision of information concerning the payoffs associated with the 

subject's response strategy would enable him to optimize this strategy 

more effectively than if feedback alone were provided. 

In addition to the five training conditions, two other factors were 

included in the experiment. As described in the introductory section 

of this chapter, and in the full review in Chapter 3, one of the 

difficulties associated with training for perceptual skills is that 

subjects may become dependent on the presence of the particular 

training aid to maintain performance. This may prevent the perform- 

ance improvement obtained during training being transferred to post 

training sessions. Abrams and Cook (op. cit.), had found that 

gradually reducing the amount of feedback during training improved 

the retention of any detection skills acquired. It seemed worth 

investigating if this effect was also obtained with cuing. All the 

training conditions described earlier were therefore performed under 

two levels of this factor. In the one case, feedback and/or cuing 

was provided on every trial. At the other level of this factor, the 

amount of information provided by cuing or feedback was gradually 

reduced throughout the session. 

The other question of interest which was investigated in the experi- 

ment was whether the experience of a varying probability of defect 

occurrence during training would facilitate performance in post
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training sessions where the within session defect probability also 

varied. It was hypothesized that the ability to adjust the criterion 

optimally in a changing defect probability situation would be enhanced if 

the subject had prior experience of a range of defect probabilities. 

The training conditions were therefore performed both with a constant 

level of defects and also with a defect incidence that varied from block 

to block during the training sessions. 

Procedural details 

The equipment utilized was essentially the same as for experiment 6. 

Certain changes were made, however, in the way that the feedback and 

cuing information was conveyed to the subject. It was found that 

during the first training experiment, the use of the teletype to type 

messages to the subjects had considerably slowed down the experiment. 

Also, subjects become irritated at having to read a long message before 

or after each response. An alternative means of conveying information 

was therefore designed and built. This consisted of four coloured 

lights on a block painted panel. The lights were operated by the 

computer to provide the appropriate cuing or feedback information. 

For the cuing conditions a red light was illuminated prior to the 

presentation of a defect, and a green light before each non-defect 

slide. For the KR condition four lights were employed. A green light 

was used to indicate a correct detection, and white, red and yellow 

lights were illuminated following correct rejections, false alarms, 

and missed signals respectively. 

Each subject performed six sessions, each of 500 responses in blocks 

of a 100 with rest periods between each block, as in experiment 6.
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Prior to session 1, a short familiarization session was given as before. 

Session one was the pre-training session, in which the defect pro- 

bability remained constant at 0.2 within blocks of 100 responses. 

The second session, which was performed on the same day as the first 

session, was designed to investigate detection performance in a varying 

probability environment. The defect probabilities for blocks 1 to 5 

respectively were : 0.15, 0.15, 0.40, 0.20, 0.10. The subjects 

received prior warning that the probabilities would vary from session 

to session. The next two sessions, which occurred the following day, 

were both training sessions. The training sessions were separated by 

a break of at least 45 minutes to minimize any effects of fatigue. 

In the variable probability training sessions, the subjects were told 

the probability prior to each block of 100 responses. The pro- 

babilities were chosen to be representative of those found in the test 

sessions. 

On the day following the training the two final sessions were 

administered. The first of these was identical to session one, and 

the second similar to session 2, but with a different sequence of 

defect probabilities for each block, i.e. 0.25, 0.15, 0.20, 0.10 and 

0.30. The differing sequence was chosen because the event pro- 

babilities employed in session one had also been utilized during the 

training period, and there was some possibility that the subjects 

would learn the sequence of probabilities. It will be noted that the 

probabilities used for each block of 100 responses,in both the pre 

and post training variable probability sessions, summed to give the 

same overall probability of 0.2 as in the fixed probability sessions. 

This was done to ensure that any performance differences between the 

fixed and varying probability sessions was a result of the varia- 

bility itself rather than because of an overall difference in defect
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probability. Prior to session 6, the subjects were told that the 

defect probability would vary, but that it would be different than 

during the training sessions. 

The subjects were recruited from advertisements in schools and their 

ages ranged from 16 to 19. All had normal or corrected vision. 

Statistical design 

The basic structure of the experiment is set out in Figure 7.1 below. 

  

training conditions constant KR and cuing fading KR and cuing 
  

  

varying 
fixed defect |varying defect |fixed defect] defect 
probability [probability probability | probability 
  

feedback alone IB1 B2 B3 BY BS 

cuing alone 

feedback + cuing 

feedback + cuing + 

summary 

feedback + score         
  

Figure 7.1 Experimental design 

The results were intended to be analysed as a four-way analysis of 

variance. The factors were training conditions, constant or fading 

cuing or KR, fixed or varying defect probability, and a repeated 

factor for each subject of 5 blocks of a hundred responses within 

sessions. The scores to be entered in the analysis of variance were 

the differences between pre and post training in the case of sessions 

land 5. Sessions 2 and 6 were to be analysed separately to assess 

the degree to which the subject was able to modify his criterion to 

take into account the changing probabilities. It was originally 
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intended to use at least two subjects within each cell of the analysis. 

Unfortunately circumstances beyond the control of the author meant that 

the original design had to be modified. There was a delay of six 

months in obtaining essential interface circuitry from the computer 

manufacturers and this, together with other unforeseen delays, meant 

that the design had to be changed after the experiment had begun. 

It was decided to use a strategy discussed in Kirk (1968) p.227 and 

Winer (1962) p.216 and p.267. These authors suggest that by assigning 

one subject only to each cell of a completely randomized analysis of 

variance, an estimate of the error mean squares necessary to conduct 

the analysis of variance can be obtained from the highest order inter- 

action, by making certain assumptions which will be discussed in the 

next section. 

The use of the additive model in the analysis of variance 

If we consider the summary data for each session and do not analyse 

the within subject variable of blocks within sessions, the experi- 

ment can be regarded as a three-way analysis of variance, with 

training types, fixed or varying probability and fixed or fading 

feedback or cuing as the factors. 

There are two alternative models for the analysis of variance that 

can be postulated. Using the usual notation for factorial experi- 

ments, these are: 

= ae, Le X35, Bs +h, +B, +855 nee + P%x + €s5, 

= x ay x 
Qo Keay, Meet, +P, +¥, 6B 15 ty AE ty tan
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Model 1 assumes that all sources of variation other than the main 

effects and first order interactions are part of the experimental error 

€i5x° In model 2 a second order interaction is assumed to occur. 

This interaction term may be considered as a measure of the non- 

additivity of the main effects and first order interactions, i.e. the 

extent to which the observation cannot be predicted from a knowledge of 

three main effects and interactions, and the experimental error, Model 

1 is known as the additive model and model 2 the nonadditive model, 

using Winer's terminology. 

On a priori grounds, in the present experiment, there did not seem to 

be any reason to suppose that the $&Gont# order interaction would be 

significant. A test is available, however, due to Tukey (1949) which 

enables one to decide which of the models is appropriate. If the 

first model is applicable, the variation due to sources other than 

main effects and first order interactions can be regarded as con- 

sisting of two components. The first of these is that due to the 

linear X linear component of the ABC interaction, and measures the 

degree of nonadditivity. The remainder is known as the balance. If 

the additivity component is significantly larger than the balance, 

model 1 is rejected. 

An F test that will test this hypothesis is given by: 

F = mS nonadditive 
MS balance 

The computational procedures necessary to obtain this quantity for 

a three way analysis of variance are given in Winer (1962) p.267. 

The F test is usually made at a high critical value (p < 0.25) in
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order to reduce the probability of a type 2 error. If the F value 

obtained does not exceed the critical value, then the additive model is 

appropriate for the analysis, and the error term used is the ABC inter- 

action. A program was written to perform the calculations, and used to 

provide a nonadditive F test for each block of data prior to performing 

the analysis of variance. Twenty student subjects were assigned 

randomly to the experimental conditions. 

Results - fixed probability sessions 

The assumption of the additive model was upheld with most of the data 

analysed. In the cases where the additive model was rejected it was 

sometimes possible to obtain a transformation of the variable concerned 

which did fit the model. 

The first data analysed were the differences between sessions 1 and 5, 

the fixed probability sessions, for a range of variables. The 

Grey Morgan programme was used to check the validity of the SDT 

assumptions and to produce the first variables to be analysed, the 

sigma ratios, the sensitivity index a and the beta values correspond- 

ing to the rating categories employed. 

The only significant effects obtained were for the beta value corres- 

ponding to cutoff 2, Unfortunately, this was one of the cases for 

which the nonadditive hypothesis was rejected, and hence no conclusions 

regarding these effects could be drawn. 

The analysis was then carried out on the range of variables considered 

in previous experiments, including the latency measures, the
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parametric and nonparametric indices of bias and the net changes in pay- 

offs obtained by the subjects as a result of the training given. The 

actual inputs to the analysis of variance were the differences between 

these quantities for the summary data for the whole of sessions 1 and 5. 

No significant effects were obtained for any of the resulting 22 

analyses of variance. 

It was therefore decided to repeat these analyses for each separate 

block of 100 responses. The latency data were not included in these 

analyses. For the first block of data significant effects were 

obtained for the changes in payoffs and for d'. In both of these 

cases however, the additive model was rejected by the F test. A sig- 

nificant interaction was obtained for the arcsine transformation of 

the false alarm latency, between the fixed or variable probability 

during training factor and the training conditions (p < 0.05). 

Simple main effects analysis of this interaction indicated that the 

feedback alone training condition produced a significant reduction in 

false alarms, but only when a varying defect probability was 

employed during the training period. A significant effect was 

obtained in block 4 for beta, which indicated that the increase in 

beta due to training differed significantly between conditions in 

which fixed and varying probability was employed. Examination of the 

means indicated that the fixed probability conditions produced an 

increase in beta whereas the varying probability conditions showed a 

slight decrease, the changes being +349 and -0.88 respectively. This 

effect was not, however, reflected by significant changes in the 

correct detection or false alarm probabilities, or the nonparametric 

bias measure. In block 5 there was again a significant effect of 

the use of fixed or varying probability in the training session, this
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time on the sensitivity as measured by the Altham-Hammerton index. The 

means suggested that the decline in sensitivity as measured by this 

index was greater for the fixed than for the varying probability 

conditions. 

Considering the results in general, for the fixed probability sessions, 

the overall pattern that emerged was that the criterion increased 

slightly to a value closer to the optimum. This was reflected in a 

slight increase in the overall payoffs obtained. An anomalous result 

was that all the sensitivity indices indicated a slight decline in 

sensitivity between the pre and post training sessions. 

Varying probability sessions 

With the modified experimental design which was adopted, it was not 

possible to make direct statistical tests on the ability of the 

subjects to modify their criteria to match the changing within 

session probabilities. By considering the overall changes between 

sessions 2 and 6, however, indirect evidence could be obtained 

regarding this question. 

Considering the results in general terms, there was an overall slight 

increase in all the sensitivity indices and in beta, after the 

training sessions. There was some evidence that the subjects were 

generally adopting a more optimal strategy, as evidenced by the 

increase in payoffs obtained. 

There was a significant interaction between the fixed or varying pro- 

bability during training factor and the fixed or fading factor for <
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(p< 0.05). Although none of the other sensitivity indices reached 

significance, high F ratios of 4.58 and 3.25 were obtained for the same 

interaction for the Altham-Hammerton and Pollack-Norman indices, which 

suggested that effect was a genuine one. Examination of the inter- 

action in detail indicated that a combination of fixed probability 

with fading feedback or cuing produced the greatest increase in sens- 

itivity. 

Both the false alarm probability and the correct detection probability 

showed significant decreases for the fixed or varying probability 

during training factor (p < 0.05). In the case of the false alarm 

probability, this factor interacted significantly with the training 

conditions, (p 40.05). The simple effects analysis for this inter- 

action is given below: 

Source ss df Ss FP Significance 

C at Al 0.083 4 0.02075 11.99 p < 0.05 

Cc at A2 0.029 4 0.00715 4.085 N.S. 

error 0.00693 4 0.00173 

Table 7.1 Simple effects analysis for AxC interaction for false 

alarm probability. 

The analysis indicated that the false alarm probability decreased 

significantly after certain types of training, but only when a fixed 

probability was employed during the training session. The comparison 

of means for the training conditions indicated that there were sig- 

nificant differences between training condition 4 and conditions 1, 3 

and 5, Training condition 4 is the maximum information session, 

where feedback, cuing and a summary were all provided. Similar
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results were obtained when the data for the correct detection probability 

was considered in detail. The decrease in correct detections were more 

marked in the fixed probability condition. As with the false alarms, 

the greatest decrease in correct detection probability was found with a 

combination of training condition 5 and a fixed probability during 

training. 

Discussion 

Considering the fixed probability sessions, the overall picture is of 

an increase in the criterion, but a slight decline in sensitivity. 

This latter finding is very difficult to account for. With the con- 

siderable amount of experience that the subjects had received of 

examples of both defective and non-defective slides, it is very 

difficult to understand why at least some improvement in sensitivity 

did not occur. 

The fact that the significant effects which did emerge from the 

analysis appeared in separate blocks, and were usually unsupported 

by changes in other related variables, leads one to suspect their 

validity. By performing separate analyses of variance on each block 

of data, a total number of 360 F tests were performed. It seems 

likely that at least some of these would achieve significance by 

chance, and this may account for the absence of any coherent pattern. 

The varying probability session results produced more definite con- 

clusions, which were more in accord with previous work. An overall 

increase in sensitivity occurred between the pre and post training 

sessions. Certain combinations of conditions seemed to promote a
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greater increase in criterion than others. In particular the fixed 

probability version of the feedback + cuing + summary training condition 

promoted a greater degree of change towards the optimum than the other 

training methods. This was corroborated by the significant changes in 

false alarm and correct detection probabilities. 

The finding that the training condition which gave the maximum amount 

of information about the signal distribution, also produced the 

greatest criterion change towards the optimum is in accord with the 

previous work on perceptual training reviewed earlier. Why this 

change should be greater when a fixed probability was utilized during 

the training session is not clear. Support for the suggestion that 

this combination of training variables enables the subject to optimize 

his criterion most effectively comes from a consideration of the 

analysis of variance for the total score obtained. (Appendix A). 

Although it does not achieve significance, an F of 3.53 for the inter- 

action of training conditions x probability type used during training 

was obtained. Consideration of the summary table for this inter- 

action shows that the magnitude of the increase in payoff for the 

fixed probability, feedback + cuing + score training condition was 

considerably greater than for any other combination. Since the pay- 

off obtained is strongly influenced by the response bias of the 

subject, this provides reasonable indirect evidence that this form 

of training enables the criterion to be adjusted effectively to the 

changing probabilities. 

The result that d' appears to be increased by fading the cuing or 

feedback employed during the training sessions confirms the finding 

of Abrams and Cook (op.cit.) and Wallis' suggestion that supplementary
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cues and information must be withdrawn during training in order to 

promote effective learning of the signal characteristics. 

If we consider the results in general, the most difficult aspect to 

account for is the relative absence of significant effects for the 

fixed probability sessions. This can be partly ascribed to the 

insensitivity of the design employed. Only 4 degrees of freedom are 

available for the error estimate, and an F value of at least 6.91 is 

required to achieve significance at the 5% level. On the other hand 

significant effects were obtained for the variable probability 

conditions. There seems to be no obvious reason for this effect. 

In summary, the results have the following implications for training 

inspection and other perceptual skills. Where a variable signal 

probability situation occurs, the form of training which appears to 

produce the most effective optimization of the criterion is one in 

which KR, cuing, and knowledge of the payoffs resulting from the 

responses is given, in conjunction with a fixed signal probability. 

Sensitivity appears to be enhanced when the feedback or cuing 

employed in the training technique is gradually reduced. 

The use of tests of cognitive skills in the selection of inspectors 

In Chapter 3 it was proposed that various tests of cognitive skills 

might be suitable as selection tests for industrial inspectors. 

Three types of cognitive skills were proposed as having relevance to 

the inspection situation. The first of these was known as field 

independence, the ability of a subject to selectively disembed 

wanted items from a confusing background. In view of the fact that
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most inspection situations involve the recognition of the characteristics 

of a defect in a perceptually ambiguous background, it was proposed that 

some of the embedded figure tests which measure field independence 

might prove suitable for selecting inspectors, 

The next type of perceptual skill which seemed to be relevant to the 

inspector situation was the ability of the individual to resist dis- 

traction, where a distracting context may be regarded as one which 

tends to obscure a wanted signal without changing its nature. This 

cognitive skill was regarded as being related to, but distinct from, 

the dimension of field independence measured by embedded figure tests. 

The final cognitive skill of interest was known as shifting, and 

could be described as the ability to change one's attentional focus 

at will. In an inspection context, this ability would be important 

in allowing the inspector to readily shift attention as each item 

was presented, 

In the study to be described in this section, an attempt was made to 

investigate the extent to which performance on the detection task 

described in the earlier sections of this chapter correlated with 

various pencil and paper tests designed to measure individual 

differences in terms of these three dimensions of perceptual skill. 

If sufficiently high correlations were obtained between the tests 

and the various performance measures, this would suggest that they 

could, after suitable validation, be employed for selection purposes. 

Procedure 

The first groups of subjects consisted of the 20 participants in 

experiment 7, the last training experiment described. For various
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reasons, three of these subjects were unable to take the tests, and 

hence the final number of subjects employed was 17, It was felt that 

the subjects used in experiment 7 were, however, unrepresentative of a 

real inspector population. For this reason, a number of inspectors 

from the Quality Control Department of Ilford Ltd., which was analysed 

in detail in Chapter 5, were invited to take part in the study. 

Fifteen inspectors agreed to participate, which constituted nearly the 

whole of the examiner population. These subjects travelled to 

Birmingham on successive days, and took part in sessions 1 and 2, the 

fixed and variable probability conditions of experiment 7. 

Subsequently, each group of subjects were administered the tests 

described in the next section. 

Description of tests 

The tests fell into three broad categories, corresponding to the three 

dimensions of cognitive skills discussed earlier, 

The first two tests were designed to measure selectivity of attention, 

or field independence. The Group Embedded Figure Test (Witkin et al., 

(1971)) is an adaptation of Witkin's original Embedded Figures Test 

for group administration. The test consists of 18 complex figures, 

within which are embedded simpler figures. The complex figures are 

shaded, to emphasize large, organized Gestalts which serve to 

inerease the difficulty of the disembedding task, The subject is 

prevented from simultaneously viewing the simple form and the complex 

figure containing it, by printing the simple forms on the back of the 

test booklet, and the complex figures on the booklet pages. The test
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is divided into three sections, the first containing 7 very easy items 

for practice and each of the remaining two sections containing 9 more 

difficult items. Three minutes were allowed for the practice session 

and 5 for each of the remaining sections. The other test employed was 

the Closure Flexibility test, Thurstone and Jeffrey (1965). This is 

an adaptation of the Gottschaldt Figures from which most of the 

embedded figure test work originated. The test measures the ability 

of a subject to form a closure in the face of some distraction and was 

developed as a result of factor analytic studies by Thurstone (1944) 

and Pemberton (1951). Each item in the test consists of a figure, 

presented to the left of the page, followed by a row of four more 

complex drawings to the right. Some of the more complex drawings 

contain the given figure in its original size and orientation, and 

subjects are required to check the appropriate drawings. Ten minutes 

were allowed for this test. For both tests the subject's score was 

the number of correct answers given in the allotted time. 

To assess distraction, five tests from Karp's Kit of Selected 

Distraction Tests (1962) were used. The Distracting Contexts Test I 

(DCT1) involves the subject locating a simple geometric figure within 

a matrix of extraneous lines and figures. In the distracting con- 

texts test 2A (DCT 2A) the subject is required to locate a series of 

simple geometric figures within a large matrix of such figures. In 

the second version of this test (DCT 2B) as an added source of dis- 

traction, coloured overlays were superimposed over the simple figures. 

Two minutes were allowed for each of these tests. The arithmetic 

operations test consisted of 24 simple arithmetic problems spaced 

evenly on horizontal rows, interspersed with a series of irrelevant 

jokes, instructions and pictures. The subjects were given one
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minute to complete as many of the problems as possible. The final dis- 

traction test was a cancellation task in which subjects were required 

to cross out the letters a, t and c each time they appeared on a page 

of randomly arranged single spaced letters. Three minutes were allowed 

for this test. 

Two tests were employed to assess the shifting variable. The first of 

these had been employed in a study by Sack and Rice (op.cit.) and con- 

sisted of the first and last pages of an anagram test developed by 

Gardner, Lohrenz and Schoen (1968). After a practice list of 

anagrams, the subjects were given two minutes to solve as many of the 

20 anagrams as possible. Their score was the number correct in this 

time. Mendelsohn et al., (1966) amongst others have postulated that 

anagrams require voluntary shifting in attention. The second test 

alleged to measure the shifting variable is the Reversed Triangles 

Test, Sanguiliano (1951). In this test the subject is given one 

minute to draw as many triangles as he can, each separate and with the 

apex upwards. This is then repeated with the apex downwards, and in 

the final one minute session he is required to alternate the triangles 

with points upwards and downwards. The score is the total number of 

triangles drawn during the last session. 

In the test session the tests were presented in the order described, 

i.e.: 

1. Group embedded figures test 

2. Closure flexibility 

3. DCT 1 

4 DCT 2A 

5. DCT 2B
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6. Arithmetic operations 

7. Cancellation 

8. Triangles 

9. Anagrams 

Results 

The raw scores for the various tests are in Appendix B. A multiple 

regression analysis was first performed using all 9 test scores as 

independent predictor variables, for the first fixed probability and 

the first variable probability session for all 36 subjects. The dep- 

endent variables considered were those that had been utilized in 

previous analyses i.e. the parametric and nonparametric measures of 

sensitivity and bias, the overall score obtained by the subjects and 

the false alarm and correct detection probabilities. An analysis of 

variance was performed on each multiple regression equation to test 

its significance. 

For the first analysis, high multiple correlation coefficients were 

obtained, but because of the large number of predictor variables 

utilized, relative to the number of subjects, none of the regression 

analyses reached significance, although significant correlations 

were obtained for some of the individual tests. The analyses were 

therefore repeated, but prior to each multiple regression, those 

independent variables which did not account for a significant degree 

of the total variance were deleted. This procedure, which is a 

standard one for multiple regression analyses, produced a consider- 

able improvement in the fit of the regression equations, virtually 

all of which were now significant. The results for the fixed pro- 

bability session are shown below in Table 7.2. All the multiple
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correlation coefficients are significant at p < 0.05. 

A similar procedure was carried out for the variable probability 

session, and the best combination of predictor variables found as 

before. Again, all the multiple correlation coefficients are signif- 

icant at p< 0.05. These results are given in Table 7.3. In both 

tables, the independent variables used in the regression are set out, 

and any significant correlations of those variables with the dependent 

variable are indicated. The significance test employed was a two- 

tailed t test in this case. The independent variables referred to 

by number in the tables are the following tests: 

2. Group Embedded Figures Test 

3. Closure Flexibility 

4, Distracting contexts test 1 

5. Distracting contexts test 2A 

6. Distracting contexts test 2B 

7.  Avithmetic operations 

8. Cancellation 

9. Triangles 

10. Anagrams 

It will be recalled that tests 2 and 3 are related to the field 

independence variable, tests 4 - 8 to the ability to resist distrac- 

tion variable, and tests 9 and 10 to the shifting of attention 

variable. 

Discussion 

In general the results are encouraging in that they provide reasonable 

support for the assumption that at least some of the cognitive skills
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independent variables multiple 
included in the regression correlation 

3, 4, 5, 7%, 8% 0.636 

2,5, 7, 8 0.516 

3, 4, 8, -10 0,554 

2, 5, 8 0.481 

2k 56-3, -4, 5 0.550 

2%, -3, -4 0.503 

2%, -7%, 8%, 10 0.500 

mans =S5, 8 0.486 

2, 3%, 4, 8, -10 0.596 

p < 0.05 

p< 0.01 

negative correlation 

Summary of multiple regression results for fixed probab- 

  

independent variables multiple 
included in the regression correlation 

2%, 5, -7, 8 0.555 
Qek, 5, -7% 0.571 

2m, 5 0.557 

2%, 5, -7% 0.525 

28; =3, -4*, -7, 9 0.587 
2%, -3, -4, -7%, -9, 10 0.630 

2, -7*, 9, 10* 0.625 

-2%, 7%, -10 0.639 

S*,5, 9. 10 0.550 

p < 0.05 

p< 0.01 

negative correlation 

probability session. 

Summary of multiple regression results for varying
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measured by the tests utilized in this study are related to performance 

on the simulated inspection task. 

If we consider the sensitivity indices for both fixed and varying pro- 

bability tasks certain general patterns emerge. 

In both situations, sensitivity seems to be consistently related to 

the field independence dimension, as measured by tests 2 and 3 in the 

first session and test 2 in the second. Some of the tests of dis- 

tractability also show clear relationships with the various sensitivity 

indices, tests 5 and 8 being positively related in both fixed and 

variable probability sessions. However, test 7, the Arithmetic 

Operations test, shows a positive correlation for the fixed probability 

session and a negative correlation for the variable probability 

situation. This will be discussed subsequently (n.b. a high score in 

the distractibility tests indicates low distractibility). The indices 

of distractibility apart from variable 7, show the expected relation- 

ship, i.e. the less distracted the inspector is by non-signal stimuli, 

the higher his apparent sensitivity is likely to be. 

Examination of the bias measures indicates a negative correlation 

between the dependent variable and measures of distractibility, this 

time tests 3 and 4 in the fixed probability session and 3, 4 and 7 

in the variable session. Since subjects who have a low criterion 

will be those who have not raised it to the level appropriate to the 

overall defect density in both sessions of 0.2, we can infer that 

the ability to modify the criterion in the appropriate direction seems 

to be negatively correlated with distractibility as measured by 

tests 3, 4 and 7. The results for test 7 for the sensitivity indices
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can now be explained. In the fixed probability session, the ability 

to ignore irrelevent stimuli that is characterized by high scores on 

distractibility measures, leads to the positive correlation of 

variable 7 with sensitivity. It could be hypothesized that another 

aspect of low distractibility, at least as measured by test 7, might 

be an inability to readily change strategies in the light of a change 

in defect density. This would give rise to the negative correlation 

with apparent sensitivity in the variable session. 

These conclusions are complicated by the intercorrelations that can be 

expected between the bias and sensitivity measures in the unequal 

variance case, and it is probably better to concentrate on the per- 

formance measures which do not exhibit these complications. 

Considering the overall score, this can be regarded as a function of 

both the sensitivity of a subject and the appropriateness of his 

response strategy. The significant correlations obtained with the 

Embedded figures test are clearly related to the strong relationship 

of the field independence measures to sensitivity. The negative 

correlation of test 7 with the score, confirms the earlier suggestion 

that a high score on this test implies a lack of flexibility of 

strategy. This could be due to an inability of the subject to observe 

the 'irrelevant' evidence of a change in defect probability. The 

presence of the shifting variables in connection with the score is 

also presumably related to the ability of the inspector to shift his 

attention from the primary focus of the task, to the secondary aspect 

of the defect density, and its possible changes. 

The final dependent variables of interest are the correct detection 

and false alarm probabilities. In both fixed and varying probability
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sessions the correct detection probability shows a significant 

correlation with field independence as measured by the Closure 

Flexibility Test. In view of the earlier correlation of this cognitive 

dimension with sensitivity, this result is not surprising. This also 

accounts for the negative correlation of variable 2 with the false 

alarm probability. Significantly, the false alarm probability shows 

a strong positive correlation with the arithmetic operations test 7, 

which lends weight to the earlier suggestion that a high score on this 

test is associated with an inflexible strategy. 

To summarize these findings, it appears that sensitivity for defects 

on tasks similar to the one utilized in this study, is predicted 

fairly well by performance on field independence tests. The ability 

to modify the criterion optimally seems to be associated with a low 

score on the arithmetic operations test. 

It should be emphasized at this point that the analytical techniques 

employed in this study have been somewhat crude. For example the 

selection of variables to include in the multiple regression may not 

have been optimal, since it was based primarily on the significance 

of these variables in the first analysis. A better procedure is to 

use a step-wise multiple regression, which includes variables in the 

regression in the order that they reduce the sum of squares of the 

variability. Work is continuing along these lines, but the results 

could not be included in this thesis. Finally, a much more 

sophisticated approach such as a factor analysis might have been 

appropriate. This was considered, but the limited sample size of 36 

meant that this technique could not be meaningfully employed.
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In spite of the crudity of the methods the degree of significant 

correlation found in this essentially exploratory study suggest that 

the approach is a fruitful one, particularly in comparison with the 

other attempts at predicting inspection performance, as discussed in 

Chapter 3. The next step involves testing the validity of these find- 

ings in a large scale industrial study. 

7.4 Conclusions 

The overall conclusions that emerge from experiments 6 and 7 are in 

line with the perceptual learning principles that have been established 

in laboratory tasks using simple signals. To this extent, the studies 

have performed a useful function in extending the results to a sit- 

uation more typical of a real inspection task. Certain previously 

unreported findings have, however, emerged. 

In terms of training an inspector to modify his criterion optimally 

in a changing defect density situation, the use of a fixed probability 

during the training session appears to produce the best results. A 

possible explanation for this is that the fixed defect density gives 

the trainee sufficient experience of a single probability that he is 

able to utilize this as an anchor point on the subjective probability 

continuum. A particular defect density would then be recognized as 

being greater or less than the anchor probability, and this would 

presumably facilitate the modification of the criterion in the appro- 

priate direction. This model suggests that the appropriate training 

technique changes the recognition of the prevailing probability from 

an absolute to a comparative judgement task. All the available 

evidence suggests that the latter form of judgement is performed more
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effectively than the former, e.g. Guilford (1954) 

The finding that the most effective criterial adjustment occurred after 

training with the feedback + cuing + score condition is a logical con- 

sequence of regarding effective training as providing as much 

experience as possible of an anchor probability. The provision of the 

score information would in addition enable the trainee to develop 

appropriate strategies to maximize his payoffs. Such strategies are 

identical to those which optimize the criterion setting. 

The general conclusions from the existing literature, that there is 

little to choose between cuing and KR as a means of enhancing sens- 

itivity, where these two techniques produce the same information, is 

generally confirmed by the results. Sensitivity was increased sig- 

nificantly by training in which the cuing or KR was gradually reduced, 

as found by Abrams and Cook (op.cit.) and predicted by Wallis (op.cit.). 

The finding that a fixed probability during training is also necessary 

for an increase in sensitivity is at first sight difficult to account 

for, since the subject receives the same number of signal and noise 

samples under both fixed and varying probability conditions. One 

possibility is that the fixed probability sessions allow a more evenly 

spaced occurrence of the defect samples, and learning theory in 

general suggests that spaced practice is preferable to the massed 

practice that would be represented by the high defect probability 

blocks during the training sessions. 

The results of the correlational study between cognitive skills as 

measured by certain pencil and paper tests and performance on the 

inspection task, suggest that this is a promising approach to the
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question of selecting inspectors. Overall, the results suggest that 

sensitivity for defects can be predicted to some extent by tests which 

measure field independence, the ability to be able to perceive wanted 

configurations embedded in background noise which contains perceptual 

elements similar to the signal. This result is in accord with the 

predictions of SDT, that sensitivity is a function of the distance 

apart of the signal + noise and the noise distributions, whether this 

separation is due to external attributes of the signal, or to internal 

characteristics of the perceiver. 

The finding of a consistent negative correlation between a test 

measuring the dimension of distractibility and the ability to maximize 

the payoffs in the inspection task was unexpected. If distractibility 

is regarded as the ability or otherwise to maintain a fixed focus of 

attention, however, the results become more comprehensible. It seems 

reasonable that such a quality might correlate negatively with the 

flexibility of strategy required to change the criterion to match 

the prevailing defect probability. The rigidity of attention that 

would be an asset in a situation where many external distractions 

are present, could be a disadvantage where more subtle aspects of the 

task needed to be noted, such as changes in defect density. 

Although the present results are of considerable interest, they need 

to be replicated with a larger sample size, and with an industrial 

task, before the tests could be utilized as part of a selection pro- 

eédure for inspectors.
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8.0 INTRODUCTION 

In this chapter the findings from the previous chapters will be 

presented and overall conclusions drawn. Finally, directions for 

further research will be discussed. 

8.1 The literature review and its application to the analysis of 
  

inspection tasks 

Chapter 2 provided a general overview of the SDT literature and 

established basic guidelines for applying SDT to inspection studies. 

Consideration of the studies that had utilized SDT suggested that the 

usefulness of SDT in the context of inspection tasks needed to be 

further investigated. The possibility of using SDT to examine the 

ability of inspectors to change their strategies emerged as a further 

experimental goal. 

Problems were encountered when attempting to classify the inspection 

literature as a whole. Originally it had been hoped that the informal 

inspection model proposed in Chapter 1 would provide the basis for a 

classification scheme. It was found, however, that although this 

model provided a useful conceptual summary of the psychological and 

other areas relevant to inspection, it did not allow the major 

external factors influencing performance to be readily included. 

Although the number of studies on inspection as such was limited, a 

very large number of theoretical areas were relevant to analysing 

such tasks. The review was, therefore, divided into two parts. The 

first part considered the major theoretical areas apart from SDT,
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i.e. vigilance and visual search, and the second part utilized a simple 

classification scheme. This consisted of four main headings, i.e. task 

characteristics, environmental factors, organizational factors and 

individual factors. These main categories were divided into sub- 

categories as indicated below: 

1. Task characteristics 

a. Pacing and movement of the item being inspected 

b. Magnification, lighting and other aids to enhance defect discrim- 

inability 

c. Complexity 

d. Display organization 

e. Signal rate 

f. Number of inspectors 

g. Repeated inspection 

2. Environmental factors 

a. Heating 

b. Lighting 

c. Noise 

d. Workplace layout 

3. Organizational factors 

a. Management and social aspects 

b. Motivational variables 

4, Individual factors 

a. Selection 

b. Visual abilities
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c. Age 

d. Sex 

Although this scheme was somewhat ad hoc in nature, it encompassed most 

of the available literature and provided a means of structuring the 

subsequent analysis of the inspection tasks considered in the case 

studies. 

8.2 The case studies 

8.2.1 The data analysis group 

The first case study was a re-analysis of an inspection system 

described by the author in an earlier study. The much broader range 

of literature available, and the insights obtained from the use of SDT 

enabled a much more sophisticated analysis of this task to be per- 

formed. The first goal of the study was to investigate if the SDT 

model applied to the data, and to examine the interrelationships 

between the parametric and non-parametric measures of sensitivity and 

bias. A number of tests of the SDT model were applied, most of them 

employing the detection and false alarm data. In general, the model, 

in its unequal variance form, fitted the results reasonably well. 

Corroborative evidence was obtained, from a consideration of the 

latency data, that the inspectors were employing a likelihood ratio 

criterion. 

The parametric and non-parametric sensitivity and bias indices showed 

a high correlation, although it was demonstrated that they did not 

produce equivalent results if utilized in statistical analysis. It
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was shownthat other commonly used inspection measures were correlated 

with both sensitivity and bias. 

There were very few significant effects of the experimental variables 

on the SDT indices, apart from log beta, which showed a significant 

decline with time on task. This effect, which was in the opposite 

direction to that generally found in vigilance tasks, was explained in 

terms of the subject's perception of the experiment as a 'risky' 

situation, inducing an initially abnormally high criterion. With hab- 

ituation to the experimental situation, the criterion declined to its 

usual level. No significant main effects were found for the noise 

variable, although some interactions with subjects occurred. 

Analysis of the latency data was not attempted in detail, because 

scanning and decision times could not be separated. The mean 

latencies for the various categories of response were however, in 

accord with a simple extension of the SDT model to the latency 

situation. The unexpected lack of any significant differences in dis- 

criminability between the two types of signal employed, was explained 

as being due to the self-paced nature of the task. The inspectors 

were able to take longer to sample more attributes of the inherently 

less discriminable signals. 

In general it was felt that the use of SDT in the analysis of this 

task provided insights which could not have been obtained by con- 

ventional measures.
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8.2.2 The Ilford quality control system 

The other case study, although it was also concerned with targets on 

film, presented completely different problems from the first. The 

difficulty of obtaining accurate estimates of the correct detection 

and false alarm probabilities limited the application of SDT in this 

study. A further difficulty was the highly subjective nature of the 

standards of product acceptability. A decision making model was pro- 

posed for the task, which suggested that SDT principles operated at 

two levels. The first of these determined the quality of the 

evidence that was obtained from the film in terms of the number of 

defects that were observed. Although the number of defects occurring 

was not usually precisely noted, the particular sensitivity and bias 

being employed by an inspector would determine his subjective 

estimate of the incidence of defects, which would in turn be used as 

evidence at the second stage of decision making. It was hypothesized 

that the inspector utilized a criterion at this stage which deter- 

mined whether or not the film was acceptable as a whole. This 

criterion could be set at a different position than that employed at 

the first stage. 

Two experiments were performed in an attempt to apply SDT to the task. 

In both cases considerable difficulty was experienced for the 

reasons discussed earlier, and the SDT parameters could only be 

obtained for the second experiment. Even in this case, the estimation 

of these quantities involved a number of untested assumptions. The 

most obvious characteristic of the results were the relatively low 

detection scores for defects which occurred, particularly in view of 

the considerable experience of the examiner subjects. This was felt
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to be because the examiners normally made global estimates of the 

acceptability or otherwise of a film sample, rather than noting the 

incidence of individual defects. No statistically significant effects 

were obtained from the experiments, apart from subject differences, 

although a decline in log beta over time in experiment 3 similar to 

that observed in experiment 1, was noted. 

Although the SDT parameters could not be easily determined in this 

situation, it was felt that the general principles of the SDT model 

provided useful insights into ways of improving the system. In part- 

icular, it was proposed that a form of training which would enable 

the examiners to modify their criteria in the optimal direction, in 

the event of a change in defect incidence, was desirable. The 

indications from management, that the ability to detect a change in 

quality was important, provided a spur for experimental investigations 

in this area in Chapter 5. Various suggestions of improvements were 

made to management as a result of the investigation. In order to 

facilitate the stabilization and standardization of the definitions 

of acceptable quality, it was proposed that a library of reference 

samples of defects be provided, together with examples of entire films 

that illustrated the required standards of quality. Regular 

‘calibration sessions' were also suggested to ensure homogeneous 

standards between different inspectors. It was felt that the relation-. 

ship between the quality standards utilized by the inspectors and the 

criteria of acceptability of the customers should also be investigated.
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8.3 The laboratory studies 

8.3.1 The effects of between and within session defect 

probability changes 

The first group of laboratory studies, comprising experiments 4 and 5, 

were concerned with the reaction of subjects to changes in the incidence 

of defects, both within and between sessions. 

In the first experiment, performance was compared under four conditions. 

In the first two conditions, the subjects were required to detect 

signals which occurred at the same probability as they had been 

accustomed to during extensive practice sessions. In one case feedback 

in the form of a summary of performance was provided every hundred 

trials, whilst feedback was absent under the second condition. The 

other experimental conditions were similar to the first two, except 

that a much lower probability of signal was utilized. The results 

indicated that subjects were able to increase their criterion in the 

correct direction for the changed probability, but that this increase 

was only significant where feedback was provided. These results were 

considered from the standpoint of the amount of information available 

to the subject concerning the defect density. It was suggested that 

there were two sources of information available, which allowed the 

subject to revise his subjective probability estimates of the actual 

defect probability. These were information from the task and 

information from external sources. Where the defects were of low dis- 

criminability, as in this task, the subjective probability estimate, 

and hence the ability of the subject to modify the criterion, was pri- 

marily dependent on the external evidence available. There was some 

evidence that under the low probability conditions the subjects were
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attempting to maximize their score by adopting a more nearly pure 

strategy in game theory terms. The latency data were in agreement with 

the unequal variance SDT model which had been found to fit the data as 

awhole. The extension of SDT to the latency scores which had been 

utilized in experiment 1 seemed to provide a reasonable description of 

the results. 

Experiment 5 considered the subjects' reaction to within session changes 

in defect probability, with and without the provision of prior warning 

and feedback. It was found that prior warning that a change in defect 

probability would occur ,Was more effective in producing a criterion 

change in the required direction, than feedback from the task. Even in 

the absence of feedback, the subjects were able to modify their 

criteria appropriately. Without feedback, the degree of adjustment was 

more extreme than when feedback was provided. 

Both experiments provided general support for the hypothesis that the 

degree of criterial change produced by a subject in a changing defect 

density situation was primarily a function of the amount of evidence 
concerning 

available, from both within and outside the task, / the actual defect 

probability. Comparison of this study with others suggested that the 

greater the difficulty of the discrimination required, the more 

important external evidence became. In industrial situations, the 

provision of 'feedforward' information, giving the inspector prior 

warning of defect changes, was emphasized.
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8.3.2 Training techniques for inspection 

In experiments 6 and 7 two main questions were investigated. The first 

of these was concerned with testing the applicability of existing 

research on perceptual training, to tasks employing stimuli more rep- 

resentative of those found in real inspection tasks, than had hitherto 

been employed. The second objective was to investigate the possibility 

of devising training techniques which would both enhance the sens- 

itivity of the inspector and also enable him to modify his criterion in 

a changing defect probability situation. 

Both experiments 6 and 7 utilized stimulus material obtained from the 

Ilford inspection task described in Chapter 5, and the experiments were 

designed to simulate the critical features of this task. 

Experiment 6 was a straightforward comparison between cuing and KR as 

training techniques, and a control condition. There were no signif- 

icant changes in sensitivity as measured by the SDT indices, but the 

cuing training produced a significantly greater increase in the 

criterion towards the optimum, compared with the control condition. 

It was not, however, significantly different from the KR condition. 

The reason for the absence of a change in sensitivity was thought to 

be due to the complex nature of the signals employed, compared with 

those utilized in most perceptual training experiments. It seemed 

likely that many more training trials would be necessary to produce a 

significant change in sensitivity. The adjustment of the criterion 

in the appropriate direction after training sessions can be regarded 

as being due to the additional information on the signal distribution 

that these sessions provided.
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The final experiment was designed to provide more evidence concerning 

the effectiveness of various types of training, and utilized a con- 

siderably greater number of training trials than experiment 6, in the 

light of the non-significant results obtained in that experiment. Two 

of the training conditions investigated were identical to those in the 

previous experiment, and the remainder utilized combinations of cuing, 

KR and/or the provision of the score information which indicated the 

subjects overall payoff from the task, given the payoff matrix assigned 

to the various response possibilities. Two further factors were 

included in the experimental design. These were the use of a fixed or 

varying defect probability during the training sessions, and either 

gradually reducing or keeping constant the amount of cuing or KR being 

provided. The variable probability factor was included to test the 

hypothesis that the inspector would be better able to adjust his 

criterion to a variable defect probability situation if he had pre- 

viously experienced a range of known probabilities. The inclusion of 

the fading or otherwise condition was intended to establish whether 

the previous findings of Abrams and Cook (op.cit.), and Wallis (op.cit.), 

that cues or KR needed to be removed during training to produce a 

sensitivity increase, applied in this situation. The experiment 

employed two pre and two post training sessions, one with a fixed and 

the other with a varying defect probability. 

Very few significant effects of training were found with the fixed 

probability session. No obvious reason was apparent for this finding, 

apart from the fact that the post training session may have been 

affected by the absence of the training aids that had been present 

during the immediately preceding two sessions.
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With the variable probability sessions, a number of interesting effects 

were obtained. The combination of a fixed probability during training, 

with the training condition that provided both feedback, cuing, and the 

score information, appeared to produce the most optimal performance in 

a situation of changing defect density. It was suggested that the 

fixed probability condition enabled the inspector to build up an 

accurate perception of a particular defect incidence. This then pro- 

vided an anchor point on the scale of subjective probabilities, that 

allowed him to accurately assign other observed probabilities as being 

greater or less than this probability. Consequently the inspector was 

able to modify his criterion more accurately in accord with the changing 

probabilities of defects. The particular training condition found to be 

most effective, provided the maximum information on the defect density, 

and also the score information that would allow the inspector to 

develop the response strategies that would maximize his payoffs. 

Considering the sensitivity changes, it was found that, as predicted 

by the workers cited earlier, significant sensitivity changes were 

obtained in training sessions where the cuing or feedback was gradually 

reduced. It was also found that a fixed probability during the 

training session promoted the greatest increase in sensitivity. A 

possible explanation for this effect was the more even spacing of the 

defect samples that would occur during the fixed probability trials. 

8.4 Cognitive skills as factors in the selection of inspectors 

The scores from experiment 7 were used in conjunction with a number 

of tests of cognitive skills to determine if such tests could be 

used in selection procedures for inspectors. In order to make the
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subject population more representative of those employed in inspection 

work, 16 inspectors from the Ilford quality control system performed 

the first two sessions of experiment 7 and their scores were included 

in the correlation analysis. 

It was found that sensitivity, as measured by a number of parametric 

and non-parametric indices, seemed to be significantly related to per- 

formance on tests of the field independence dimension of cognitive 

skills. There was some indication that the ability of the subject to 

modify his strategy in a changing defect density situation was neg- 

atively correlated with performance on one of the distractibility 

tests, the arithmetic operations test. It was emphasized that the 

correlational study as it stood was exploratory in nature, and that 

further analysis could be performed on the data. The findings did 

indicate however, that with proper validation in an industrial con- 

text, this particular approach shows promise as a potential selection 

aid, 

8.5 General conclusions 

Both the industrial and the laboratory based studies have shown that 

SDT, as a general conceptual standpoint, offers unique advantages 

in suggesting ways in which industrial inspection systems can be 

optimized. It is suggested that a basic initial step in the analysis 

of any ongoing system is to perform an experimental study of its 

effectiveness which can be subsequently analysed in SDT terms, as 

shown in the industrial case studies. A particular strength of the 

SDT approach is that even where, as in the Ilford situation, precise 

measurements of the SDT parameters cannot be made, the insights that
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can be gained by considering the system from this standpoint are still 

valuable. SDT has often been applied in a rather casual manner in many 

previous studies. An attempt has been made to show that the simple 

equal variance form of the model cannot be applied to any situation 

without initial tests to ensure that its underlying assumptions are 

fulfilled. The procedures that need to be observed in applying SDT to 

industrial situations have been spelt out in some detail. The use of 

the non-parametric indices of bias and sensitivity using real 

inspection data, has allowed some assessment of their usefulness. In 

general it is felt that their main application is in adding weight to 

conventional measures, provided these have been obtained using the 

appropriate model. 

The survey of the literature produced a simple classification scheme 

which provides at least an initial approach to structuring the analysis 

of an inspection system. Used in conjunction with the SDT paradigm, 

it should provide a useful source of data in the design of new quality 

control systems. It is hoped, in the long run, to produce a more 

comprehensive handbook and classification scheme which should prove to 

be a useful aid to ergonomists working in this area. 

The first laboratory experiments emphasized the importance of prior 

warning that changes were going to occur in the incidence of defects, 

in allowing the inspectors to adjust their criteria to maintain 

optimal performance. It could be argued that the function of a 

quality control system is to monitor sudden changes of this type and 

that prior warning does not usually occur. Although this is true in 

some situations, there is very often some indication at the production 

stage, that a higher incidence of defects can be expected. If this
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information is effectively communicated to the inspection system, a far 

higher detection efficiency can be expected. The existence of 

"feedforward' links of this type is of course a function of the 

organizational structure of which the quality control system is a part. 

The other result from the first two laboratory experiments was that 

feedback during the task was an effective means of maintaining an 

optimal criterion. Although most inspection systems do not provide 

such knowledge of results, in a direct way, there seems to be good 

grounds for recommending that re-inspection be carried out far more 

frequently, by senior inspectors, in order to provide such feedback. 

An additional advantage of this procedure would be that a greater 

degree of consensus would be produced between all the inspectors, as 

to what the appropriate criterion should be for a particular product. 

This is particularly important in a system such as at Ilford, where 

the levels of acceptability are essentially subjective, and are deter- 

mined by a complex combination of factors, such as product, customer, 

and market conditions. 

In the analysis of the experiments under discussion, the possibility 

that insights from probability learning theory might explain per- 

formance in changing defect density situations was put forward. 

Although the approach in this study has largely been from the stance 

of SDT, this should not lead us to ignore other relevant viewpoints. 

There seems to be many common areas between the two orientations that 

could usefully be explored in an inspection context. 

The final experiments confirmed the general principle from previous 

studies of perceptual learning, that up to a point, the greater the 

information presented to the subject concerning the characteristics
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of the defect and its distribution in time, the more effectively he was 

able to increase his sensitivity and adapt his criterion to the pre- 

vailing defect density situation. The experiments were limited in size 

and scope and therefore care needs to be taken in generalizing from 

them to other situations. Nevertheless the suggestion that subjects 

detect changes in defect probabilities by comparing them with a 

previously established single subjective probability, seems to be a 

reasonable one which fits the experimental data. Further work is 

needed to establish its validity more generally. The same consider- 

ations apply to the finding that a gradual reduction in the amount of 

cuing and feedback during training enhances sensitivity. This result 

apparently conflicts with the earlier finding concerning the import- 

ance of information in enhancing sensitivity. It seems clear that 

the provision of feedback or cuing is only effective up to a point in 

increasing sensitivity. Beyond that point, further information is 

counter productive, because it hinders the development of the internal 

referents necessary for true learning. The exact point at which the 

supplementary information should be reduced is probably a function of 

the individual task concerned, and the provision of general guidelines 

on this point would require more detailed research. 

8.6 Directions for further research 

As indicated in the introduction to the thesis, the research 

philosophy adopted has been to approach the area of quality controm 

from a number of directions, which were unified by the general 

orientation of SDT. The outcome of this research has been that a 

number of results of direct practical applicability have been 

obtained. The practical utility of the approach has to be weighed
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against the fact that some degree of speculation has been necessary, 

and the size of the experiments has been smaller than might be found in 

the traditional academic investigation of a single clearly defined 

research hypothesis. It is argued that the orientation adopted has 

generated testable hypotheses that have relevance to real 

world problems and can therefore be verified in an industrial environ- 

ment. Most of the recommendations for further research are concerned 

with the validation of these findings. 

8.6.1 Validation of the two stage inspection model 

In Chapter 5 a model was proposed which postulated two distinct 

decision making phases which might be expected to occur in inspection 

situations involving the aggregation of information over time. It is 

proposed that this model be validated both at Ilford and in other 

similar inspection systems. 

8.6.2 Factors affecting the modification of the criterion 

The discussion of Chapter 6 considered the sources of information 

that the inspector might utilize in modifying his subjective pro- 

bability estimates, and the degree to which his response strategy 

actually changed, given that he perceived the on-going defect density 

accurately. Two experimental investigations are required to clarify 

these points. The first would involve changing the amount of 

evidence available gies sources of information and manipulating 

its reliability. Studies of this type have been carried out by 

Ingleby (1974) in the context of auditory detection, but no corres- 

ponding studies have been performed for inspection. The second study
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would involve performing an experiment similar to that described by 

Sims (1972) and discussed in detail in Chapter 6. In that experiment 

subjects were required to give their subjective probability that an 

item would be defective before inspecting it. It would be of consid- 

erable interest to investigate the relationship between this subjective 

probability, the value of the criterion adopted, and the actual defect 

density. 

8.6.3 Verification of the perceptual training findings 

As mentioned earlier, the findings from experiments 6 and 7 although 

intuitively reasonable, require further validation, using both 

laboratory simulation and real-life inspection tasks. In this case, 

it would be necessary to utilize a task which would allow the unam- 

biguous calculation of the SDT parameters, and which would allow 

extensive trials to be taken. 

Ilford have already expressed their willingness to incorporate the 

results of work on the perceptual training problem in their standard 

inspector training procedures. This would allow a longitudinal study 

of their usefulness to be performed, 

8.6.4 Further work on the cognitive skills approach to 

selection 

As discussed earlier, the current analyses of the cognitive skills 

tests and the inspection data must be regarded as provisional. 

Further analysis is under way, and additional correlational studies 

using industrial performance data are planned.
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8.7 Concluding remarks 

Although it is clear that we are only just beginning to be able to 

specify all the human factors requirements of an optimal inspection 

system, it is hoped that the data and techniques reported in this 

research will be of direct applicability in the design and analysis of 

quality control systems. 

In addition to this objective, an attempt has been made to achieve a 

more general goal. This is to show that given an appropriate research 

strategy, the theoretical models of experimental psychology, exemplified 

in this case by SDT, can make a significant contribution to solving 

practical industrial problems. The approach adopted in this study, of 

combining field work with simulation and laboratory studies, unified 

by a common theoretical orientation, seems to be of potentially wide 

application. 

There seems to be a considerable need at the present time for a bridge 

building operation between the concerns of much research in the 

behavioural sciences and the practical problems of society and 

industry. It is hoped that the research methodology presented in this 

study, whilst far from being a blueprint, will at least suggest some 

ways in which the construction of such bridges might begin.
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Scores from cognitive tests, main subjects 

SUBJECTS GEFT Spee DCT 1 DCT 2A DCT 2B a CANC. A's ANAG. 

Z 16 124 20 13 13 16 58 47 20 

2 14 86 28 13 13 14 64 63 8 

3 12 74 19 ll 9 16 59 60 7 

4 18 139 32 13 12 23 61 55 20 

5 8 74 20 10 a2: 17 77 49 2 

6 15 102 32 13 12 21 69 55 6 

im 14 85 26 13 9 12 36 42 6 

8 14 92 32 12 12 18 65 66 5 

3 16 100 26 13 ad 13 46 47 3 

10 6 60 24 12 11 20 54 35 8 

11 16 95 28 13 10 16 42 64 Z 

12 9 58 28 13 12 17 87 74 2 

13 17 128 32 13 13 zee 62 66 9 

14 14 65 28 13 an 17 56 41 8 

25 9 63 26 g 12 13 36 41 4 

16 14 104 31 13 13 21 63 50 12 

17 16 126 24 13 12 22 58 56 18



Scores from cognitive tests Ilford subjects 

SUBJECTS GEFT ee DCT 1 DCT 2A OCT 2B pee CANC. A’s ANAG. 

1 140 56 eens 11 11 Cyeas? eal 

2 Ags 7s 15pe a2 u 13 EG magne 16 

3 16-82 sb. 3 13 21 62 32 20 

4 a7e = 106 28 («2 13 18 62). 44 44 

5 5 20 28 «18 n 8 23 «44~=«O«10 

6 8. so 24 «413 22 2 eho 26; Soule 

7 nS eee 162.2218 7 12 Boe aa ea 

8 17 88 203 u v7 Abi i64 ae 

3 13.38 24 5 10 10 Soya aT 

10 Die ase Wee it 9 14 66: =. 28 48 

ll Seas ioe cari 12 13 2 35.43 

2 Seo 24 13 9 3 oi 85 <2 

13 15 eee 2 «3 10 5 62< 538% 3 

14 a 42 eC) aw id 8 3 Bie 206/10 

15 17 86 27 13 12 14 66 47 14



 



APPENDIX C 

The experimental apparatus and its associated control program 
  

General description 

The experimental apparatus provided an extremely flexible means of 

performing a wide range of experiments in which visual stimuli were 

presented to subjects by means of slides. 

As described in Chapter 6, the apparatus consisted basically of two 

Kodak Carousel projectors, a Compur magnetic shutter and a bank of 

press buttons for responses. A total of 12 response buttons were 

available, although only six were utilized in this study. 

The whole experiment was controlled by a PDP-8E computer, which pres- 

ented the stimuli and outputted the number of the button pressed and 

the subjects' response latency. 

The basic disadvantage of utilizing stimuli on slides is that only 

eighty slides can be presented sequentially, after which the experi- 

ment has to be stopped to change the magazine. The control program, 

EXPON 5, allows two alternative solutions to this problem. 

One system, utilizing alternate stimuli and non-stimuli slides, has 

already been described. A steering tape is read in by the teletype, 

and the magazine either remains on a non-stimulus slide, or changes 

to a stimulus slide, depending on whether the tape contains a zero or 

ail. The other option utilizes a series of magazines containing the



stimulus and non-stimulus slides in the desired order. After 80 slides 

have been shown, the computer automatically changes to the other pro- 

jector. Thus, by changing the magazines in one projector whilst the 

second one is in operation, any number of slides can be projected with- 

out interrupting the experiment. 

The control program 

Only a brief outline will be given of the operation of the control pro- 

gram, since a detailed description of the logic would involve con- 

siderable space. 

The program utilizes a piece of internal hardware known as a DB8E 12 

bit i/o buffer, which is connected to the interrupt system of the 

PDP-8E. Also employed is the KD8-EP programmable real time clock. 

At the beginning of an experimental session, when the program has been 

started, the computer reads in a control tape. If the character * 

occurs on the tape, or is typed in the teletype, the program reads all 

subsequent characters as parameters which define the conditions and 

the program facilities that will be utilized during the coming experi- 

mental session. A ! on the tape indicates that there are no further 

conditions to be read in, and starts the experiment. One of the great 

advantages of the program is that all the experimental conditions can 

be changed on-line if required. All that is necessary to do, is to 

include on the steering tape an asterisk followed by the new condition 

parameters and a !. Options allow all the experimental counters to be 

either reset to zero or left at their previous values as required.



Example of program operation 

The following description is an outline of the sequeme of operations 

which occur at the beginning of a typical experiment. 

a. When the program is started, at address 200, the interrupt system 

is turned on, the DB 8E buffer enabled and the program stays in a loop, 

waiting for an interrupt. 

b. An * is typed into the keyboard. This raises an interrupt and 

causes a branch via location zero to the service routine SERV. This 

tests to see if the interrupt originated from the clock, buffer, key- 

board or teletype, and in this case branches to KB, the keyboard 

interrupt handling routine. After clearing the keyboard flag, the 

routine checks to see if the character typed was a control character 

(* or !). If neither, it assumes that the keypress was a response, 

and branches to EVTIM, the timing routine. Receipt of the * causes a 

branch to the initialization.routine, SETUP. 

c. SETUP reads the various experimental options and parameters from 

the steering tape. When entered at the beginning of the experiment, 

the following parameters are read in: 

1. Projector mode 1 = one projector 0 = 2 projectors (see earlier 

description). 

2. Shutter delay. This is set to the opening time of the shutter in 

100th's of a second. 

3. Cuing delay. Time in 100th's of a second between presentation of 

cuing information to the subject and onset of the cued slide.



4, Delay after summary information in hundreths of a second. This is 

used when the experiment is in continuous mode. (The summary information 

is presented at the end of a block of 100 responses, a rest period of 

30 seconds occurs and then the next slide is presented). This para- 

meter is the length of time (in l100th's of a second) between the pres- 

entation of the KR and the first slide in the next block. 

5. Dummy (unused). 

6. Initial value of subjects cumulative score. The above parameters 

are read in at the beginning of the experiment. The following can be 

changed on-line, but must be preceded by an * on the steering tape. 

7. Interstimulus interval (in 100th's of a second). When the experi- 

ment is in a paced mode, this is the time between stimuli presen- 

tations. In self-paced mode, this is the time allowed to the subject 

to make his decision, up to a maximum of 20 seconds. If he does not 

respond in that time the next slide is presented and a zero channel 

on time is punched out. 

8. Pace option 1 for self, zero for external pacing. 

9. Modifier for feedback. This quantity allows the number of trials 

between feedback trials to be varied on a trial by trial basis. For 

example if this quantity is 1, the number of trials between feedback 

is successively 1, 2, 3 etc. The quantity only applies to feedback 

and can be negative. 

10. Number of trials between feedback. If zero, no feedback, if 1 

alternate trials, etc. This quantity can be changed by the modifier 9. 

11. Same as 10. 

12. Modifier for cuing (as 9). 

13. Number of trials between cued trials. 

14. As 13, 

15. Number of trials before summary feedback of score.



16. New value of 15 after summary feedback has been given. 

17. Summary feedback option 1 = summary, O = no summary. 

d. After reading in these parameters, the program goes to EXIT if SETUP 

was entered at the beginning of the session, or CLK if entered on-line. 

After clearing the various flags, the last control character ! is read 

in, the program presents the first slide and awaits the subjects 

response.
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MAIN PROGRAM FOR ANALYSIS OF D.A DATA 
USES SR MEANS. AYDA 

o
o
a
g
 

GOUBLE INTEGER FILIN¢2) 
CIMENSION NCDOKS Ace 
4) CRL“252),. FALC 2523, OML¢ 
4. POD¢ 126). POR ds 
COMMON IDUMCS>. WORK 
EQUIVALENCE «PCD 19. CDL¢ 
IFAL¢12 SPOMC4 9, OML¢4 
WRITEC4, 6a) 

' 668 FORMAT<* TYPE INFUT FILE NAME’ > 
READCS, 168) FILINC41).FILINCZ> 

166 FORMAT CAS, Ad) 
CALL SEEK¢2,FILIN? 

      

    

    

d. NOM 252), NCRC252), COL ¢ 252) 

  

"FACTZ6> 

  

2), CPCRCL). CRLC127)). CPFACL)S 
23 

  

C READ INFUT DATA 

DO 2 T=1, 252, i 
READC2. 9 NCDC13,NORC1)9,NFACI3. NOMC1>. COL¢12. CRL 
4¢1),FALCI>. OML<1> 

      

he
 

COLLAPSE 6 TO TIME INTERVALS 

a
a
n
 

NCDCTO=SNCDCID+NCDK I+) 
NCRCIOSNCRCJD+NCR C+) 
NFACTO=SNFACJO+NFAC I +6) 
NOMC TS =NOMCJ>+NOME T+69 

IFCCDL¢J9. LE. @. 5. OR Let+e> 
IFCCRLCJ9. LE. @. 5. OR. COLK +6) 
IFCFALCJ). LE. @. 5. OR. FAL“ J+6) 
IFCOML<¢J>. LE. &. 5. OR. OML<J+6) 
COLCIDSCCOLCI94+CDL EI 
CRLCIISCCRLGID4CRL GI 
FALSI=€FALSIJ9+F ALC I+69 9 7NC 
OML¢ T9=COML¢J9+0ML6I4+6997ND 
T=I+1 

    

   

  

A PRIORI PROBS 

O
O
 
O
W
 

CO 39 J=1, 126 
29 PCO CJO=FLOATONCD(J24+NOMCI) FLOAT ONCD SJ 4+NOMCJ24+NCR CJ 2+NFACI 

WRITEC414, 443 
44 FORMAT (7/38; 

CALL COPY ¢ 
CALL MEANY 
CALL AYDA 
WRITEC44, 463 

49 FORMAT <¢ 4+ 
CALL TRANS<2> 
CALL MEANY 

“A PRIORI SIGNAL PROB’ .’> 
? 

   

“ASIN TRAN SIGNAL PROBS >    
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CALL AYDA 

PROBS. USE ESTIMATE IF Fa=a OR CO PROB =1 

OO 4 J=1, 126 
IFCNFACJ>. GT. 4) GO To 5aa 
PFACJ9=1. -(¢G, Soe#C4. “PLOATCNCR(J999). 
GO TO Sa. 
PRACJ>=FLOATCNFA C9 9/FLOAT( CNFACJIFNOROJ) 9) 
TFCNOM¢J>. GT. a> GO To 5az 
POMC Jo=1, -¢ So4#¢1. “FLOATCNCD C2999 
PCDCI9=1. a-POMe > 
Go To 5az 
PCOCJ9=FLOAT ONCE (09 3/FLOAT CCNCDCJ9+NOMCI9DD 
POMC J>=4. G-P Jo 
PCRCJ9=4. G-FFAC I> 
CONTINUE 

   
    

  

UTPUT 20D FOR PLOT 

OO 267 J=1,126 
ACD=PCD¢J> 

“CHLL NDISCACD, 20D. DFA, IE) 
WORKLCJ>=Z200 
WRITEC44, 2055 
FORMAT ¢+“ "38x, “ 20D 79 
CALL MEANY 
CALL AYDA 

BEGIN MAIN ANALYSIS 

CALL COPY <PCD? 
WRITE¢44, 
FORMATS 473 
CALL MEANY 
CALL AYDA 
CALL TRANS<29 
WRITEC414, 14 
FORMAT( “38%. ° 2ASIN TRANS OF CO PROB’ > 
CALL MEANY 
CALL AYDA 
CALL COPY<PFA) 

44> 

   “CORRECT DETECTION PROBABILITY? “> 

  

   

  

PROBABILITY? 7) 
CALL MEANY 
CALL AYDA 
WRITEC44 

      

FORMAT <4 
CALL TRAN 
CALL MEANY 
CALL AYDA 

OF FA PROB? 79 

  

OO 364 J=1.126
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o
o
 

a
o
 

368 \ 
o
a
n
 

P
O
 

rey
 

“wd
 

B
O
 

% 

NTOT=NFACII+NOM CT 94+NCDCJIFNCR CID 

WORKL OT9=CFLOATONCDCJO4+NORCJIPNTOT #100, 
WRITEC44, 3a4> 
FORMAT (7/38, “EFFICIENCY INDEX At“ > 
CALL MEANY 
CALL AVDA 
OO 362 J=1,4 

WORKL¢J9=(FLOATONCR“<J99/<¢NFACJ+NCR OJ) 9 04#108. 
WRITEC44, 3 
FORMAT /°30%,. “EFFICIENCY INDEX AZ’ 7) 
CALL MEANY 
CALL AVDA 
OO 364 J=1.426 

WORKI¢J9=CFLORTONCD (I ¢ (NEDO J24+NOM C99 4188, & 
WRITEC44, 3859 
FORMAT< /?/2@x.° EFFICIENCY INDEX AZ’ 7) 
CALL MEANY 
CALL AYDA 
CO 367 J=1.126 

    

    

      » EFFICIENCY INDEX Ad? > 
CALL MEANY 
CALL AYDA 

SDT PARAMETERS 

ISW=4 
bO 18 J=4, 126 

  

CALL NDICACD, Z2Cb, DCO. 1E> 
IFCISW. E 2 GO TO 6 
WORKI¢ J 9=2F A: 

Go To 16 : 
WORKI<J>9=DCO/DFA 

CONTINUE 

IFCISW. EG. a> GO To 3 
WRITE(44, 473 
FORMAT ¢ + 
CALL MEANY 
CALL AYDA 
Swe 

To 5a 
WRITEC414, 185 
FORMAT ¢ 473 
CALL MEANY 
CALL AYDA 
WRITE¢14, 199 
FORMAT <7/3@%.°LOG BETA‘ “> 
CALL TRANS<41> 

    

INDE’ 73 
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CALL MEANY 
CALL AYDA 

NONPARAMETRIC SENS. MEAS. 

POLLACK-NORMAN INDEX A’ 

o
o
o
a
g
0
 

bo 26 J=1,126 
WORKL¢J9=8, S+¢CPCD¢J9-PFACI) 4041. B4PCD CI >-PFACI) 2) 
1¢¢4. B#PCDCJ>4#¢4. -PFACII9 
WRITEC44, 24> 

21 FORMAT <//38X, “POLLACK-NORMAN SENS. INDEX AY’? 7) 
CALL MEANY 
CALL AYDA 

C POLLACK INDEX 
Oo 22 J=1,126 

  

fe
 

G 

  

      

  

   

    

  

22 WORKI¢CJ9=1. G/C3. B-2. B¥WORKLCI) > 
WRITEC14, 22) ' 

23 FORMAT ¢“/3@X, “POLLACK-HSIEH SENS. INDEX P¢1>¢ 7) 
CALL MEANY 
CALL AYDA 

c 
C LATENCY SENS MEASURE “NAYON 1975) 
c 

DO 29 J=1,126 : 
29 WORKICI COML CJ 9+FALCI9 972. I-CCCDL GJ O4CRL OJ 9 922. > 

WRITEC44, 38) 
36 FORMAT ¢“?38%. “LATENCY SENS. INDEX’ 7) 

CALL MEANY 
CALL AYDA 

Cc 
C BIAS MEASURES 
Cc 
Cc 

HODOS-GRIER INDEX BHG 
c 

bO 24 J=1,126 
24 WORKL CT CPCDC J 24#¢4. -PCD6J999-CPFACIO#¢4. -PFACI) 99> 

ACC CPOCDC T9404. -PODCI9994+¢CP FACS 4041. -PFACII999 
WRITEC14, 25> 

25 FORMAT<( //38x. “HODOS-GRIER BIAS INDEX B’** 7) 
CALL MEANY 
CALL AVDA 

  

   

ees) 

C LR YERSION OF B¢ 
c - 

00 26 J=1,126 
ADSWORKA« J 
PFT=PFACJ> 

AC=3, 8-4, G4CPFT+AD4¢4, B-FFT)) 
NORKLE 952. B€d. -ADI- (8 S#(5. O-8, A4ePPT-14, G4AD+16. BADER 
1+8, G+AD*AD4 (1, G-PFT999/SORTCPFT# (4. -PFT)+¢CACHADI 4. BD) 
CONTINUE 
WRITE¢14, 35> 

35 FORMAT(//3@X.°L R OF BY” BIAS INDEX’ 7) 
CALL MEANS 
CALL AYDA 

  

  

fo
 
a
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o
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iy
 

a 
& an

 
cu
 

Wh
 

he
 

ho
 

Med
 

tal 

ZFA AS 

LATENCY 

BIAS INDEX 

Do 27 J=4. 
AFA=PFACI) 
CALL NDICAFA, ZFA, DFA. IE? 
WORKL CI 
WRITEC44, 
FORMAT(¢/2@8,°2FA AS BIFS INDEX“ 7) 
CALL MEANY 
CALL AYOR 

  

   

  

CATA 

CALL COPY<CDL> 
WRITE<14, 45) 
FORMAT ¢//20x%. “CORRECT DETECTION LATENCY’ /> 
CALL MEANY 
CALL AYDA 
CALL TRANS¢(41) 
WRITE<14, 68> 

FORMAT<¢//30x%,°L0G C.D. LATENCY’ 7) 
CALL MEANY 
CALL AYDA 
CALL COPYCCRL® 
WRITEC44, 
FORMAT ¢ 7/3 
CALL MEANY 
CALL AYDA 
CALL TRANS¢41) 
WRITEC44, 645 
FORMAT ¢//30%, “L0G C.R. LATENCY’ 7> 
CALL MEANY 
CALL AYDA 
CALL COPY<OML> 
WRITEC414, 
FORMAT C //38X. “OMISSION LATENCY 7) 
CALL MEANY 
CALL AYDA 
CALL TRANS <1) 
WRITEC44, 
FORMAT ¢ 26. 
CALL MEANY 
CALL AYDA 
CALL COPY<FAL) 
WRITEC44, 
FORMAT «/ 
CALL MEANY 
CALL AYDA 
CALL TRANS 
WRITEC414, 
FORMAT< 7/26%, “L0G F.A. LATENCY 47> 
CALL MEANY 

CALL AYDA 
DO 444 J=1.126 
ND=4 
TFCCOL“<J>. LE. @. 59 ND=ND-1 

    

    

“CORRECT REJECTION LATENCY. “> 

    

LOS COMM, LATENCY? 7> 

    a “FALSE ALARM LATENCY “> 
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IFCCRLCJ>. LE. @ 5) ND=ND-1 
IFCOML<J>. LE. @ 5) ND=ND-1 
IFCFALSJ>. LE. @ 5) ND=ND-1 
WORKICJ9=(COLCJO+CRL6JD+ IML CJ +F ALCON 
WRITEC414, 64) 
FORMAT (¢/3@%. “TOTAL RESPONSE LATENCY’ 7) 
CALL MEANY 
CALL AYDA 
CALL TRANS<1> 
WRITEC44, 65) 
FORMAT ¢ “738%. “LOG TOTAL RESPONSE LATENCY’ 7> 
CALL MEANY 
CALL AYDA 
CALL CLOSE<23 
STOP 
END 
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5 
c 
c 
c 
c 

c 

SUBROUTINE SEMAIN< IDATAD 

INTEGER R¢2,10).N(2),.RR¢2, 14), IDATAC12) 
REAL P¢2,18),AMC14,4149. 2699/6629, 22699 
REAL FFC2, 9). FG¢2, 99, DD2¢9>, BRCZ. 99, O62, 109 
COMMON IFLAG, AP. BP. RATIO, AGS. CHI, ND. ZF 699, BETAS (9). DUMM C1   

  

THIS PROGRAM PERFORMS THE “NORMAL” ANALYSIS DESCRIBED 
IN. “SOME ASPECTS OF R.0.C. CURVE-FITTING : NORMAL AND 
LOGISTIC MODELS’ BY GREY AND MORGAN, J. MATH. PSYCHOL. 
CA., 1972. THE PROGRAM IS WRITTEN NAIVELY AND HAS NO PRETENSIONS 
TO BEING OPTIMAL ! BUT IT DOES THE JOB REQUIRED OF IT 
VERSIONS DO EXIST INCORFORATING LOGISTIC RATHER THAN NORMAL 
DISTRIBUTIONS AND THESE WILL BE QUICKER (SEE ABOVE PAPER): BUT 
THEY ARE NOT AS SOPHISTICATED AS THIS PROGRAM. MODIFICATION 
TO GIYE LOGISTIC AS AN OPTION 15 TRIVIALs ONE MUST 
CHANGE THE FUNCTION, F, AND ALSO THE DEFINITION OF 
THE MATRIC FG (AGAIN SEE THE PAPER? 

DATA MUST BE READ IN AS FOLLOWS : 
“N* <THE NUMBER OF CATEGORIES OF RESPONSE? AND THEN THE 

RESPONSE MATRIX, , 
FOR EXAMPLE, FOR THE RESPONSE MATRIX 

No We. 
N 25 17, 5 
SN 2 18 38 

THE INPUT DATA 1S OF THE FORM, 

a 
2s 17 5 

2 13 36 

FURTHER RESPONSE MATRICES OF THE SAME SIZE MAY THEN FOLLOW 
ON BELOW. TO CHANGE THE SIZE OF THE RESPONSE MATRIX 
THE LAST MATRIX OF A GIVEN SIZE MUST BE FOLLOWED BY 
A SINGLE “-/* IN THE PLACE OF A NUMBER, WHICH IS THEN 
FOLLOWED BY THE NEW NUMBER OF CATEGORIES AND THE NEW 
RESPONSE MATRIX. DATA IS INFUT IN “FREE FORMAT’. IE.. 
IT SUFFICES TO SEPARATE NUMBERS 64 A TAB OR TWO OR 
MORE SPACES C IT IS HERE THAT THE PROGRAM DEPARTS FROM 
THE USASI SPECIFICATIONS 2. 
IMPORTANT : THE NUMBER OF CATEGORIES MUST BE 
AT LEAST THREE. OCCASIONALLY. FOR QUTRAGEQUSLY POOR 
DATA THE PROGRAM MAY PROTEST 

ND=ND-1 
CAP=a 
LelL+. 
WRITEC11, Saa> L 

oo FORMAT( 74%. “BLOCK NO. “. 124 

UP TO 16 RESPONSE MATRICES OF A GIVEN SIZE ARE PERMITTED. ALL RLM 
WITH UNSEEMLY EXHAUSTION OF INPUT
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9768 
99 
164 
73 

76 

91 
92 

WW
 

o
o
0
0
c
o
w
 

W
o
 

IF <CAP. EG. 4.59 GOTO 144 
JA=ND+1 
K=a 
DO 976 I=1,2 
DO 974 J=1,.JA 
K=K+1 
RCI, J=IDATACK) 
FORMAT(12¢13, 199 

WRITECS, 739 
FORMATC11HGINFUT DATA? 
WRITEC414, 769¢¢CRC1, J3, J=4, JA), 1=1, 2) 
FORMATC1%, “N’. 2X, 614714, “SN. 1K, 61429 

NDS=a 
MO=ND 
MOt=Mo+4 

DO 96 J=14,M04 
IF (R¢1,J9) 91,91, 98 
IFCR¢2. J2> 96, 92,96 

ND=ND-4 
JA=JA-4 

NDS=NDS+4 
R¢1,32 = 7oaa 
NNDS=ND+NDS 

THIS COLLAPSES OVER UNUSED CATEGORIES 

CONTINUE 
DO 93 J=41, NNDS 
IF ¢R¢4, 09-7808) 93, 94, 94_ 
OO 36 K=J,NNDS 
R¢Z,.K> =R¢2,K+19 
Red, Ko=RC1, K+19 
R¢2, ND+NDS+1)=8 
R¢d, ND+NDS+1)=4 
Go To 35 
CONTINUE 

FIRST OF ONE TRIES THE CONSISTENT INITIAL START 
<PROCEDURE > 

bO 3 I=1,2 
1s=@ 
bo 7? J=1. JA 
IS=IS+RC1, J) 
NCIDs15 
G¢1o=FLOATCIS) 
bo & J=41,JA 

PCI, JO=FLOATCR( 1, J99¢G619 
CONTINUE 
NA=B 
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SuM4=0 
SUMS=6 
SUME=6 
SUM7=o 
SUMs=o 
DO 446 J=1,JA 
SUML=SUMA+FLOATCRC4, 399 

1416 SUMZ=SUMZ+FLOATCR C2, J)? 
DO 444 J=41.ND 
SUMZ=SUM3+FLOATCR (41, 32> 
SUM4=SUM4+FLOAT (RZ, J 
2639 =GG¢SUME/SUML) 

444 22¢J=GG¢SUM4/SUMZ > 
DO 442 J=4..ND 
SUMS=SUMS4+2¢3> 
SUMB=SUM6+22 (I) 
SUMP=SUM7+2 (J 2422609 

112 SUMS=SUMS+2 (J ako 
AXE=FLOAT (ND) 
CAD=<¢ SUIM?-SUMS+SUM6 ANE ).¢ (SUMS#ARE-SUMS 442 > 
A=CAD+SUMS-SUM6 “AXE 
B=AXE#CAD 
GOTO 62 

178 Ix=-4 
173 DO 77 1D=1.2 

DO 77 IA=4,6 

      

THESE LOOPS DETERMINE THE INITIAL STARTING POINTS 
WHICH ARE TRIED SUCCESSIVELY. IF THE CONSISTENT START 
FAILS. IN SEARCH OF A CONVERGENT PROCEOURE. 

a
o
a
a
a
a
n
g
 

A=FLOATCIAD 2. 
B=4. 
NA=NA+1L 
bo 4 J=1, ND 

ZO J 2=FLOAT(J-1+1%9°¢2. #FLOATCIOD > 

ONE NOW SETS UP THE INITIAL A MATRIX 

A
a
G
G
C
A
A
I
O
b
 

2 BO 43 J=1, ND 
FF¢C2, Jo=F(B42¢J9-AD 
FG¢2, J) SI44E XP C—O, S4C B42 CJ -AD eZ) 
FF¢4,7 2639) : 

13 FGC41,. Jo=0, 399944ERP (-B. S#Z¢J 442) 

ba 415 1,2 
DCI. 49=FFCI,49 
bo 14 J=2. ND 

14 DCI, JO=FFCI, J9-FF CI, J-1) 
OCI, JA=4, -FFC1.NDd 
00 415 J=4, JA 
IF (D¢1,J>.GT.1E-5> GOTO 45 
B¢1, J9=1E-5 

15 CONTINUE 
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CO 36 I=41,.2 
DO 34 J=4.ND 

264 BROIL, JO=PC1, J2/DC1, J9-PC 1. J442D01, J44) 
ODA=a. 
ODB=6. 
DO 32 J=1. No 

DDA=DDA+FG¢2, J2#BRC2, J) 
ODB=DDE+FG(2, Jo#2¢ 

32 DDZ¢J=G¢294F G62, J 4*B+BR 
ODA=-G¢2>4DDA 
DDB=G¢294+DDE 
BR¢C2, 19=FGC2, 19/D¢2, 19-¢F G62, 2)-F G62, 49 9/D¢2, 2) 
NDM1=ND-4 
DO 33 2. NDM1 

33 BRC, JO=CFGC2, J9-FGC2, J-19 /D¢2, J)-CFGC2, J44)-FG62, J) 92D (2, T+ 
BR¢2, ND =(FG(2. NDO-FG¢2, ND-1)9/D¢ 2. NDI +FG(2, ND) “D2. JA) 
NDP2=ND+2 ' 
OO 34 [=1, NDF2 
DO 34 J=4, NDF2 

34 AMCI, J) 
DO 35 4. ND 
AMC1, LOSAMC4. 194F G62, J4#BRCZ, JD 
AMC1, 29=AMC4. 224+FGC2. J4*2 (00 4BR CZ, JD 
ANCA, J+29=G624FGC2, JO*eB4ER CZ, J 

35 AMC J+2, 19=AMC1, J+2) 
AMC4, 19=-GC294AMC4, 19 
ANCL, 2 CZ#*AMC1, 29 ! 
AMC2, LISAMC4, 29 
BRO2, L9=FGC2, 19426492062, 1) 
DO 36 J=zZ, ND 
BR¢2, JO=CFGCZ, J9#20I-F GC -1)4#2Z¢6J-1))/D¢2, J) 
AMC2, 29=AMC2, 294F G02, J-1942 03-194 (BR C2, J-1)-BROZ, J9) 
AMC2, J+19=-GC2>4#F G62, J-1 464 CBRC2, J-1)-BRCZ, I>) 

AMC J+1, 29=AMCZ. J+1> 
K=ND 
AMC 2, ZI=AMCS, 29+FGC2, KIFZCK CBR CZ, KIFFG C2, K242 0K 402, K44) 
AMNC2, 29=-GC24AMNC2, 29 
AMC2,K+2 GCS 4F GCS, KO+B4 CBR CZ, KI+F G02, Ko#2 (KDE. Kt) 
AMCK+2, Z9=AMC 2, K+29 
CO 37? J=1,ND 
K=sJ+2 
AMCKs K=-Ge 2 #FGC2, Jeb (FGC2. J9/DC2, JI+F G2, J22D02, J+4)) 

ee " ANCK, KO=AMCK, KO-GCd OF GCL, JOACF GCL. J02DC4, SFP G04, JD 2DC4, J+19) 
DO 38 J=2, ND 
AMC I+2, J+ =G¢294+Ee BF G62, JI#F G62, J-19/D02, J) 
AMC I+2, J449=AMCI+2. J4494+G64 4F G64, J2#F G64, I-19 704. 0) 

33 AMC J+1, J+29SAMCI+2, J+19 
CALL MBGLACAM, ND+2, 14> 

   

  

J> 
J+G(1#F GCA, JI#BRCL, JD 

    

    

    

   

  

WwW cua
 

      

Nt? 

SUBROUTINE AT END OF PROGRAM TO INVERT MATRIX 

o
o
0
0
0
 

AP=A-AMC1, 194+0DA-AMC1, 2940DB 
BP=B-AM(2, 13%DDA-AMC 2, 2>4DDE 
DO 56 J=41,ND 

5a ZPCJ2=2¢ 3 9-AMC +2, 194*DDA-AMCI+2, 294DDB
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bo S1 K=4, ND 

AP=AP-AMC4, K+294*DD2¢K 9 
BP=BP-AM¢2, K+294DD2Z¢K) 
0O 52 J=41, ND 

S2 ZPCJD=ZPCII-AMCI+2, K+294DDZ 0K 
Sa CONTINUE 

IF CABSCA-AP). GT. 4E-3) GOTO 7a 
IF <ABS(B-BP9. GT. 4E-3> GOTO 7a 

    

DO 56 J=4 
IF CABS<2¢J9-ZP¢J99. GT. 14E-3) GUTO 7a 

56 CONTINUE 
c 

c 
C OUTPUT FORMAT 15 AS IN ABOVE PAPER BLIT 
C ALSO INCLUDES LIKELIHOOD RATIOS (BETA) AT 
C ALL CUT-OFF POINTS 

  

Cc 
Cc 
Ss FORMAT (43H@MAXIMUM LIKELIHOOG ESTIMATES OF PARAMETERS. 
59 FORMAT<SHBA = . FS, 33 
6a FORMAT¢1%, 4HE = FS. 3) 
61 FORMAT(41%, 4HZ, 11, 3H = FS. 3. 4X. “BETAS”. FS. % 4%, “LOG BETA’. Fe 

TheCBPELT. 8. GOTO 72 
00 67 J=2, ND 

IF (2P¢J9. LT. ZP<J-199 GOTO 77 
67 CONTINUE 
c 
c 
C ITERATION HAS CONVERGED TO A MEANINGFUL SOLUTION 
c 
c 
6S FORMAT CASHBPROCEDURE NO. 13.414H SUCCESSFUL) 

WRITE ¢14,.68) NA 
WRITE (44,58) 
WRITE (414,599 AP 
WRITE (14.60) BP 
RATIO=4. a” BF 
WRITE(11, 688) RATIO 

6aa FORMAT(1%, “RATIO OF VARIANCES. SN TO N =. Fa. 37) 
DO 65 J=4.ND 
BETA=(EP *EXP ¢ (ZP CJ 4ZP 00 9-¢ (ZP CJ) 4+BP-AP 4¢2P CJ 4BP-AP 22, > 
EBETA=ALOG( BETA) 
“BETAS J)=BETA 2 

65 WRITE ¢414,64) J, 2P¢J9, BETA, EBETA 
69 FORMAT (74%. SHDDASH = . FS. 37) 

AGS=AF “SORT CEP 
WRITE<11,69) AGS 
GO To 777 

776 WRITE¢14, 229 
22 FORMAT <4@HQVARIANCE-COVARIANCE MATRIX OF ESTIMATES) 

NDP2=ND+2 
OO 236 I=41, NDPZ 
WRITE C41, 24) 
DO 234 J=1, NDF2 
CAM=-AMCI, J> 

23 FORMATC1%, 7F&. 39 
WRITE¢44, 23> CAM
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cs} ll = NX ay a 

23a CONTINUE 
ree CONTINUE 
24 FORMATC4H > 

CHI=4 
SUM1=68 
SUMZ=6 
CO 25 J=1,JA 
SUML=SUMA+FLOATCR <4, J9> 

25 SUMZ=SUMZ+FLOATCR¢S, J99 
DO 27 I=41,2 
IF (1-4) 28, 28,29 

29 0O 44 J=1,ND 
40 2PCJ9=(2PCJ>-AP CBP 4+EF 

SUML=SUM2 
28 A=FCZPC41)9 

B=CA#SUM1—-FLOATCR< 1,199 442 
B=B/ CA*#SUM41 > 
CHI=CHI+B 
CO 26 J=2, ND 
B=FC2P(J99-FC2PKJ-199 
C=(B4+SUML-FLOATCRC I, J) > 442 
C=C/CBsSUML) 

26 CHI=CH1+C 
. “FCZPCNDD Dd 
A*¥SUMI-FLOATCRC I, JAD) eto 
 CASUMA D 

27 CHI=CHI+BE 
WRITE¢14.4419 CHI 

41 FORMAT“ 29H@CHI-SGUARE GOODNESS OF FIT OF MODEL = ».F1iz. 3: 
NDMZ=ND-2 
ANDMZ=NDM2 
CALL 2TFCHICCHI. ANDM2. 2a008. B, 

WRITE“14.42)9 NDM2. PR 
FORMATC6H DF = . 13.5%. °P= “.F7. 59 
IFLAG=4 
FND=ND 
GOTO 7s 

768 IF CABSCAP). GT. 3.9 GOTO 177 
IF CABS(BP). GT. 5.9 GOTO 177 
DO 72 J=1. ND 

IF CABSC2PKJ99. GT. &. > GOTO 177 
72 CONTINUE 

: A=AP 
B=Br 
BO 71 J=1,ND 

ny 20S SZP CI) 

    

tw + PRD 

+ ind
 

THE ITERATION CONTINUES 

GOTO 62 
Lee IF(NA. EG. 6) GOTO 173 
ce “CONTINUE 
7 FORMAT 24H@NO PROCEDURE SUCCESSFUL) 

WRITE (14, 79> 
DO $99 KL=1.18
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899 DUMMCKLO=8, & 
IFLAG=4 
Go To 78 

974 IF (CAP. EQ@.4.> GOTO 78 
CAP=4, 
ND=ND+NDS. 
CO 146 J=1,JA 

106 RRC1, J9=R64, 09 
DO 147 J=1, JA 

187 Red, J=RC2, ND+2-13 
DO 10¢ J=1, JA 

as R¢2, JSRRC1, ND+2-19 a 
c 
c 

C IF ALL ELSE FAILS THIS. INVERTS THE DATA AND STARTS AGAIN 
C (SEE PAPER? 
c 
c 

Go TO 184 
73 CONTINUE 

RETURN 
END
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SUMMARY Lg 

The overall aim of this study was to investigate,the applicability of 

Signal Detection Theory (SDT) to a number of problems in the area of 

industrial inspection, including training and selection. Two 

industrial studies comprising three experiments are presented, together 

with four laboratory experiments and a correlational study. 

The first three chapters of the thesis comprisaia comprehensive review 

of SDT and the literature of inspection. 

Chapter 2 described an industrial case study, the inspection of 

photographs of nuclear particles, designed to test the applicability 

of SDT in an applied setting. The variables of auditory noise, defect 

complexity and time on task were also considered. SDT in its unequal 

variance form was found to fit the data. The next case study 

attempted to apply SDT to the inspection of photographic film. A two 

stage decision making model was proposed to describe performance in 

this task. 

The first two laboratory studies investigated the effect on perform- 

ance of within and between session changes in defect probability. 

It was found that the subject could adjust his criterion appropriately 

to between session changes if feedback was provided, and to within 

session changes if he received prior warning of the change. 

The final laboratory studies were concerned with training the 

inspectors ability to modify his criterion, and the enhancement of 

his sensitivity. The first experiment replicated previous work in



perceptual training, and the second utilized a wide range of differing 

training techniques. It was found that certain combinations of 

conditions were significantly superior in achieving the training goals. 

A correlational study was conducted utilizing the results of the previous 

two experiments and tests of various cognitive skills. Significant 

correlations were found between certain groups of test scores and per- 

formance on the task. These tests were proposed as potential selection 

techniques for inspectors.



"Quality is shapeless, formless, indescribable. To see shapes and 
forms is to intellectualize. Quality is independent of any such 
shapes and forms. The names, the shapes and forms we give Quality 
depend only partly on the Quality. They also depend partly on the 
a priori images we have accumulated in our memory. We constantly 
seek to find, in the Quality event, analogues to our previous 
experiences. If we didn't we'd be unable to act. We build up our 
language in terms of these analogues. We build up our whole 
culture in terms of these analogues." 

Pirsig R.M., ZEN and the ART of MOTORCYCLE Maintenance.



ACKNOWLEDGEMENTS 

I would like to express my gratitude to everybody who has helped and 

encouraged me during the long gestation period of this thesis. 

David Whitfield, my supervisor, was always ready to offer assistance, 

despite his heavy timetable. Mrs. Christine Maddison deserves my 

thanks for both deciphering my handwriting and for producing accurate 

typescripts at remarkable speed. 

Acknowledgements are due to Professor W. T. Singleton for providing 

Departmental facilities and to the technical staff including, 

Les Bagnall, Paul Bernard and Colin Mason, who assembled the 

experimental equipment. The case studies were made possible by the 

generosity of Professor D. C. Colley of the Physics Department, 

University of Birmingham, and Mr. R. F. Salmon of Ilford Ltd. All 

the subjects deserve my thanks for the often arduous experimental 

sessions they endured. 

Last, but not least, I must thank all my close friends, whose 

apparently unlimited willingness to work hard on my behalf made 

everything possible.



Contents 
Page 

Chapter 1 : Introduction 

1.0 Introduction i 
1.1 The importance of industrial inspection as an area 

of study 3 
1.2 Characteristics of inspection tasks 5 
1.3 An informal model of the inspection task % 

153.1 Acquisition of the data 8 
1.3.2 Decision making in inspection 12 
1.3.3 Identification factors 13 
1.3.4 Action factors 13 

1.4 Conclusion 14 

Chapter 2 : SDT and its application to inspection 

2.0 Introduction 16 
2.01 Historical background 16 
2.0.2 The nature of response bias 19 

2.1 SDT - general considerations and the basic model 21 
21.1 Measurement of sensitivity and bias 24 
2.2.2 Some characteristics of beta 26 
2.2.3 The position of the criterion as a 

decision rule 26 
2.3 The ROC curve 27 
2.4 The unequal variance model 29 

2.4.1 Experimental consequences 29 
2.4.2 ROC curve analysis of the unequal variance 

model 31 

2.4.3" Measures of sensitivity 31 
2.4.4 Measures of bias 34 

25 Non-parametric indices of sensitivity and bias 37 
2.6 SDT and inspection 39 
267 Relation between SDT and acceptance sampling 41 
2.8 Application of SDT in inspection studies 42 

2.8.1 General discussion of the literature 54 
2.9 Directions for research into inspection using SDT 57 
2.10 Summary 60 

Chapter 3 : A review of the literature of industrial inspection and 
related theoretical areas 

3. Introduction 61 
Bek General inspection literature survey 63 

3.1.1 Some relevant theoretical areas 63 
3.1.1.1 Vigilance and its relevance to 

inspection 64 
3.1.1.2 Visual search considerations 67 

3.1.2 Task characteristics 69 
3.1.3 Environmental factors 84 
3.1.4 Organizational factors 85 
3.1.5 Individual factors 92 
3.1.6 Training for inspection 98 
geaet Conclusions regarding the general literature 

of inspection 100 
3.2 Theoretical literature survey 101 

3.2.1 Cognitive variables in selection 101 

3.2.2 Theoretical approaches to perceptual 

learning 105



Page 

Chapter 4 : Case study 1 : the inspection of bubble champer 
photographs 

4.0 Introduction 119 
41 General considerations 119 
4.2 The scanning task 120 
4.3 Detailed task description 125 
ay Analysis of scanning as an inspection task 126 
eo Theoretical areas relevant to film scanning 126 
4.6 Task characteristics 130 
4.7 Conclusions regarding scanning from an ergonomics 

standpoint 134 
4.8 Experimental objectives 135 
4.9 Experimental philosophy 138 
4.10 Experimental work 139 
4,11 Results and discussion 145 
4.12 Conclusions from experimental study 171 
4,13 Summary and general conclusions 178 

Chapter 5 : Case study 2 - the Quality Control Department at Ilford 

5.0 Introduction 181 
bck General description 182 

Sirdhs. Visual inspection 182 
5.1.2 Nature of the defects 184 
5.1.3 The definition of acceptable quality 185 
5.1.4 Physical environment 186 
55155) Selection and training 186 

5.2 Ergonomics analysis of the task 187 
B.2e0 Signal acquisition factors 187 
5.2.2 Decision making factors 189 
5.2.3 Training 192 
5.2.4 Enhancement of the detectability of the 

defects 195 
5.269 Conclusions from ergonomics considerations 196 

5.3 Experiment 2 197 
5.3.1 Procedure 197 
5.3.2) Analysis of results 198 
5.3.3 Statistical analysis 200 
5.3.4 Results 200 
5.3.5 Discussion 202 

5.4 Experiment 3 203 
5.4.1 Procedure 203 
5.4.2 Statistical design 205 
5.4.3 Results 205 

5.4.4 Discussion 208 
5.5 Conclusions 210



Page 

Chapter 6 : Investigations into the effects of defect probability 
changes on inspection performance 

6.0 Introduction 214 
6.1 Theoretical considerations 214 

65261) Probability learning 214 
6.2.2 Sources of information on defect 

probability 217 
6.2.3 Modification of the subjective probability 

estimate and the criterion 219 
6.3 Experimental objectives 22 
6.4 Experimental design : general 222 

6.4.1 Apparatus 224 
6.4.2 Procedure 226 
6.4.3 Statistical design 229 
6.4.4 Analysis of the results 230 

6.5 Results - experiment 4 231 
6;5..1 Signal detection results 231 
6.5.2 Latency data 237 

6.6 Discussion 237 
6.7 Results - experiment 5 242 
6.8 Discussion 246 
6.9 Conclusions 247 

Chapter 7 : Training and selection for inspection 

7.0 Introduction 249 

Td Experiment 6 - comparison of cuing and feedback 
techniques 253 

Ted Experiment 7 - further training techniques 258 
71.8 The use of tests of cognitive skills in the 

selection of inspectors 271 
74 Conclusions 282 

Chapter 8 : General conclusions 

8.0 Introduction 285 
8.1 The literature review and its application to the 

analysis of inspection tasks 285 

8.2 The case studies 287 
8.2.1 The data analysis group 287 

S262 The Ilford quality control system 289 

8.3 The laboratory studies 297) 
8.3.1 The effects of between and within session 

defect probability changes 291 

8.3.2 Training techniques for inspection 293 

8.4 Cognitive skills as factors in the selection of 

inspectors 295 

8.5 General conclusions 296 

8.6 Directions for further research 299 
8.6.1 Validation of the two stage inspection 

model 300 

8.6.2 Factors affecting the modification of the 

criterion 300 

8.6.3 Verification of the perceptual training 
findings 301 

8.6.4 Further work on the cognitive skills 

approach to selection 301



 



CHAPTER 1 INTRODUCTION



1.0 INTRODUCTION 

In preparing this study, an attempt has been made to satisfy a need that 

has become increasingly apparent to ergonomics practitioners: the pro- 

piace from experiments that have direct relevance to situations 

encountered in real world tasks. Although ergonomics is essentially an 

applied science, the orientation of much research has been towards 

purely laboratory based studies that provide little in the way of infor- 

mation which is readily applicable in an industrial context. Chapanis 

(1967) discusses this problem in detail. In an emerging science this 

bias is perhaps understandable. However, ergonomics and human factors 

have now been in existence for nearly thirty years and should by this 

time be producing such data on a large scale. In order to achieve this 

aim,it seems clear that research work needs to change its orientation 

from the formalized consideration of the effects of a few selected 

variables in highly specialized laboratory studies, to a more pragmatic 

approach yielding results which can be utilized more readily in real-life 

applications. This approach does not mean that compromises necessarily 

have to be made in standards of experimentation. It is a question of 

broadening the experimental focus rather than of producing work that has 

no theoretical significance. 

An attempt has been made to make this study sensitive to these needs in 

a number of ways. Rather than considering a narrow research topic in 

some depth and then attempting to show that it also has practical 

relevance, the starting point of this study is a whole area of 

application within the industrial sector, that of quality control. Since 

this study is primarily concerned with human factors, the main con- 

sideration will be given to the inspection aspect of quality control.
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The approach has been to show how data from a number of research areas 

contribute towards the goal of optimizing those aspects of a quality 

control system in which human beings play a predominant role. The 

utility of this approach is that it brings together data from a number 

of disparate areas in such a way that their effect on the inspection 

function can be clearly seen and some insights gained into the ways they 

may interact. The aim is to provide a usable body of information for the 

practitioner on the factors known to affect inspection. Of course, such 

a review also serves the more usual function of a literature survey in 

that it suggests potential areas of further research. 

From the practitioner's standpoint, the data available in such a review 

will be most useful if it is classified in a manner clearly related to 

attributes common to a large proportion of real inspection tasks. 

Another way in which this study attempts to maintain relevance to real 

world problems is in the experimental phase. The impetus for the 

laboratory based work is provided by field studies which clarify the 

nature of the important variables which need further consideration in a 

more controlled environment. The laboratory studies then seek to 

simulate the critical features of the real life task to provide 

directly relevant data. At the same time the experimental studies pro- 

vide a vehicle in which a number of more theoretical ideas can be 

investigated. 

In addition to the areas outlined above, the study attempts to assess 

the utility of considering the area of inspection from a particular 

theoretical standpoint - that of Signal Detection Theory, which serves 

as a unifying concept for a wide range of experimental work relevant to 

inspection.
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The general aim then, can be summed up as an attempt’ to advance know- 

ledge on a broad front, in a manner related to practical needs. 

1.1 The importance of industrial inspection as an area of study 
  

As the increasing application of technology to manufacturing industries 

reduces the importance of purely manual, motor skills, attention is 

being increasingly focussed on areas of industry in which higher level 

perceptual abilities of the operator, such as pattern recognition and 

decision making, are employed. Industrial inspection is such an area. 

The reason why the human operator continues to be important in the 

quality control area is that these higher level functions cannot readily 

be performed by machines. Although automated pattern recognition is 

possible with sufficiently simple patterns, and computer aided decision 

making is being utilized in certain situations, (see Whitfield (1975) 

for a review of this area), the extremely high cost of such devices, and 

their inflexibility relative to a human operator, means that they are 

unlikely to find wide application in the industrial inspection area. The 

attribute of quality has a multidimensional nature which can encompass 

both simple parameters such as specification of size, as well as com- 

plex aesthetic judgements. The possibility of building machines to 

handle the whole range of quality judgements seems remote, although it 

seems feasible, and indeed desirable, to use automated techniques where 

very simple discriminations such as size and weight are required between 

acceptable and non-acceptable articles. 

It is found in industry that even when simple judgements of this type 

are required, it is common to inspect manually. In fact Fox (1973)
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states that 90% of all inspection in the United Kingdom is dependent 

on the unaided human operator. The reasons for this are usually 

straightforward cost-effectiveness considerations. The volume of the 

product to be inspected may not justify the design and manufacture of 

an automatic device to monitor quality. Alternatively, quality specif- 

ications may change frequently and the human operator is more readily 

'peprogrammed' than his machine counterpart. 

It seems clear that inspection is likely to remain a labour intensive 

area, and as such, ergonomics and human factors will continue to be able 

to make important contributions in optimizing the performance of the 

human operator. 

Another important reason for studying inspection is that research in 

this area is not restricted in its usefulness purely to the industrial 

sector. Many other important tasks have characteristics very similar 

to those found in industrial inspection. For example the surveillance 

of radar screens in both military and civil applications can be seen 

to contain many elements common to inspection tasks. The operator is 

continuously monitoring an information source which provides signals 

which are complex in nature, infrequently occurring and unpredictable 

both in time and space. In the medical sphere, the examination of 

medical X-ray plates and cervical cancer smears are examples of almost 

classical inspection tasks which employ vast resources of trained man~ 

power. A similar inspection problem occurs in high energy nuclear 

physics research, in which millions of bubble chamber photographs are 

scanned for patterns of tracks. This task will be considered in 

detail in chapter 4.
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A final important reason for applying human factors and ergonomics 

principles to the optimization of inspection systems can be found from 

considerations of system reliability. The inspection phase of system 

development is a vital link between the manufacture of components and 

their incorporation in a total system. Many disastrous system failures 

can be traced to inadequate inspection procedures. Meister (1971) 

discusses the importance of inspection from a system reliability stand- 

point. 

From the above discussion we can conclude that although inspection as an 

area of study has received relatively little attention compared with 

tasks in industry involving mainly motor skills, it is an area of con- 

siderable intrinsic interest and importance. With growing automation 

it is likely to grow in importance, by comparison with traditional man- 

ufacturing tasks. Additionally, inspection-like tasks are found in 

many spheres distinct from the industrial sector, and hence any 

research findings are likely to be widely applicable. 

a2 Characteristics of inspection tasks 

One of the most obvious characteristics of inspection tasks is their 

diversity. Virtually any item which is manufactured is likely to be 

inspected at some stage of manufacture or assembly. Although the visual 

modality is the usual one employed in inspection, other sensory inputs 

are sometimes employed. Thomas (1962) describes how vacuum cleaners 

were inspected for mechanical faults by the tester actually listening 

to the sound the cleaner made in operation. Several categories of 

fault could be distinguished by this method. Needles are inspected for 

straightness by gently rolling them under the palms on a flat table. 

Frequently combinations of sensory modalities are employed, as when an
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article is inspected for surface finish both by its appearance and by 

its tactile characteristics. 

Perhaps the most common form of inspection is when the inspector 

sequentially examines a series of items to determine whether the charac- 

teristics of the items fall within the quality specification. Even in 

this case a more detailed task description rapidly leads to complications. 

For example the items may be on a conveyor belt, moving at a range of 

speeds or the task may be completely self paced. They may be large 

items, in which case some form of scanning may be required, or they may 

be small enough to be examined in a single fixation. The defects may 

be visible with the naked eye or may require enhancement by means such 

as magnification or lighting. They may be distinguishable from non- 

defects by an extremely large range of variables including shape, size, 

colour, texture, weight and any combination of these and other parameters. 

This is an additional reason why automated inspection is often imprac- 

ticable. 

Another common type of inspection is the examination of materials in a 

continuous form. Examples of this type of task are the examination of 

cloth, steel and glass strip and cine film, which will be discussed as 

a detailed study in chapter 5 of this thesis. 

In chapter 3 the various characteristics of inspection tasks will be 

considered in a more systematic manner. For the moment it is useful 

simply to be aware of their diversity and to attempt to describe a 

common behavioural structure which applies to the majority of inspection 

tasks. This will be considered in the next section.



1.3 An_ informal model of the inspection task 
  

As was implied in the last section, the types of inspection task that 

occur show such diversity that any specific task cannot be representative 

of the whole range of situations encountered. The majority of inspection 

tasks do, however, share certain corinen characteristics, and in this 

section an informal structure will be described which facilitates the 

consideration of the tasks from a psychological and ergonomics standpoint. 

The model to be deseribed is not predictive in nature, although it could 

provide the basis for a simulation approach to the predictive modelling 

similar to that described by Siegel and Wolf (1969) in the context of 

man-machine systems. For our present purposes, the model will serve to 

indicate the areas of knowledge relevant to inspection situations in 

general. 

It is convenient to consider inspection as consisting of four broad 

phases (Figure 1). 

  

ACQUISITION OF 
SENSE DATA 

| 
DECISION MAKING 

PHASE 

k 
DETERMINATION OF 
DEFECT CATEGORY 

} 
ACTION TAKEN 

APPROPRIATE TO ACTION 

DEFECT TYPE 

ACQUISITION 

  

  

DECISION 

  

  

IDENTIFICATION 

  

        
Figure 1. Phases of inspection.
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a. Acquisition of sense data. In order that the inspector can decide 

on the presence or otherwise of a defect, he requires sensory evidence 

from the item being examined to provide inputs for the decision making 

phase. 

b. Decision making. This aspect of the model refers to the process 

whereby the inspector assigns the item to the general categories of 

defect or non-defect, without further sub-categorization. 

ce. Identification. This is clearly also a decision making process 

which can be regarded as one stage higher in the decision hierarchy. It 

involves the classification of the defect into one of a number of sub- 

categories, if more than one exists 

d. Action. Once the nature of the defect has been ascertained the 

inspector performs the action appropriate to that class of defect, e.g. 

rejects the item, returns it for reworking etc. 

Each of the phases considered can be analysed in terms of the 

psychological and physiological factors which affect performance at each 

phase. Examples of these are set out in Figure 2. 

1.3.1 Acquisition of the data 

The acquisition phase has been considered as being affected by 

situational, physiological and psychological factors, although many of 

these could be included under more than one heading. 

Situational factors are those which are external to the inspector and 

include environmental variables as well as the specific attributes of 

the task itself. The physiological factors affecting target acquisition 

are primarily visual, reflecting the preponderance of this modality in 

inspection tasks. Environmental conditions are included under



Figure 2. Examples of psychological and physiological factors 
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affecting various phases of inspection. 

ACQUISITION FACTORS 

Situational 

Paced or unpaced presentation, rate of pacing. 

Enhancement of discriminability of defect, e.g. X-rays, ultra- 

sonics, magnification, lighting. 
Inherent discriminability of defect. 

Physiological 

Visual acuity, static or dynamic. 
Visual skills in general, e.g. colour vision. 

Environmental conditions affecting inspection performance e.g. 

heat, noise, lighting levels. 
Visual fatigue 

Psychological 

Perceptual 'set', i.e. ability to recognize cues characteristic of 

defects as opposed to other configurations occurring in both 

defective and perfect product. 
Visual search strategies. 
Vigilance and attentional variables. 

Organismic variables such as pattern recognition skills, field 

dependence and distractability. 

DECISION MAKING FACTORS 

Expected incidence of defects. 
Costs associated with missing defects and rejecting good products. 

Social factors 

IDENTIFICATION FACTORS 

Training and experience. 
Provision of reference standards. 
Expectancies concerning type of defect likely to occur. 

Number of categories of defect. 

ACTION FACTORS 

Existence of clearly defined actions to be taken for various types 

of defects. 
Consequences of action. 

Social factors.
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physiological factors even though they may affect functioning via dec- 

rements in psychological skills. The psychological factors are intended 

to represent the intra-subject variables which influence target 

acquisition. The question of the perceptual skills which influence the 

probability of target detection will be discussed in some detail in this 

study. In including perceptual skills within the phase of acquisition 

we are referring to the inspector's sensitivity for cues which identify 

the sample being examined as belonging to the categories defect or non- 

defect. These cues are often indirect and the inspector may have to 

infer the existence of a hidden defect from the external evidence avail- 

able. It is important to note that we are referring to a concept of 

sensitivity which is independent of the inspector's tendency to respond 

'defect' or 'non-defect' as a result of prior knowledge of the probab- 

ility of a particular item being defective, or because he will be heavily 

penalized if a good item is incorrectly rejected. These latter factors 

are considered to be decision making variables. 

The concept of intrinsic sensitivity refers to the ability of the 

operator to effect categorization utilizing the evidence available in 

the sample. As has been noted earlier, we regard this facility as being 

uncontaminated by a bias to respond defect or non-defect due to data 

other than that available from the sample. Whether it is possible to 

separate sensitivity from 'response bias' due to other factors is a 

question we shall pursue at length in chapter 2. 

It is clear that the inspector's ability to distinguish good from bad 

products will depend partly on his knowledge of the cues which indicate 

defectiveness and partly on the amount of data that he can acquire from 

the sample. A third, slightly more controversial factor, concerns his 

intrinsic ability, independent of training, to isolate a particular
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configuration of cues embedded in a confusing background. 

The utilization of cues present in the sample is clearly a function of 

training and also the provision of reference aids defining defective 

items. This topic will also be explored more fully later. The 

inspector's ability to acquire information from the sample is strongly 

influenced by physiological factors such as visual acuity discussed 

earlier. The area of visual search has been included in the psychological 

factors although it has a strong physiological element. Visual search 

skills consider the ability of the inspector to search an area exhaust- 

ively, efficiently and rapidly. Many of the studies of visual search 

which will be considered later have been concerned with a subject's 

ability to economically scan large areas for a target. To this extent 

the prime interest in search strategies is in the area of the inspection 

of sheet materials for defects. Clearly there is a high degree of 

interaction between some of the factors being considered. For example 

if the situational factor of pacing is very high the question of the 

time taken by the inspector to scan an item becomes highly important. 

The relevance of research on vigilance tasks to industrial inspection 

is a function of the degree to which the task under consideration 

approaches that of the classical vigilance decrement situation. If an 

inspection task is conducted for prolonged periods in an unstimulating 

environment, with low probability, irregularly occurring defects, then 

vigilance effects might be expected. As will become apparent in the 

literature survey, there is some controversy as to the applicability of 

much vigilance research to industrial situations. 

The possibility that an inspector's detection skill is related to innate 

abilities such as field dependence and pattern recognition is an
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intriguing one that has not yet been explored by workers in the 

inspection field. The whole area of individual differences is one which 

has been neglected, particularly in relation to the selection of 

inspectors. It is hoped that this study will provide an impetus for 

research in this area. 

1.3.2 Decision making in inspection 

Many of the issues relevant to the decision making aspects of inspection 

skills cannot be discussed at this point because they are an integral 

part of the Signal Detection Theory orientation to the area which will 

be considered in detail later. At this stage it is sufficient to point 

out that one would expect an inspector's decision about whether or not a 

sample is defective to be influenced not only by the evidence available 

from the sample but by the expected incidence of defects in the whole 

series of samples. Similarly it is reasonable to expect the conseq- 

uences of a particular decision to influence the inspector's judgement. 

For example, if the item being inspected is a critical part for a space- 

craft, then the inspector will be far more likely to reject it if there 

is even a suspicion that it is defective, than if it were a non-critical 

item. These commonsense notions will be related to a theoretical 

structure in a later section. 

Social factors can be seen to affect decision making in a situation 

where a worker is able to exert social pressure on an inspector if too 

large a proportion of his work is being rejected. Such pressures can 

be quite subtle and overt threats are not necessary to influence the 

judgement of the inspector.
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1.3.3 Identification factors 

Identification is distinguishable from acquisition in that the inspector 

is attempting to decide between different categories of defect after 

having decided that a particular signal is in fact a defect. Most of 

the factors operative at the decision making phase are also important 

here, although it is essentially a multiple categorization problem 

rather than a binary decision making process, at least where there are 

several types of defect. As before, training and experience will be 

important in allowing accurate differentation between types of defect. 

Of particular importance is the provision of reference standards in 

order to provide examples of the distinguishing characteristics between 

defects. As in the decision making phase, expectancies concerning the 

type of defect likely to occur will influence the categorization process. 

1.3.4 Action factors 

The absence of clearly defined actions to be taken in the event of the 

various types of defect occurring can lead to a considerable degrad- 

ation in the efficiency of the inspection system. Some defects may 

indicate the presence of certain manufacturing malfunctions and hence 

necessitate a rapid feedback to the production section of the factory. 

Other defects may require reworking rather than rejection. Certain 

types of defective items may be acceptable to some customers who may be 

selling at discount to a less discriminating market. The consequences 

of certain actions may affect the inspector's behaviour in the same way 

as during the decision making phase of inspection. 

Social factors need to be considered again in this context. The pre- 

vailing employment situation in a factory might, for example, influence
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an inspector in deciding whether a particular item was reworkable or 

should be scrapped. The action phase of inspection has received little 

attention in the literature, and should perhaps be considered more 

explicitly in the analysis of inspection systems. 

1.4 Conclusion 

The consideration of an informal model of the inspection task has pro- 

vided an overview of many of the topics which will be considered in 

more detail in subsequent chapters. If quantitative estimates were 

available for the effects of the variables considered on inspection per- 

formance, then it would be possible to use a model of this type for 

predictive purposes. As will become apparent during the subsequent 

review chapters, however, we have a considerable way to go before we 

can realistically assess the combined effects of some of the variables 

considered in the model, on inspection performance in general. Never- 

theless the predictive modelling of the performance of human operators 

in an inspection system should be regarded as a desirable long term 

objective. 

The validity of industrial inspection as an area of study for the 

behavioural sciences was also established in this chapter. It was 

pointed out that inspection requires a wide range of cognitive, 

decision making and pattern recognition skills which cannot readily be 

automated, and hence quality control is likely to remain a labour 

intensive area of industry. Data from inspection studies can be 

readily generalized to a number of other important areas such as radar 

sereen surveillance and any situation where prolonged monitoring or 

repeated perceptual decision making takes place. Finally the quality 

of an inspection system has a considerable effect on the overall
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reliability of a system, which is becoming increasingly important as 

larger and more complex systems are produced.



CHAPTER 2 SIGNAL DETECTION THEORY AND ITS APPLICATION TO 

INSPECTION
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2.0 INTRODUCTION 

In the development which follows, Signal Detection Theory, (hereinafter 

referred to as SDT) will first be briefly considered from an historical 

standpoint, emphasizing the psychophysical ideas from which it emerged. 

Next the important concept of response bias will be considered, with 

particular reference to inspection and other industrial applications. 

The theory will then be developed in its simplest form, the equal 

variance model, together with the experimental evidence for this 

position, and then the more general form will be considered. Methods of 

analysing situations in which the simplified assumptions do not apply 

will be discussed in detail, particularly from the point of view of 

applying SDT to real as opposed to laboratory tasks. 

The existing studies in which SDT has been applied to inspection tasks 

will be reviewed in detail and general rules for applying SDT to this 

area will be set out. Finally potentially rewarding areas of applic- 

ability of the theory to inspection will be summarized and directions 

for further research proposed. 

In line with the applied nature of this study, no attempt will be made 

to produce a mathematically sophisticated analysis of SDT, and there- 

fore detailed mathematical justifications of various points will be 

referred to standard texts. 

2.0.1 Historical background 

SDT was developed in its modern form by two groups of researchers 

working independently at Michigan and Harvard Universities on the
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problems of detecting signals in noisy channels, particularly in the 

context of radar (Swets, 1963). In fact its origins can be traced back 

as far as Fechner (1801-1887). Fechner observed "the great variability 

of sensitivity due to individual differences, time, and innumerable 

internal and external conditions" (Fechner, 1860 p.44), that was found 

with human detection performance. He hypothesized the existence of a 

physiological threshold above which a stimulus of a particular intensity 

could be perceived and below which detection could not occur. 

However, evidence began to accumulate that the position of the threshold 

was influenced by external factors such as the probability of occurrence 

of the signal over a series of trials, assumed by the subject. Subjects 

who had been trained to expect a high incidence of stimuli invariably 

had a lower threshold than those who expected a low probability of 

stimuli occurrence. In classical psychophysical terms, the subjects were 

committing the 'stimulus error' by basing their reports on external 

characteristics of the stimulus rather than their perceived sensations. 

Another problem was the question of false alarms. If a fixed threshold 

existed, the observer must either be in a 'detect' or 'non-detect' state. 

For this reason the occurrence of a 'stimulus' response on a null trial 

was difficult to account for. In early experiments subjects producing 

false alarms were simply admonished by the experimenter to take more 

care. This of course had the effect of biasing them to respond 

negatively if uncertain. 

Later experimenters such as Thurstone sidestepped the problem of 

response bias by using paired comparison or forced choice techniques. 

With these methods, a series of pairs of trials are presented one of 

each pair containing the stimulus, and the subject simply has to
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indicate which one of each pair is the signal trial. However, in many 

real detection situations the forced choice paradigm is inappropriate. 

Blackwell (1952) was concerned with the large scale determination of 

absolute visual thresholds. By this time it had been realized that even 

during a trial in which no stimulus was presented, the nervous system of 

the observer was continually active. Random firing of neurons occurs, 

exercising a tonic effect on brain functioning, (Pinneo, 1966). It seems 

likely therefore, that in the case where near threshold signals were to 

be detected, then sometimes the magnitude of this 'noise' distribution, 

even on non-signal trials, might be sufficiently great to be construed 

as a signal. Blackwell's assumption (known as 'high threshold theory') 

was that the observer's threshold was sufficiently high such that the 

magnitude of the background noise would never exceed it and give rise to 

a spurious signal report ('false alarm'). How then, could the undoubted 

occurrence of false alarms in this situation be accounted for? 

Blackwell assumed that on a certain proportion of the non-signal trials 

the subjects simply guessed, incorrectly, that a signal had been pres- 

ented. A ‘guessing correction' was therefore applied to the data to take 

into account this tendency of subjects. 

This assumption, in retrospect, seems unsatisfactory on a number of 

counts. It is rather arbitrary and still provides no satisfactory 

account of the effects of, and the reasons for, judgemental bias on the 

part of the observer. 

It seems then, that by the beginning of the fifties the problems of the 

satisfactory analysis of detection experiments had not been solved and 

the time was ripe for the introduction of a new theory. Before con- 

sidering this theory however, it is useful to consider the concept of
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observer bias in more detail. 

2.0.2 The nature of response bias 

Judgemental bias is an all-pervasive aspect of any human choice or 

decision making situation and is not confined to the rather narrow area 

of psychophysical judgements that we have just been considering. 

A doctor looking, listening or feeling for signs of a disease may far 

prefer a 'false alarm' to a missed signal, particularly if the disease 

is serious. In a control room of a nuclear power station the operator 

may be required to shut down the reactor in the event of certain 

evidence from the instrumentation, which may be ambiguous, that a 

dangerous condition has occurred. Shutting down the reactor is usually 

an expensive business and may cost tens of thousands of pounds in terms 

of lost output. On the other hand not shutting down the reactor may be 

even more expensive in terms of damage to plant or even loss of life. 

The operator's decision will clearly be influenced by these cost factors 

and also by the relative probability that a dangerous condition is 

really likely to occur. If it is during the commissioning phase, and 

similar incidents have been quite common, then the operator will have no 

hesitation in shutting down the reactor. If on the other hand the plant 

has been in operation for some years and such an incident has never 

before occurred, the operator may well defer his decision for some time 

before he makes the critical control action. 

In the area of inspection we can see that the inspector's criterion is 

going to be influenced by the on-going level of defects present. Le it: 

is known that a particular batch has been produced by a ‘rogue machine', 

then the inspector will be far more likely to reject an article that is
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a borderline case. A similar effect could occur where cost factors were 

involved. If the manufacture of an article involved an extremely 

expensive series of processes, the inspector would be biased to reject 

the article only if he was absolutely certain that it was defective. 

Similarly, if the manufacturing process were very cheap but the product 

was destined for a highly discriminating market, then the inspector would 

reject if there were any doubt at all that the item was not perfect. 

It is important to note that we are referring to subjective probabilities 

in this discussion, and the costs and values of the observer's decisions 

are in fact personal utilities. These quantities may or may not be the 

same as the objective probabilities and payoffs which occur in a real 

situation. Viewed in these terms we can see that many factors which are 

known to affect the judgemental process can be mapped on to the 

dimensions of subjective probability or perceived utility. For example 

social pressures from co-workers in an industrial situation could be 

seen to affect judgement via the mechanism of altering the personal pay- 

offs of a particular decision. If an inspector is examining the work of 

a colleague and is aware that too many rejections could lead to his 

dismissal, then he may be influenced, consciously or otherwise, to 

accept a higher proportion of borderline items than would be the case if 

they arrived from an anonymous source. The subjective estimates of the 

probability of a defect occurring would clearly be highly dependent on 

the degree of feedback given to the inspector. 

Up to this point we have demonstrated that in detection situations, 

unless forced choice procedures are adopted, any measure of the observers 

sensitivity is inevitably contaminated by the factors of response bias 

discussed in this section. One factor that has not been mentioned up to
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this point is the question of quantifying the degree of observer bias. 

The attitude of classical psychophysics has been that observer bias is a 

"nuisance variable' that one should attempt to eliminate as far as 

possible. However, it is clear that the degree of response bias that 

occurs in a situation is in itself a quantity of some interest. Given 

that judgemental bias is a fact of life in any real discrimination task, 

it is clearly of interest to quantitatively measure the amount of bias, 

in order to answer such questions as the degree to which some of the 

factors discussed up to this point affects it. 

In subsequent sections we will see that SDT provides the means for 

quantifying aspects of response bias that have been discussed in this 

section. 

Zo: SDT - general considerations and the basic model 
  

A number of general reviews of SDT now exist, e.g. Pastore and 

Scheirer (1974), Swets et al. (1961), Egan and Clarke (1966), Coombs et al. 

(1970), Lee (1971) and Swets (1973). Two textbooks and a book of col- 

lected papers have also been produced: Swets and Green (1966), McNicol 

(1972) and Swets (1964). 

Signal Detection Theory has applications in a very wide range of 

situations in which an observer has to make a discrimination or choice 

on the basis of equivocal or 'noisy' evidence. 

Noise is a central concept in SDT and can be regarded as any random pro- 

cess which tends to interfere with discrimination. We can consider two 

analogous situations, the detection of a very faint signal in a back- 

ground which may tend to degrade the signal, and discrimination between
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two very similar signals which may also be embedded in a background 

which tends to obscure the differences between them. 

Another source of noise might be the inevitable slight variations in the 

physical nature of the stimulus, particularly if its precise character- 

istics are ill-defined. These sources of noise are all external to the 

observer, but noise is also added internally due to the random firing of 

neurons in the nervous system (Pinneo, op. cit.). 

Whenever a subject makes an observation, the sensory effect that occurs 

can be represented as a point y in an n-dimensional space, the n dim- 

ensions representing the n possible characteristics of the response of 

the sensory system. For example an inspector may be examining coins for 

defects by their visual appearance, weight and the sound they produce 

when dropped. In this case we might expect the sensory evidence x to 

consist of visual parameters such as size, shape, colour etc., tactile 

evidence including weight and texture, and auditory information such as 

the slight difference in sound of a 'dud' coin. It is clear that each 

coin examined will produce a slightly different point y due both to 

slight variations within the categories 'perfect' and defective coins 

and also to the other internal and external sources of noise discussed 

earlier. It is obvious that the distribution of y values due to good 

coins, fyly), will have a mean less than that due to faulty ones, 

foy(y), and that the two distributions will overlap. (The subscript N 

refers to the fact that the former distribution is regarded as being due 

to noise only, and SN as the latter being due to signal + noise, the 

signal in this case being the attributes of a defective coin). If we 

regard fy(y) and fgy(y) as being the sensory evidence on which the 

inspector bases his decision, the question arises as to how he decides 

whether a perfect or defective item has been presented on a particular
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trial. 

Signal Detection Theory assumes that as a result of experience on the 

discrimination task the observer is able to compare the probability that 

a particular sensory effect has arisen, given that a perfect coin was 

presented, compared with the probability that it arose, given that a defect 

was presented. To do this, he forms a likelihood ratio from the 

ordinates of the two density functions fy(y) and fsy(y) corresponding to 

the particular value of the sensory evidence on that trial, i.e.: 

fgy(y) = A (y), the likelihood ratio 

Eyly) 

The likelihood ratio, then, represents the likelihood that the point y 

arose from the defect (SN) distribution relative to the likelihood it 

arose from the perfect (N) distribution. Since any point in the space, 

i.e. any sensory datum, may thus be represented as a real, non-zero 

number, all sensory data can be regarded as lying along a single axis. 

Any observation x can therefore be identified with a particular value of 

the likelihood ratio A(y). It is convenient if x is identified with a 

transformation of A (y), i.e. X (x), such that Gaussian density functions 

of the sensory effects of signal and noise, fy(x) and foy(x), result. 

This is produced by using a logarithmic transform of Xr (y). A further 

assumption will be made, although this will be modified later, that the 

distributions are of equal variance. This gives rise to the familiar 

SDT diagram, Figure @4). The normality assumption can be justified on 

the basis of the Central Limit Theorem, in that if observations are 

independent, then the distribution of the sums of the noise and signal 

plus noise distributions each approach normality for reasonably sized 

samples.



24 

Pr
ob
ab
il
it
y 

de
ns
it
y 

  

  

Xe decisiom axis x 

Figure 2.1 Equal variance probability density functions from log 
transform of likelihood ratio 

2.1.1 Measurement of sensitivity and bias 

An intuitively reasonable measure of sensitivity is immediately 

apparent from Figure 2-1. This is d', the distance apart of the two 

distributions, scaled in terms of their common standard deviation o. 

i.e. d' = Moy - My 

o 

Clearly the further apart the distributions, the more discriminable are 

the signal and noise. If the two distributions overlapped completely, 

discrimination would be impossible, and if they were a considerable 

distance apart, the overlap, and hence the ambiguity involved, would be 

vanishingly small.
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Having mapped the effects of the noise and signal on to a one dimensional 

axis, the question arises as to how the decision is made. SDT assumes 

that the likelihood ratio axis is a decision axis, and that the observer 

establishes a cutoff value of x, xc, (Fig.2.1), such that if the trans- 

formed likelihood ratio exceeds xq he responds signal, and if less than 

Xo he responds noise, i.e. non-signal. The position of xq is defined 

by the ratio of the ordinates of fgy(x) to fy(x) at xe, known as the 

criterion 6 (beta). 

i.e. B = fon(x) 
  x=X 

c 
fy(x) 

The quantities d' and beta can readily be calculated from an experiment 

in which the probabilities of correct detections and false alarms can be 

estimated, using the equal variance assumptions. The results of such an 

experiment are shown below. 

Observer's Decision 
  

  

  

  

atte of the NOISE SIGNAL 

world N Ss 

NOISE correct 'no signal' false alarm probability 

n response probability 
p(w/n) p(S/n) 

SIGNAL missed signal correct detection probability 

s prob. 
p(N/s) p(S/s)         

Figure2.2 Result of hypothetical detection experiment. 

The probabilities are estimated from the relative frequencies of the 

various types of response. From Figure 24 it can be seen that a know- 

ledge of P(S/n), the false alarm probability, given by the part of 

f(x) above xq, and the missed signal probability, given by the portion
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of foy(x) below x,, together with a table of the areas under the normal 

curve, will enable d', the distance between the distribution means to be 

calculated. Similarly a table of the ordinates of the normal distrib- 

ution will enable fy(x) and foy(x) at xq to be obtained and hence beta. 

2.2.2 Some characteristics of beta 

SDT assumes that the observer is able to place his criterion at any 

point on the decision axis x. If the criterion is placed far to the 

vight this will lead to performance characteristic of the cautious 

observer. Only sensory data falling in the extreme right hand tail of 

the signal plus noise distribution will elicit a signal response. Per- 

formance will be characterized by a low false alarm probability but also 

by a low signal detection rate. Conversely a criterion placed far to 

the left (a 'lax'criterion) will produce a high detection rate 

accompanied by a high false alarm rate. A criterion near the centre of 

the decision axis will give an intermediate level of both false alarms 

and correct detections. 

We can see that SDT takes a quite different approach to the classical 

psychophysical theories. Instead of a fixed threshold the criterion is 

infinitely variable and is independent of the sensitivity index d'. 

2.2.3 The position of the criterion as a decision rule 

We have not yet considered the factors which influence the position of 

the criterion. Some insights into this question were gained in the 

earlier discussion as to the nature of judgemental bias. SDT assumes 

that the position of the criterion is determined by two factors: the a
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priori probability of a signal occurring relative to that of noise, and 

the costs and values associated with various decision alternatives, e.g. 

false alarms, correct detections. 

The basic assumption is that the position of the criterion chosen by the 

observer represents the application of a decision rule designed to max- 

imize the payoff of the series of decisions made by the observer during 

the signal detection tasks. It can be shown (Green and Swets (op.cit.) 

p.20) that the application of a likelihood ratio decision rule to max- 

imize the expected value (in a decision theory sense) of the observers 

decisions will also maximize the payoff for a variety of other criteria . 

It can be shown (Coombs et al., 1970) that the expected value will be 

maximized if the decision rule is taken such that: 

  

Bopr (optimal criterion) = P(n). (V,N+C,S) 

P(s) (V,S+CsN) 

where P(n) = a priori probability of noise 

P(e) oSehee 8 "signal 

v,s = value of making a correct detection 

VnN = eee Moe “ rejection 

CsN = cost of missing a signal 

c,S = " "making a false alarm 

2.3 The ROC curve 

The ROC curve, (Receiver Operating Characteristic from the electrical 

engineering origins of SDT) is a very useful way of representing per- 

formance using the SDT approach.
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The ROC curve consists of a plot of the probability of correct detections 

against the probability of false alarms in a detection experiment. As 

implied earlier, these quantities are estimated from the frequencies of 

'hits' and 'false alarms' observed. The pair of probability estimates 

obtained from an experiment in which the criterion remains fixed and the 

signal discriminability remains constant produces a single point on the 

ROC curve. In order to generate a complete curve, the subject has to be 

induced to alter his criterion to produce a series of points of differing 

X, but constant sensitivity. This can be done either by varying the pay- 

offs for the various decision alternatives or by altering the a priori 

probabilities. Another method is to employ a rating scale technique, 

(Egan et al., 1959), whereby the subject has to make ratings as to his 

degree of confidence that a signal is present on a particular trial, 

e.g. definitely signal, possibly signal, possibly non-signal etc. This 

is equivalent to conducting several experiments simultaneously using 

different criteria, and is regarded as the most efficient way to 

generate an ROC curve, Green and Swets (op.cit.), McNicol (op.cit.). 

This technique will be employed extensively in the experimental part of 

this study. The ROC curves generated by these procedures are shown in 

Figure 2.3. 

Each of the curves corresponds to a signal of different discriminability, 

and where the equal variance assumptions hold true the curves are 

symmetrical with respect to the negative diagonal. The constant d' 

curves are sometimes referred to as isosensitivity curves. A ROC can be 

regarded as being generated from right to left when the criterion is 

swept from left to right ('lax' to 'strict') across the decision axis. 

The positive diagonal represents 'chance' performance and an ROC curve 

can only be produced below the diagonal by 'malingering', i.e. by



  

P(S/s) 
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detection 
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Figure 2.3 ROC curves generated with d' as the parameter 

deliberately trying to perform badly. Considerable use is made of 

normalized ROC curves, sometimes referred to as Z-ROC curves. These 

are produced by plotting the Z-Scores corresponding to the probability 

data or by using double-probability paper with axes scaled in terms of 

the normal deviate. Both of these methods produce straight lines 

corresponding to the ROC curves of constant d'. In the case of 

equality of the variances of the underlying distributions these lines 

are parallel to the positive diagonal, i.e. have slope equal to 1.0. 

A further property is that the difference between the normalized co- 

ordinates of any point along the ROC curve is equal to the sensitivity d'. 

2.4 Unequal variance model 

2.4.1 Experimental consequences 

Although many of the earlier experiments involving the detection of
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auditory signals in white noise were satisfactorily fitted by the equal 

variance model described above, it soon became clear that in general an 

assumption of inequality in the underlying variances provided a better 

fit to the experimental facts. In many cases no checks were made on the 

data to find out the appropriate model in a particular experimental 

situation. A large proportion of the early experiments which employed 

SDT as a means of separating sensitivity from bias, simply used single 

estimates of correct detections and false alarms to generate d' and 

beta measures. These can be obtained without the effort of resorting to 

normal probability tables, by using tabulated values of d' and beta, e.g. 

Freeman (1973). As will be discussed subsequently, such a procedure can 

lead to large errors of estimation in the SDT parameters if the 

assumption of equal variance underlying distributions is incorrect. 

Taylor (1967) has discussed why there is likely to be an asymmetry 

between the underlying distributions. A signal is normally thought of 

as something added to the non-signal. The subject normally knows quite 

well what the non-signal would be, were it not obscured by noise. He 

does not know so well, however, what the signal would be without the 

noise. There is an essential asymmetry between the signal event class 

and the non-signal event class, in that the subject usually knows less 

about what is a valid example of the signal class than the corresponding 

non-signal class. It is of interest to note that unequal variance 

distributions are much more frequently observed with visual signals, 

which often have complex attributes which cannot be specified exactly, 

than with auditory signals which can be specified precisely in terms of 

phase, duration and amplitude. 

On purely practical grounds one would expect the variances of the noise 

and signal + noise distributions to be asymmetrical. In most detection
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experiments there are usually far fewer false alarms than correct 

detections. The variance associated with estimating false alarm prob- 

ability from a low false alarm frequency is intrinsically greater than 

with correct detections, where a greater sample size is available. 

Whenever a subject knows less about a signal than a non-signal, the same 

effect will be produced. The ROC curve will cling to the left hand 

edge of the ROC space longer than it does to the top. The less the 

observer knows about the exact characteristics of the signal, the more 

skewed the curve will be. 

2.4.2 ROC curve analysis of the unequal variance model 

The unequal variance model assumes underlying noise and signal 

variances of oe and ans This means that an additional parameter has to 

be added to the basic SDT model in order to specify the shape of the 

ROC curve. This is the ratio of the respective standard deviations of 

the noise and signal plus noise distributions, i.e. M65, It can be 

shown, Green and Swets (op.cit.) p.64 that the slope of the resulting 

Z-ROC is given by on/os. As ES ion increases the slope of the line 

decreases. A comparison of the Z-ROC's for the equal and unequal 

variance case is given overleaf. (Figure 24). 

2.4.3 Measures of sensitivity 

One important consequence of the unequal variance situation is that the 

measure of sensitivity d' is correlated with the criterion position 

chosen and that this correlation increases as the Z-ROC line becomes 

less parallel to the positive diagonal. If we consider line A, the
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Figure 2.4 Normalized ROC curves representing equal (A) and unequal 
(B) underlying variances. 

equal variance situation, it is obvious that d', (Figure 2.4) the 

difference between the corresponding Z-scores will remain constant. On 

the other hand different points on B, the unequal variance Z-ROC line, 

will indicate different values of the corresponding Z-Scores. It will 

be recalled that different points on the Z-ROC lines represent different 

degrees of bias and hence the non-independence of d' is clear. In this 

situation some decision has to be made about where on the ROC curve the 

sensitivity measure is to be read. Two sensitivity measures are com- 

monly used. The first of these, An, is the distance between the means 

of the signal and noise distributions measured in standard deviation 

units of the noise distribution. It is equal to Z(S/n) at the point on 

the ROC curve where Z2(S/s) = 0. 

Another measure of sensitivity is d'e, also called d,, due to Egan and 

Clarke, ©p.cit.). d'e is defined as twice the value of Z(S/s) or
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Z(S/n), ignoring signs, at the point where the Z-ROC curve intersects 

the negative diagonal. One reason for using d'e is that Z(S/s) and 

Z(S/n) are equal where the Z-ROC line meets the negative diagonal and 

hence it gives equal weight to the signal and noise distributions. Since 

A mis scaled in units of the noise distribution,it is the appropriate 

measure if the noise variance is expected to remain constant over a series 

of experimental treatments, but the signal variance may change. If both 

variances are likely to change then d'e would be a more stable measure. 

Also if we expect signal variance to remain constant and noise variance 

to change, the most appropriate sensitivity measure would be the value 

of Z(S/s) at the point on the Z-ROC line where Z(S/n) = 0. This 

analogous measure to A m is scaled in wits of the signal distribution 

and is employed in Thurstonian Category Scaling, (Lee, 1969). 

Two final arguments have been advanced in favour of d'e. The first is 

that the point that it is read from the ROC curve generally falls within 

the range of responses made by observers. Hence extrapolation is not 

necessary. Secondly, Egan and Clarke (op.cit.) report that the changes 

in slope of the ROC curve observed from session to session within the 

same observer tend to alter the value of 4m more than d'e, which thus 

appears to represent a more stable measure. In any event one measure 

can readily be converted into the other by means of the conversion 

formula provided by Green and Swets (op.cit.). 

* a Ss 
i.e. dies 2 Am Go5) 

where S is the slope of the Z-ROC curve 

Theodor (1972) illustrates how incorrect assumptions can lead to 

erroneous conclusions. The table below represents data for a single 

subject under three conditions of an experiment with d' calculated



under the assumption that os/on = 1 and o&/on = 2. 

condition at 
os _ os 

P(correct P(false Z (C.D) Z (F.A) Tee ee 
detections) alarms) n n 

A -5000 0668 0 “1.5 1.5 1.5 

B 6915 3085 75 =0.5 1.0 1.5 

Cc -8413 36915 1.0 0.5 0.5 Le5: 

The assumption of equal variances se = 1) leads to the interpretation 

that the points are on three different ROC curves of different sens- 

itivity, whereas = = 2 gives the impression that all the points are on 

the same ROC curve. Unless so is known, there is no way of telling 

which hypothesis is true. 

2.4.4 Measures of bias 

A number of problems arise when measurements of response bias are con- 

sidered in the unequal variance case. Unfortunately in this situation 

there is no longer a simple monotonic relationship between the likeli- 

hood ratio scale and the underlying evidence variable. For example, in 

the case where the signal variance exceeds the noise variance, up to 

the first intersection of the distributions B will be greater than one, 

after the intersection it will be less than one, and after the second 

intersection it will be greater than one again. Therefore, there will 

in general be two values of the likelihood ratio which maximize the 

expected value of the observer's decision. In actual practice, the 

second cross-over point will generally occur in the extreme tails of the 

distributions and in general the observer behaves as if he places his 

cutoff at a particular value of beta. Even in the equal variance case
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there are problems in comparing changes in beta between experimental con- 

ditions. If d' is not constant, then apparent changes in beta may be 

due’ to changes in d'. Baker (1975) points out that the likelihood ratio 

can vary between 0.0 and 10.0 when d' = 1.0 and can be as high as 100 

when d' = 3.00. 
N 

One measure of bias which does overcome this difficulty has been pro- 

posed by Banks (1970). This is C, the distance along the likelihood 

axis from the noise distribution mean to the criterion scaled in Z-units 

of Gg. The range of C is not a function of the separation of the dis- 

tributions and it is always monotonic with the likelihood ratio axis. C 

for any point on the Z-ROC curve can be determined from the Z score on 

the false alarm axis. The other bias measurement often used is log 6, 

this being a monotonic function of the evidence variable, i.e. the mag- 

nitude of the sensory evidence which the observer uses as input to the 

decision making mechanism. 

Some of the problems of assessing response bias using beta are discussed 

in McNicol (1972) p. 119. One of the difficulties in using a single 

index of bias is that in a multiple criteria situation such as occurs 

in rating experiments, there is no indication if the observer has moved 

all his criteria up or down the x-axis, or has spaced them closer or 

wider apart, as found in Broadbent and Gregory (1963) for example. It 

is of course open to question whether the observer actually uses a 

likelihood ratio criterion in setting his cutoff. Although such a 

criterion achieves the broadest range of objectives, there is no 

guarantee that the observer will use the most rational criterion. It 

is not impossible that the response criterion be based purely on the 

evidence variable, the sensory effect produced by the stimulus. In this
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case the observer will use a value of y as his criterion, and if the 

sensory evidence is less than y he will respond 'noise' and if greater 

than y, 'signal'. In the equal variance case this would produce no 

anomalies because the likelihood ratio is monotonic with the evidence 

variable. In the unequal variance case discrepancies would occur. 

Ingleby (1974) presents persuasive evidence that the decision maker 

actually does employ a likelihood ratio criterion, however, in auditory 

detection experiments in which the observer's criterion was systemat- 

ically varied. 

Dusoir (1975) critically reviews the attempts that have been made to 

measure observer bias using a wide variety of models in addition to SDT. 

He concludes that none of the existing indices of bias account for all 

the experimental evidence, and that it may be futile to search for such 

an index which remains invariant under all types of task, subject and 

experimental conditions. He also points out that the form of the iso- 

bias (ROC) curves needs to be established before experimentally manip- 

ulating such factors as the a priori signal probability or the payoffs 

in an attempt to modify the observers bias over experimental conditions. 

Finally he suggests that inferences about the degree of bias change in 

groups of subjects should not be used until it is clear that the iso- 

bias curves are all of the same family for different subjects. However, 

in spite of these criticisms he does not suggest a usable alternative 

bias measure, which somewhat weakens the validity of his criticism. 

It must be emphasized that this study is not concerned primarily with 

the theoretical issues considered by Dusoir. As will be discussed in 

detail subsequently, the intention is rather to investigate the utility 

of detection theory ideas as a tool in a practical setting. The
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intention is to adopt a more rigorous approach that has hitherto been 

used in real world applications of SDT in order to establish the 

validity and usefulness of the model in this context. From this stand- 

point we shall assume that the theoretical validity of the SDT model has 

been sufficiently well established by the body of evidence in existence. 

The data provided in this study will serve to provide further con- 

firmatory or otherwise evidence for the theory in the context of real- 

life tasks. 

2.5 Non-parametric indices of sensitivity and bias 
  

As will have been gathered from the preceding sections, the question of 

the nature of the underlying distributions creates problems when using 

SDT to measure changes in sensitivity and bias. Fortunately there exist 

several 'non parametric’ measures of sensitivity and bias that require 

fewer assumptions concerning the nature of the underlying distributions 

than the parametric indexes d' and beta. 

The first of the sensitivity indices to be considered is P(A), the area 

under the ROC curve. As shown in Figure 2.3, as the index d' increases, 

the ROC curve becomes closer to the top left-hand corner of the unit 

square (within which the ROC curve is drawn). Green and Swets (op.cit.) 

p.45 show that the area under the curve is a measure of sensitivity 

independent of the shape of the underlying distributions. P(A) lies 

between 0.5 and 1.0. If an ROC curve is generated using the rating pro- 

cedure mentioned earlier, a numerical integration technique such as the 

trapezoidal rule can be used to estimate the area under the curve. 

McNicol (op.cit.) p.114 gives an example of the technique. Pollack and 

Hsieh (1969) investigated the sampling distributions of both ay
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(discussed earlier) and P(A). The expression they obtained for the 

standard deviation of P(A) is useful in statistical analysis using these 

indices. Where only a single point on the ROC curve is available another 

measure of sensitivity is available, A', due to Pollack, Norman and 

Galanter (1964) and Pollack and Norman (1964). This index is an approx- 

imation based on the measure P(A) discussed earlier. It is derived by 

considering the maximum and minimum values that P(A) can take. Grier 

(1971) provides a convenient computing formula for this measure and also 

for P(I), another sensitivity index suggested in Pollack and Hsieh (op. 

cit.) which is related to A'. Another index which utilizes rating 

scale data is AH, due to Hammerton and Altham (1971) and Altham (1973). 

This index has been criticized by Dusoir (op.cit.) because although it 

makes no assumptions about the underlying variances, it does assume that 

the observer employs a likelihood ratio criterion. Navon (1975) has 

produced a sensitivity index derived from response latency measures. 

It is clear that there is a considerable choice of indices available to 

measure sensitivity. The same cannot, however, be said about bias. 

Hodos (1970) developed a non-parametric measure of bias B, based on the 

fact that the negative diagonal of the unit square represents the locus 

of points where the subject would be equally likely to respond signal 

or noise given ambiguity. The measure reflects the degree to which a 

data point deviates from the negative diagonal relative to the maximum 

possible deviation. A computational formula for B is given by Grier 

(op.cit.). Hodos' measure is however criticized by Dusoir (op.cit.) as 

not being 'non-parametric! according to his definition and as being 

simply an arbitrary parameter that makes no specific reference to any 

sensitivity parameter. 

Apart from B the only other measures of bias available within the SDT 

model are beta, log beta and C, as discussed earlier, although
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McNicol (op.cit.) p.123 presents a procedure for deriving a non-para- 

metric measure of bias from a rating experiment where there is insuffic- 

ient data to obtain a beta value for each criterion. Only a single 

overall measure of bias is produced by this technique and it is, at best, 

a somewhat crude estimate. 

2.6 Signal detection theory and inspection 

It will be recalled that the basic ideas of the SDT model were developed 

using an example from the inspection area. The advantages of using the 

SDT approach in examining inspection tasks are numerous. 

One of the most important applications of the SDT model is to provide an 

index of inspection performance. This is an important issue,because if 

a variety of different methods are employed to measure inspection per- 

formance, it is extremely difficult to compare inspection studies to 

assess the effects of differing factors on performance, as we shall see 

during the literature survey. The most common performance index 

employed in industry is,of course,the percentage of defects detected. 

MeCornack (1961) discusses a number of other indices that have been 

employed and suggests that the suitability of a particular performance 

index depends on the objectives of the inspection system. For example 

different indices are appropriate if the object is to maximize correct 

detections regardless of false alarms, or whether false alarms should be 

minimized. Sosnowy (1967) also considers some of the performance 

indices available and shows that the ranking of inspectors in terms of 

efficiency can vary drastically depending on which of the performance 

measures is employed.
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Signal Detection Theory, with its separation between sensitivity and 

bias, offers unique advantages as an inspection performance index. We 

can identify some of the requirements of an ideal index as below: 

1. Should provide insights into why performance is good or bad in a 

particular case. 

2. It should allow quantitative costs and values to be assigned to the 

various types of errors and correct decisions possible. 

3. The index should separate the aspects of performance due to the 

inspector's sensitivity, from his response bias. 

4, The performance index should enable inspection performance to be 

related to general theories of human performance. 

It is clear that the signal detection indices of sensitivity and bias 

fulfill these requirements. 

The likelihood ratio concept is particularly useful,in that it suggests 

an index of performance that has a theoretical optimum. We can thus 

compare the actual performance of the inspector with the optimum to see 

how it needs to be changed to produce a more efficient inspection system. 

The separation of performance into sensitivity and bias variables also 

provides insights into the way in which performance can be improved. 

Sensitivity, for example, can be improved by training the inspector to 

recognize the whole range of attributes that characterize good and bad 

products. The ability of observers to alter their response criterion 

on the basis of instructions suggests that inspectors can be induced to 

alter their response strategies towards the optimum. This area will be 

discussed in more detail subsequently.
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When using SDT parameters as indices of inspection performance a certain 

amount of confusion is possible due to the differing definitions of what 

constitutes a 'signal' in detection experiments and in inspection 

situations. The two matrices in Figure 2.5 contrasting a detection and an 

inspection experiment, will make the distinction clear. 

  

  

  

  

observer's decision inspector's decision 

state of NOISE SIGNAL state of perfect defect 
the world N s product N s 

NOISE correct 'no| false perfect correct false alarm 
signal’ alarm n "product | or good 

BY response probability perfect" | product 
P(N/n) P(S/n) decision | called bad 

P(N/n) P(S/n) 

SIGNAL missed correct defective] missed defect 
signal detection 5 defect correctly 

s probability | probability P(N/s) detected 
P(N/s ) P(S/s) P(S/s)               
  

Figure 2.5 Comparison of signal detection and inspection situations. 

2.7 Relation between the SDT model and acceptance sampling 

In industrial quality control, considerable use is made of various types 

of statistical sampling plans. It is useful to clarify the relationship 

between SDT concepts and those of statistical quality control (S30.C2)5 

SQC adopts the standard statistical usage of referring to false alarms 

and misses as Type I and Type II errors respectively. The missed signal 

probability P(N/s) corresponds to failure to reject a false null 

hypothesis and is referred to as B in SQC (not to be confused with the 

entirely different usage of 6 in SDT). It is also known as the consumer's 

risk in acceptance sampling inspection, i.e. the risk of accepting a bad
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lot. Similarly the probability of false alarms, P(S/n), is analogous to 

the quantity in SQC, known as the producer's risk, the risk of rejecting 

a good lot. 

The SDT criterion x, is analogous to C in sampling inspection where C is 

the number of sampled defective items which must be exceeded in order to 

reject the entire lot as defective. 

Thus the SDT conceptualization of the inspector as an inferential decision 

maker is very similar to the theories of inferential acceptance sampling 

as practised by quality control engineers and statisticians. This adds 

further weight to its adoption as a conceptual paradigm in inspection. 

2.8 Applications of SDT in inspection studies 
  

Considering the very obvious advantages of the SDT approach, it is sur= 

prising how infrequently it has actually been applied in the inspection 

area. This is probably a reflection of the fact that inspection in 

general has been an under-researched area as far as human factors is con- 

cerned. Even where SDT has been applied to inspection this has often 

been in the context of laboratory studies rather than real life tasks. 

The methodological issues of applying SDT to inspection situations are 

dealt with explicitly in most of the papers to be considered in this 

section, mainly because SDT is still relatively unfamiliar to 

ergonomists with an applied orientation. A paper by Baker (op.cit.) 

comprehensively reviews the whole area of SDT applicable to inspection 

tasks, without being orientated towards a specific study. Other review 

papers are Drury (1975), which also considers Information Theory and 

the application of Bayes'theorem to inspection, and Adams (1975). The
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growing interest in the application of SDT to inspection was very evident 

at the 1974 symposium on human reliability in quality control held in 

Buffalo, U.S.A., where virtually every paper contained some reference to 

the theory. 

If we exclude studies in such areas as sonar detection, where SDT was 

applied as early as 1967 (Colquhoun, 1967), the first published paper 

employing SDT in an inspection context was Wallack and Adams (1969), 

although it reported earlier unpublished work by Wallack (1967). The 

Wallack and Adams study will be considered in some detail, because its 

methodological shortcomings serve to exemplify the problems which ensue 

when SDT is used without due regard for the underlying assumptions of 

the model. In this study, inspectors were required to examine samples 

of 260 electrical cables for examples where the conductors had been 

nicked or abraded in a wire stripping operation. Four sample lots were 

inspected containing 5, 15, 25 and 35 percent defectives. The 

inspectors were trained with a scheme which presented them with samples 

containing 80, 60, 15 and 35 percent of defects respectively, the 

higher incidence of defects sample being used as a teaching aid in 

which each wire inspected was discussed with the trainee to provide comp- 

plete feedback. A payoff matrix was then assigned such that correct 

aeceptances and rejections had a value of 1 unit and missed defects and 

false alarms were associated with a cost of 3 units. These values were 

purely abstract - the inspector did not receive any concrete rewards or 

payoffs for his performance. The inspectors were given further practice 

until they were familiar with the payoffs, the training terminating 

when they were able to achieve a particular level of payoff. The 

experiment proper was conducted such that the different incidence of 

defects samples were inspected at random times during the week. The
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SDT parameters d' and beta were calculated from the incidence of correct 

detections and false alarms, as outlined earlier. Also calculated was 

the distance of the criterion from the noise distribution. The results 

were interpreted by the authors as follows. The obtained mean beta values 

for each of the different probability of defects samples were not in 

general equal to the theoretically optimal values predicted by SDT, and 

the discrepancy was greatest with the lowest defect probability. The 

obtained betas did not even give the same rank order as the optimal 

ones. Two reasons were suggested for this. One was that the inspectors 

did not employ the payoffs assigned, and the other that they were not a 

homogeneous group, and could be divided into two sub-groups with 

differing degrees of bias. 

The major general criticism that can be levelled at this study, was 

that no attempt was made to examine ROC curves for the experiment, to 

check if the data did conform to the SDT model. Without such evidence, 

any conclusions drawn from the SDT parameters must remain highly 

questionable. The failure to draw ROC curves is particularly strange, 

in that data to do this are published in the paper in the form of 

correct detections and false alarms for each incidence of defects for 

each inspector. According to the SDT paradigm, the differing a priori 

probability of defects should induce a series of different criteria in 

the inspector and hence generate an ROC curve. The ROC curves, when 

plotted, show that although two of the seven inspectors appear to pro- 

duce a straight line Z-ROC, the slope does not support the equal 

variance assumption and hence d' and an uncorrected value of beta do 

not provide meaningful measures of bias and sensitivity. The fact that 

some of the results are not fitted by the SDT model does not mean that 

it is necessarily inappropriate. The fact that the inspectors did not 

receive any training with some of the defect levels employed could
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account for the results for example. In view of these considerations, 

attempts to compare obtained values of beta with the theoretical optima 

are obviously misplaced. Another methodological point concerns the 

instances in the data where the false alarm probability is zero or the 

hit probability is unity. In these situations, the corresponding z- 

scores tend to plus or minus infinity and hence neither d' nor beta can 

be calculated. In spite of this, values of d' do appear in the results 

table at these places. This is because the authors have used one of the 

approximations that can be employed in these situations and which will 

be discussed in detail later. If such approximations are used it is 

essential that they be made explicit. In the data under consideration 

they produce inflated values of d' that are incorporated in the group 

means. It is obvious that SDT cannot be applied in such a casual manner 

if meaningful results are to be obtained. In SDT terms, the only con- 

erete facts to emerge from this experiment are that some inspectors' 

performance can be described by the unequal variance model, and that 

inspectors do not appear to change their criteria according to the a 

priori probabilities. 

The next published paper to use SDT in an inspection context was Embrey 

(1970). This concerned the inspection of bubble chamber photographs, 

produced in high energy physics investigations, for the occurrence of 

particular configurations of tracks. SDT was employed to ascertain 

whether differences in detection efficiency were due to the differing 

discriminability of the two configurations employed in the experiment 

or to differences in response bias on the part of the inspectors. The 

effects of differing levels of ambient noise, and time on the task were 

also considered. Although the results were of interest, the study was 

again a naive application of SDT in that ROC curves could not be plotted 

and the basic assumptions remained unverified. Wallack and Adams (1970)
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reanalyse the data of their earlier paper using the measures of McCornack 

(1961), discussed earlier. A Bayesian measure of performance is also cal- 

culated, and a measure due to Freeman et al. (1948), which is related to 

statistical quality control considerations. It is pointed out that SDT 

measures of inspection efficiency are the only ones available that con- 

sider the effects of the costs of the various decision alternatives. 

Lusted (1971) used SDT to analyse the performance of radiologists eval- 

uating X-ray photographs. He found that the lack of agreement between 

radiologists on the diagnosis of the photographs could be explained in 

terms of differing criteria rather than differing sensitivities. ROC 

curves plotted for this task indicated that the unequal variance SDT 

model gave an excellent fit to the data. Lusted used the sensitivity 

parameter d'e to compare the effects of alternative presentation methods. 

ROC curves were also used to show that paramedical personnel had a lower 

sensitivity than radiologists in this task. Interestingly enough, the 

ROC plot for this experiment also indicates that the less experienced 

paramedieal group showed a greater S60 ratio than the radiologists, 

presumably because they were less familiar with the characteristics of 

the signal. The data from these studies are not presented in detail but 

the use of d'e, an appropriate sensitivity model for the unequal 

variance case, gives one far more confidence in the authors conclusions. 

This study is one of the very few practical applications of SDT in 

which such a sophisticated approach has been adopted. Another study in 

the radiology area, Sheft et al. (1970), used the measure d'e to show 

that the detection performance of X-ray technicians who had received 

five months training was indistinguishable from that of senior consul- 

tants.
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The next industrial application of SDT to appear was Sheehan and Drury 

(1971), the detailed results of which were published earlier, Drury and 

Sheehan (1969), but not analysed in SDT terms. Inspectors with a wide 

spread of age and visual acuity, but judged to be of equal competence by 

the company, inspected 6 batches of steel hooks containing 20 percent of 

items with a single defect and 5 batches each containing a similar pro- 

portion of defective items, but each item contained two defects. From 

the point of view of SDT, one of the main results of interest was that 

when the usual probabilities were plotted on an ROC curve, most of the 

inspectors results seemed to be moderately well fitted. However, one 

inspector's data seemed completely discrepant. Subsequently it was 

found out that she was rejecting a large number of acceptable hooks 

because of a surface blemish which should actually have been ignored. 

The authors suggested that a particular advantage of the SDT approach 

was that it enabled such an error to be more readily detected than using 

other indices of detection performance. The ROC curve also indicated 

that all of the inspectors were employing a stringent criterion, leading 

to a low level of false alarms but a relatively high incidence of missed 

defects. In this particular inspection situation, this was an inap- 

propriate strategy, since missed defects were 'expensive'. Using tables 

from Swets (1964), (which assume equal variance underlying distributions), 

values of d' were calculated and the results used to show a negative 

correlation between age and sensitivity. d' was also used in a second 

experiment to show that prior knowledge as to which type of defect was 

going to occur, enhanced sensitivity. This study was considerably more 

satisfactory than the first one considered, in that an ROC curve was 

drawn, and no attempt was made to calculate beta with inadequate infor- 

mation. However, there were still several methodologically suspect 

aspects. Rather than attempting the difficult task of fitting ROC
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curves to the data points by eye it is far more sensible to convert them 

to z-scores or use double probability paper to produce a straight line 

z-ROC plot, thus facilitating an objective test of the fit of the data to 

the equal variance assumptions. The usual criticism of the use of d' 

without testing the assumptions applies. One of the nonparametric 

measures would have been more appropriate. The paper discusses the ways 

in which the inspector might be induced to vary his criterion by rapid 

feedback of the results of his inspection. 

The next paper, Drury and Addison (1973) represents the best and most 

extensive available application of SDT to inspection tasks. There are a 

number of reasons for this. The study used data from an on-going 

industrial task rather than a simulation or a laboratory study. 

Techniques were presented for obtaining estimates of SDT parameters from 

the data normally available in inspection situations. The data was 

tested carefully for its conformity with the SDT assumptions, and the 

theory was used to gain new insights into the way in which the inspectors 

performed their task. In the experiment, inspectors in a glassworks, 

100% examined certain unnamed expensive glass products (actually colour 

television tubes). There was a sample inspection by special examiners 

of the items classified as good and faulty by the 100% inspectors. 

During the period of measurement the special examiners were moved to a 

point closely following the 100% inspection and their results made 

available to the inspectors much more rapidly than before. Twelve con- 

secutive weeks performance before and including the change were 

measured and eleven weeks after the change. Each week's data consisted 

of the percentage of items classified as good by the inspectors 

together with the special examiners reports of the percentage of the 

rejected items that were faulty, and the percentage of the rejected items
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that were good. The latter two quantities are subject to variable 

degrees of sampling error, due to the variable size of the sample and the 

fault percentages involved. It also seems likely that the standards of 

the sample examiners were probably subject to the same limitations as the 

100% inspectors, e.g. pressures due to the varying nature of customer's 

requirements. 

The authors point out that although, a priori, the data seem unlikely to 

conform to the SDT model, the situation does have some resemblence to 

the classical SDT experiment where some uncontrolled variation still 

exists. They emphasize that they are attempting to analyse group per- 

formance in SDT terms, and that the situation is analogous to the usual 

SDT experiment. 

By using a decision tree approach some extremely useful expressions are 

derived for obtaining estimates of the quantities P(S/s), P(S/n) and the 

a priori probability of a defect occurring, from the percentage of items 

classified as good by the inspectors and the special examiners estimates 

of the percentage of Type II and Type I errors. These expressions are 

of considerable general utility, in that they are often available in 

real life inspection situations, where the actual a priori probability of 

defects is not usually known of course. The expressions are given below: 

Py = probability that a good item will be accepted 

= (l= y) PP, 

aC By HQ yd Py 

Py = probability that a faulty item will be rejected 

(1 - x) (1 4) 

yPa + (1 x) (1 - P,)
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Pg = a priori probability of a defect = x (= Petal y)) Pe 

where P, = proportion of items inspected which are accepted as good. 

xX = proportion of items rejected by 100 % inspector which are in 

fact good. 

y = proportion of items accepted by 100% inspector which are in 

fact faulty. 

x and y are both obtained from the special examiners' sample inspection. 

The results were first fitted by Z-ROC curves and it was found that the 

pre and post feedback data (subsequently referred to as 'before' and 

'after' data) could be fitted by two straight lines of slope not sig- 

nificantly different from one. The good fit of the data to the equal 

variance SDT model greatly facilitated subsequent analysis. The fitting 

of straight lines to this type of data using least squares techniques 

cannot normally be recommended since there are errors in both variables. 

Least squares techniques assume that one of the variables is independent. 

Maximum likelihood fitting techniques have been advocated in this 

situation by Dorfmann and Alf (1968, 1963), Ogilvie and Creelman (1968) 

and Grey and Morgan (1972). In view of the very high correlation 

coefficients obtained for the two lines (0.803 and 0.802), perhaps this 

criticism is unnecessarily purist, but it could become important in 

situations where the scatter of the points were greater. 

It was shown that the detectability of the defects, as measured by d!' 

increased significantly after the introduction of feedback. The reasons 

for this are not entirely clear unless the examiners gave the inspectors 

insights into the nature of the critical defects. A plot of fault 

density against probability of detecting a defect showed the decreasing 

relationship that has often been observed in inspection studies, e.g. 

Fox and Haslegrave (1969).
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As pointed out in section 2.2.4 SDT suggests that if an inspector uses 

a likelihood ratio criterion to maximize the expected value of his 

decisions, then (using the terminology of this paper): 

@ optimal = P, x (relative cost factor) 

1L- Pg 

Therefore a plot of beta against P/ a8 Pq) will be a straight line 

through the origin. Drury and Addison's data confirm this prediction 

only for the data from the feedback conditions. In other words, the 

inspectors were only able to adjust their criteria optimally to the in- 

coming glass quality when feedback was provided. This result might be 

expected from the assumption that the inspector requires some means of 

adjusting his subjective estimate of the defect incidence in order to 

adjust his criterion. This is provided more effectively by the direct 

feedback from the special examiners than by the intrinsic feedback 

present in the task. 

The paper also suggests that the inspectors change their criteria to 

keep their outgoing type II error (y) constant, since this is one of the 

important factors on which their performance is judged. The data pres- 

ented seem to lend support to this hypothesis. 

This paper shows how SDT measures can be used to gain insight into a 

wide range of inspector behaviour. There are certain criticisms that 

can be made. One is the use of least-squares techniques in fitting ROC 

curves, as already mentioned. Another concerns the use of the 

aggregated measures of the number of inspectors. Although the overall 

performance of the inspection system is well described by this approach, 

it masks the considerable inter subject variation that must be present. 

In order to generate an ROC curve at all, the inspections must be 

utilizing a very wide of criteria. In view of the fact that there was
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no systematic large change in the aspects of the task likely to affect 

the criterion, the wide variation in this parameter is surprising. Also 

the use of grouped data conceals the idiosyncrasies of individual per- 

formance which would need to be investigated in order to improve the 

overall efficiency of the inspection system. For example it is possible 

that a small proportion of inspectors with low sensitivity and inap- 

propriate criteria may be adversely affecting the system. In spite of 

these criticisms, this study illustrates the insights that can be gained 

into an inspection system by the use of SDT. 

Other studies employing SDT have paid less attention to the underlying 

assumptions of the theory. Smith (1975) used d' in a study on the 

optimal magnification levels for microminiature inspection. Buck (1975) 

discusses the applications of SDT in the dynamic visual inspection area. 

He concludes that the theory is only likely to be useful in situations 

where the relationships between task parameters and their effects on 

SDT variables can be established. A study by Zunzanyika and Drury (1975) 

used the rating scale technique, where the inspectors were required to 

place inspected items in boxes labelled ‘definitely accept’, ‘probably 

accept', 'probably reject’ and ‘definitely reject'. The experiment was 

designed to investigate the effects of various types of information on 

inspection performance. The three conditions considered were feed- 

forward, where the inspectors were given prior knowledge of the type of 

defect likely to occur, feedback, where knowledge of results were pro- 

vided, and a combination of these two information sources. Batches 

used in the study consisted of 10, 20 or 30% defects. The control group 

inspected the same batches as the experimental group but without the 

information conditions. For some reason, the rating part of the experi- 

ment was not used to generate an ROC curve, but was instead used to
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provide three estimates of d' from the boundaries of the different 

categories employed. The hypothesis was that if SDT applied then 4d! 

would remain constant for the different criteria generated by the rating 

procedure. The results suggested that SDT did apply to this study, 

since there were no significant differences in d' across criteria. The 

differences between the various information conditions was no greater 

than that due purely to learning in the control group. Surprisingly, the 

authors state that criterion information is lost with studies of this 

type. In fact it is simple to calculate the position of the series of 

criteria that result from rating scale experiments. The applicability 

of SDT was further tested in a similar manner to the Drury and Addison 

study, by plotting the beta values obtained from the different a priori 

defect levels, against the ratio of the probability of a defect 

occurring to that of the probability of perfect product. The experi- 

mental group was fitted by such a straight line, but not the control 

group. In spite of this partial confirmation that SDT was applicable, 

both the sensitivity and criterion were affected by the changes in the 

a priori probability of a defect, an effect that was statistically sig- 

nificant. It is not easy to draw any definite conclusions from this 

study regarding the applicability of SDT, partly because of the equivocal 

nature of the results and partly because no ROC curve was drawn and 

hence we cannot make any inferences about the nature of the underlying 

distributions. 

Most of the other applications of SDT have used the theory merely to 

provide the quantities d' and beta, using the equal variance assumptions 

and without any particular theoretical discussion of the applicability 

of the theory. Examples of such approaches have been Moraal (1975), in 

the inspection of steel sheets and Chapman and Sinclair (1975),
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concerning the inspection of food products. 

2.8.1 General discussion of the literature 

At first sight SDT appears to be ideally suited for application in the 

area of industrial inspection. The separation of sensitivity and response 

bias, the existence of normative standards for the criterion, and the 

possibility of incorporating the costs and values of the inspector's 

decision making into the model are powerful arguments for its use. The 

analysis of the preceding papers has suggested that up to now, however, 

SDT has been used in a somewhat naive manner in the inspection area. As 

has been suggested throughout this section, unless the basic assumptions 

of the theory are shown to be applicable to the data under consideration, 

then any conclusions drawn from the use of d' and beta must be viewed 

with considerable reservations. Some workers in the applied area, pri- 

marily Drury and Lusted,have taken the precaution of checking the SDT 

assumptions before using the theory. Also there has been some recog- 

nition by these workers of the difficulty of applying the parametric 

measure of bias, beta, in situations where the SDT equal variance 

assumptions do not hold. Even where the ROC curve has been drawn, there 

has been a tendency to assume that an approximate fit of the data to 

freehand curves is sufficient evidence that SDT can be applied. A far 

more accurate procedure is to transform the probabilities to Z-Scores 

to give a Z-ROC plot which can be readily fitted by a straight line 

either by eye or by the maximum likelihood techniques outlined in Grey 

and Morgan (1972). Such a procedure allows the slope of the line to be 

evaluated such that decisions can be made as to which form of the SDT 

model is appropriate.
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One aspect of industrial experiments that is of interest concerns the 

way that the ROC curve is generated. In all industrial experiments to 

date, no explicit attempt has been made to generate the curves by the 

procedures used in laboratory experiments on SDT, i.e. by manipulating 

the a priori probability of signals or by varying the payoffs. The 

general practice has been to simply plot the probabilities of correct 

detections and false alarms (or their Z-Scores) and by good fortune there 

has been sufficient random variability in the response bias to generate 

an ROC curve. It is certainly of interest to see the wide variability of 

criteria that exist in data taken from industrial situations. From the 

Z-ROC curves in Drury and Addison (1973) it can be calculated that the 

criteria vary between 1.02 to 5.03 in terms of beta. These data were, 

of course, produced by a wide variety of personnel working in conditions 

where there might well be frequent changes in criterion due to alter- 

ations in customer standards. In other industrial situations, it is 

possible to foresee problems if the inspectors! eriteria were to be very 

homogeneous and stable. This might lead to an inadequate spread of 

points to establish the ROC curve. In this situation it might be 

necessary to perform supplementary experiments using a rating scale 

approach, in order to provide the range of criteria necessary. When one 

is attempting to apply SDT in industrial situations it is essential that 

the subjects are thoroughly experienced in the task. Otherwise they can- 

not be expected to have acquired the necessary knowledge of the con- 

ditional probability distributions to make decisions in accord with the 

SDT model. 

There is so little data available that it is difficult to say whether 

all the predictions of the model have been verified in the area of 

quality control. Certainly, the Drury and Sheehan, Drury and Addison 

and Lusted data, lend support to the basic precepts of the model
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concerning the underlying normality of the sensory distributions. In all 

cases the ROC curve provided an acceptable fit, although only Drury and 

Addison provided a test of statistical significance for this, and their 

fit was obtained using an inappropriate least squares procedure. As far 

as the other aspects of the model are concerned, which predict that the 

inspector will attempt to maximize the expected value of his decisions by 

modifying his criterion in terms of the equation given in section 2.2.3 

i.e. beta =(prob. good/prob. defect)x (relative/cost factor), the 

evidence is more equivocal. 

Drury and Addison plotted beta against (probability of good product/ 

probability of bad). In terms of the above equation, this should pro- 

duce a straight line through the origin. This was found to be the case 

for the sessions where feedback had been provided but not before. This 

can be accounted for by assuming that one of the results of feedback 

was to give the inspectors a more accurate subjective estimate of the 

proportion of defects present, thus facilitating the optimization of 

their criteria. An alternative explanation is that the effect of feed- 

back was to stabilize the payoff matrix by the special eiemtiers pro- 

viding fixed standards for the relative costs of the different types of 

error. The authors show that yet another possibility is that the 

inspectors modified their criteria to maintain a constant output pro- 

portion of defectives, this being one of the factors on which their per- 

formance is judged and which affects their relationships with the 

customers. In fact, the data suggest that this hypothesis is also 

reasonable. In terms of the SDT model, the inspectors could be regarded 

as altering their payoff matrix to keep the output proportion of 

defects constant, via a modification in the criterion.
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It seems then, that on the modest amount of evidence available, SDT does 

provide useful insights into inspection performance. However, the 

situation is complex, and needs to be investigated further, particularly 

from the standpoint of the effects on the criterion of various aspects 

of the task. 

Very little work has been done on the inspectors ability to inspect to a 

specific set of payoffs. 

In summary the following requirements are important in order to meaning- 

fully apply SDT in inspection situations: 

1. The inspectors should be well practised. 

2. The data should be subjected to an ROC curve analysis to ascertain 

if the underlying assumptions are correct. 

3. If the spread of the criteria are insufficient to define an ROC 

curve, then some form of off-line experiment may be necessary employing 

the rating technique or some other means of generating a range of 

criteria. 

4, Straight line Z-ROC plots are to be preferred to attempting to fit 

complex ROC curves by hand to the data. An accurate Z-ROC enables the 

ratio of the variances of the underlying distributions to be established. 

If data of the right form is available it is best to fit the data 

points using a maximum likelihood ratio technique. 

5. Data for groups of subjects should not be combined unless it has 

been established that they all conform to the SDT model. 

2.9 Directions for research into inspection using Signal Detection 

Theory 

Two main areas of research work can be identified in which further SDT
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orientated studies would be of interest. The first of these is con- 

cerned with the application of the theory to on-going inspection 

situations. As has been repeatedly emphasized in the last section, the 

amount of data available from real life studies which has been examined 

in a rigorous manner, using SDT techniques, is very small. Further 

studies are necessary to establish the range of application of the 

theory. Additionally, it would be useful to investigate the usefulness 

of the various non-parametric measures of sensitivity and bias in 

applied situations. If it could be established that at least some of 

these measures were relatively insensitive to variations in parameters 

such as the slope of the ROC curve, then they might be more readily 

used in real-life inspection situations than the corresponding para- 

metric measures. 

The other main area of research work concerns the use of SDT to inves- 

tigate a number of more specific aspects of the effects of various taks 

parameters on inspectors' performance. Perhaps the most interesting 

of these, and one which is particularly suited to an SDT approach, is 

the question of the effects of changes in fault density in the incoming 

items to the inspector. We have seen from the Drury and Addison study 

that it is not at all clear whether the inspector actually employs the 

optimal criterion suggested by SDT or whether he bases his criterion on 

other considerations such as the outgoing percentage of defectives. 

Further studies are needed to establish in greater detail how the 

inspector responds to the a priori probability of a defect. Another 

aspect of this question concerns the inspectors response to change in 

defect probability within the task itself. Studies in both the signal 

detection area and inspection have tended to concentrate on static 

tasks. If one considers an inspector examining products in a contin- 

uous flow system, for example, it is possible that one of the
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manufacturing units may develop a fault which suddenly increases the 

incidence of defects. An analogous situation would be if an inspector 

was transferred from a situation where a low incidence of defects were 

the norm to an inspection line where a more inherently faulty product 

were being inspected. Equally the fault density might change from high 

to low in the latter situation. It would be of interest to consider 

the inspectors reaction to change in these cases. Would they, for 

example, move their criteria in the optimal direction predicted by SDT? 

In terms of the SDT model, where the defect probability increases, the 

inspector should lower his criterion to one appropriate to the new 

defect probability and make a greater number of 'defect' responses. But 

such an adjustment presupposes that the inspector has a perfect know- 

ledge of the new defect probability and that he is able to act on this 

knowledge by adjusting his criterion. It is clear that the inspector 

will only have a limited sample on which to base his estimate of the 

new a priori defect probability. An accurate estimate would only be 

available if the inspector were able to discriminate perfectly between 

defects and non-defects, or if complete knowledge of results were 

available. In the absence of this, his subjective estimate of the 

degree of change in fault density will be a function of his intrinsic 

sensitivity for defects. We know that human beings are very conser- 

vative interpreters of evidence as far as the revision of subjective 

probabilities is concerned (Edwards, 1962, Slovic et al., 1975). 

Bayes' theorem indicates the optimal degree to which subjective prob- 

ability estimates should be revised on the basis of evidence, but the 

experimental evidence suggest that subjects do not generally do this 

to the optimal degree. These two factors, the limited evidence 

available due to the finite sensitivity of the operator, and his innate
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conservatiyism, mean that his subjective estimate of the defect probability 

will lag behind the actual probability. The ability of the inspector to 

adjust his response bias to the new probability can be regarded as a 

separate attribute to his skill at estimating this probability. This 

question has been investigated by Sims (1972) in a laboratory simulation 

of on-inspection task, with equivocal results. Signal detection theory, 

with its separation of sensitivity and bias parameters, and its specif- 

ication of an optimal criterion, is clearly an ideal model with which to 

investigate this problem. The question will be considered again when 

the detailed programme of experimentation is set out. 

2.10 Summary 

The theoretical foundations of SDT have been reviewed in detail. The 

necessary conditions for applying the theory have been set out, and the 

available inspection studies in which SDT has been used have been con- 

sidered from the point of view of their adherence to these conditions. 

Very few studies were seen to have tested the assumptions underlying SDT 

prior to employing the sensitivity and bias parameters beta and d'. 

Those studies that have employed SDT more rigorously have suggested that 

the theory is applicable in this area, particularly in the context of 

on-going inspection tasks. Further research is seen as necessary in 

establishing this validity in a wider variety of inspection situations, 

and also as a tool in investigating a number of important practical 

problems. In particular, the ability of the inspector to adjust his 

criterion appropriately, if the incidence of defects changes, is seen 

as being highly amenable to a SDT approach.



CHAPTER 3 A REVIEW OF THE LITERATURE OF INDUSTRIAL 

INSPECTION AND RELATED THEORETICAL AREAS
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3.0 INTRODUCTION 

Producing a comprehensive classification scheme for inspection literature 

presents a number of difficulties. Inspection is an activity carried out 

in a very wide range of industries and one which utilizes many differing 

skills. Some of the taxonomic difficulties present in this area will be 

discussed subsequently. The literature review which follows will be 

divided into two broad sections. In order to establish the context for 

the research objectives of this study, the more important areas in the 

inspection literature will first be surveyed. Although the emphasis of 

this review will be on studies which can be directly applied to 

practical situations, it will also be necessary to consider some of the 

theoretical areas which underlie the applied studies. 

In the second part of the review,the topics which have been selected as 

part of the experimental investigations will be treated in greater 

depth. From a detailed consideration of these area, together with in- 

sights gained from the SDT literature reviewed in Chapter 2, the broad 

outlines of the experimental investigations will emerge. 

3.0.1 Some taxonomic considerations 

It is not proposed in this study to develop a formal task taxonomy for 

inspection tasks, although there is certainly a need for such an 

endeavour. In applied research particularly, as the body of data on 

human performance grows, it is increasingly necessary to be able to 

generalize research findings from laboratory studies to operational 

settings and from one operational setting to another. (Levine et al., 

1971). An extensive research programme concerning the problems of 

behaviour taxonomies has been in progress at the American Institute for
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Research, e.g. Fleishman et al. (1970), Miller (1971). Several different 

lines of approach have been considered in this area. One of the earlier 

attempts by Miller (1962) was motivated by the desire to obtain data for 

design decisions in man-machine systems. The main characteristics of 

Miller's scheme resemble those of the informal model for the inspection 

process presented in Chapter 1. The behavioural task structure sug- 

gested by Miller proposes scan, identification, decision making and 

effector phases which can be readily equated with the acquisition, 

decision, identification and action phases proposed in Chapter 1. 

Unfortunately, both schemes share another characteristic - they do not 

provide a very satisfactory means of organizing the available research 

and applied literature in a particular area. One of the difficulties 

is that the model is in terms of separate ppychological processes, 

whereas in any real situation the importance of the various hypothesized 

stages in the inspection procedure is determined very largely by the 

characteristics of the task. This problem is of course common to any 

taxonomy. Another problem that occurs when attempting to classify 

inspection studies according to the scheme set out in Chapter 1, is 

that many of the important variables are global in nature and could 

affect performance through a number of the stages postulated. Examples 

of such variables are individual differences and social factors. It 

seems then, that although the earlier descriptive scheme is useful in 

specifying the sequential stages in the inspection task, and the 

variables which need to be considered at each stage, a different 

approach is necessary from the standpoint of structuring the literature. 

The scheme eventually decided upon follows the task characteristic 

approach proposed by Farina and Wheaton (1971). Four major sets of 

variables are seen to determine inspection performance: the
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characteristics of the inspection tasks themselves, the physical envir- 

onment in which the tasks are performed, the organizational and social 

structure of which the inspection function is a part, and individual, 

operator centred variables. Of course,although these categories and 

the variables they comprise are described as independent factors, per- 

formance in a real inspection task will be a complicated interaction of 

these variables. In general, inspection studies have tended to concen- 

trate on single or at the most two interacting variables, although there 

have been some exceptions, e.g. McFarling (1974), who examined the 

interactive effects of noise, sex and pacing variables. 

Many theoretical areas impinge on the inspection situation, but the 

emphasis in the first part of the review will be on studies that are 

either applied,or attempt to simulate at least one aspect of real life 

inspection tasks. However there will be a preliminary discussion of the 

major research areas that have implications for a large number of 

inspection problems. The inspection model described in Chapter 1 will 

be utilized during the review where appropriate. 

3.1 General inspection literature survey 

3.1.1 Some relevant theoretical areas 

Three theoretical areas of psychology have considerable relevance for 

inspection tasks. These are decision theory, vigilance and visual 

search. Decision theory has already been discussed in detail from the 

orientation of signal detection theory in Chapter 2. Vigilance is an 

important area because many inspection tasks are largely perceptual in 

nature and involve prolongel periods of attention with a low probab- 

ility of signal occurrence. Visual search considerations provide
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insights into many of the task characteristics which will be considered 

in this review. For this reason we will begin with a brief consideration 

of the latter two theoretical areas. 

3.1.1.1 Vigilance and its relevance to inspection 

Vigilance has been an important area of psychological research since 

Mackworth (1950) was able to demonstrate in the laboratory some of the 

performance decrements occurring during prolonged watchkeeping which 

had first been observed in radar operators during the war. The apparent 

relevance of vigilance research to many applied problems gave rise to a 

voluminous literature. A review by Halcomb and Blackwell (1969) 

referenced 700 articles. No attempt will be made here to review this 

literature. Several comprehensive reviews are available, e.g. Davies 

and Tune (1970), Mackworth (1969 and 1970), Broadbent (1971). Mackworth 

identified a number of factors which contributed to the performance 

decline over time, such as a low signal rate, adverse environmental con- 

ditions, and unfamiliarity with the work. Later researchers added 

sleep deprivation, (Wilkinson, 1960) inappropriate signal expectancies 

(Colquhoun and Baddeley, 1964, 1967) and poor motivation of experimental 

subjects (Mackworth, 1970). 

The similarity between vigilance tasks and inspection tasks is clear. 

Both involve prolonged attention by the subject for signals (or defects) 

which may occur infrequently, randomly in time and space and be 

difficult to readily discriminate. 

Many of the findings in vigilance experiments parallel those found 

in inspection. For example, one of the most consistent results found
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in vigilance is the importance of signal rate in determining efficiency. 

Experiments by Colquhoun and Baddeley (op.cit.) demonstrated the 

importance of signal rate in influencing the overall level of perform- 

ance in vigilance tasks. Increases in signal probability produce 

increases in both the detection rate and the false alarm rate, (Baddeley 

and Colqhoun, 1969), a finding which could have been predicted from SDT 

considerations (Chapter 2). Closely analogous results are found in the 

inspection literature (see later section) and there does seem to be a 

close affinity between the classical vigilance task and many inspection 

situations. Many writers, e.g. Poulton (1973), make the assumption 

that most vigilance data can be readily applied to inspection tasks as 

long as the subjects have received sufficient practice. 

However, other workers have had reservations about the applicability of 

much vigilance research to real life industrial problems. Kibler (1965) 

made the following comments when comparing the basic task dynamics of 

typical vigilance research with those of contemporary monitoring tasks. 

1. The weak, brief duration signals typically employed in laboratory 

vigilance studies are rarely encountered in applied monitoring tasks. 

2. The human monitor is typically required to keep watch over multiple 

information sources, and frequently more than one type of target or 

information class is the object of his vigil. 

3. The signals are often complex and multidimensional rather than the 

simple, unidimensional events usually employed in laboratory studies. 

4, In most monitoring tasks, determining the appropriate response to a
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signal event entails a decision process much more complex than those 

required in vigilance studies. 

Elliott (1960) suggests that the classical vigilance decrement has 

never been observed in any closely simulated radar task and that the 

social isolation usually found in vigilance studies is not typical of 

military situations. Smith and Luccaccini (1969) maintain that a 

vigilance decrement has never been demonstrated in an industrial 

situation. They suggest that this is due to the greater complexity of 

the industrial task and that the vigilance decrement can be explained 

by the lack of motivation of laboratory subjects who are insufficiently 

aroused to continuously perform what is an essentially meaningless task. 

Harris (1969) also cautioned in directly applying laboratory results to 

industrial inspection situations. Belt (1971) attempted to clarify 

this question by comparing performance by the same subjects on a lab- 

oratory vigilance task with an authentically simulated industrial 

inspection task. He found that the usual vigilance decrement occurred 

with the laboratory task but that a constant level of performance was 

maintained with the inspection experiment. The author suggested on 

the basis of subjects' comments that this was a result of the greater 

motivation present on the inspection task. 

The general conclusion that emerges from these considerations is that 

we cannot blindly use all the results from vigilance experiments to 

predict performance in industrial situations, particularly when the 

laboratory studies have task characteristics unrepresentative of 

inspection tasks. On the other hand it would be foolish to ignore the 

considerable body of knowledge that has been gained on human perform- 

ance in monitoring situations, particularly when results obtained from
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vigilance studies are paralleled by data from tasks more representative 

of the inspection situation. As usual a process of discrimination is 

necessary when generalizing from research findings to the real world. 

It is necessary to examine the characteristics of any specific inspection 

task in detail in order to decide whether or not vigilance research is 

applicable. The more infrequent the defects, the less arousing the 

task conditions and the more prolonged the inspection period, the 

greater the likelihood of vigilance data being applicable, particularly 

if the defects are simple in nature. 

3.1.1.2 Visual search considerations 

This topic is surveyed in depth in Bloomfield (1970) and its applications 

to inspection described in Bloomfield (1975). 

During visual search the eye makes a series of fixations and it is 

assumed that the probability of detection of a defect decreases as its 

distance from the fixation point increases. This leads to the concept 

of a visual lobe,which is a hypothetical area about the fixation point 

within which there is some arbitrary probability, e.g. 0.5 of detection. 

During search, the saccadic movements of the eyes give rise to a series 

of overlapping visual lobes which cover the area to be searched. 

Search is efficient if the area is covered completely with a minimum 

overlap of the visual lobes. The larger the visual lobe the more 

efficiently the area to be searched will be covered in the minimum time. 

The size of the visual lobe will be influenced by a number of factors. 

Individual differences in peripheral visual acuity, background luminance, 

length of exposure time, and discriminability of the target are all 

relevant variables. In addition to the size of the visual lobe, search 

efficiency will also be influenced by the fixation strategy adopted by
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the observer. Both random and systematic sampling will cover the whole 

area to be searched and will ultimately detect any defect which is dis- 

criminable if it falls within the visual lobe. A systematic, regular 

strategy which optimally covers the entire search area with minimum 

overlap between the lobe areas will always be quicker on average. 

Bloomfield (1970) showed however, that even with well practised subjects, 

their search strategy was better fitted by a random rather than a 

systematic scanning model. In general the time taken to detect a 

target consists of two components, the search time itself and the time 

taken to respond when the target falls within the visual lobe i.e. 

there is no search involved. With readily discriminable targets this 

approximates to simple reaction time, but with neor threshold targets 

more complex considerations using SDT or other models may become 

important (Pike, 1971). 

One tends to assume that visual search considerations only become 

important in situations where large areas have to be scanned for defects. 

In reality, even if the total area to be searched is relatively small, 

if the targets, i.e. defects, are similarly small, the visual lobe is 

effectively reduced in size and so search is still necessary. Bloomfield 

(1975) considers three categories of visual inspection in which search 

is important. Where displays contain a number of small items some of 

which may be defective, the mean search time has been shown to be 

inversely proportionali to the square of the discriminability of the 

defects. Discriminability can refer to differences in dimensions such 

as size, area or shape between good and defective items. This is known 

as a competition search situation. In multipart inspection a single 

complex object is shown to the inspector and he has to examine many 

features of the item which may be faulty. An example of this type of 

inspection is given in Harris (1966) in which ten items of equipment
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were rated in terms of complexity, where this was largely in terms of 

the number of major parts each item contained. A high negative 

correlation was found between the number of defects found and the rated 

complexity. In the final type of inspection considered by Bloomfield, 

the inspection of sheet materials, a fault may be difficult to detect 

for several reasons. It may fail to emerge perceptually from its 

immediate background because of patterning effects, it may have a very 

low contrast difference with respect to the background, or it may 

simply be very small relative to the total area that has to be inspected. 

The efficiency of visual search will be influenced by several factors in 

addition to those already discussed. Operator centred factors such as 

experience, eyesight and age will clearly be important as will task 

characteristics such as presentation rate (Perry, 1968) display size 

and shape (Baker et al., 1960) and the provision or otherwise of visual 

aids (Schoonard et al., 1973). 

3.1.2 Task characteristics 

3.1.2.1 Pacing and movement of the item being inspected 

These variables have been considered in a number of studies because of 

their importance to industrial engineers in determining the maximum 

throughput of an inspection station possible without degrading the 

efficiency of defect detection. In terms of the inspection model of 

Chapter 1, the variables can be regarded as operating at the 

acquisition phase of the process. 

Drury (1973) discusses two major aspects, the effect of the rate of 

movement of the item being inspected, and the effect of pacing per se.
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These two aspects are not necessarily identical. It is well known, e.g. 

Blackwell (1959) that dynamic visual acuity is inferior to static visual 

acuity, and Sury (1964) has shown that pacing can degrade performance 

even if the subject is paced at the same rate as his unpaced performance. 

With regard to the first variable, Williams and Borrow (1963) and 

Eriksen (1964) have shown that the rate of movement does not produce 

degradation in performance unless the angular velocity exceeds 78° at 

the eye. 

Drury (1973) considers a number of studies and attempts to deduce a 

general relationship between the time available per item being inspected 

and the probability of a correct decision being made. The two types of 

correct inspection decision concerned are P,, the probability that a 

good item is accepted, and Po, the probability that a faulty item is 

rejected. The studies considered covered a wide variety of inspection 

tasks, e.g. Fox (1964) concerning coin inspection, Perry (1968), glass 

bottle inspection, Sinclair (1971), food products, and unpublished 

studies on the inspection of sheet glass. In all of these studies the 

general effect is observed that as more time is allowed to inspect each 

item, the probability of rejecting a faulty item increases whilst the 

probability of accepting a good item decreases. Drury accounts for this 

finding by postulating that the inspection process consists of two 

phases, a visual search process until a potential defect is found or 

time runs out followed by a decision process. Thus for very short time 

intervals, corresponding to a high rate of pacing, relatively few of 

the potential faults are seen. This leads to a low value of Py, the 

correct rejection probability, and also a high value of P,, the correct 

acceptance probability, because the opportunity for making an error in
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the other direction,i.e. false alarms,is lessened. At very long time 

intervals, or low pacing rates, search considerations become unimportant 

and the limiting values of P, and Pp are largely a function of the SDT 

variables considered in Chapter 2, i.e. the intrinsic sensitivity of the 

inspector and his criterion. 

A paper by Buck (1975) presents a highly detailed analysis of what he 

refers to as dynamic visual inspection, DVI. DVI occurs in a conveyor 

belt situation where the item being inspected moves past the inspection 

station at various speeds. Some of the factors affecting DVI can be 

identified as the direction of movement, the speed of the conveyor, the 

object interspacing distance and variability, and the lateral varia- 

bility of the object on the belt. Buck discusses in detail the effect 

of various viewing constraints such as the 'viewing window' past which 

the items on the conveyor flow. DVI involves first visually tracking 

the moving inspection item. Crawford (1960) shows that up to an angular 

velocity of about 25°-30°/second the eyes can acquire a moving object in 

a single saccade. At greater speeds, additional eye movements are 

required and hence belt velocities of this order mean that the observer 

will spend more time in making visual corrections and therefore less 

time will be available for visual search within the object. 

A number of studies, e.g. Ludvigh and Miller (1958) show that a complex 

set of factors affect dynamic visual acuity, e.g. the angular velocity 

of the item, and the exposure time available. 

The belt velocity in DVI therefore plays a complex role both through its 

affects on visual acuity and the exposure time available for visual 

search (this variable will be considered in more detail subsequently).
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Recent ; from a number of studies (Rizzi et al., (1974), Nelson and 

Barany (1969), Smith and Barany (1971), Purswell et al., (1972) and 

Lion et al., (975)) suggest that the following generalizations can be 

made about pacing and the more general area of dynamic visual inspection. 

DVI is improved with (a) increased exposure time for an object, (b) 

lower belt velocities, (c) greater interspacing between successive 

objects. Self paced inspection appears to be superior to externally 

paced work, (Williges and Streeter (1971), McFarling and Heimstra (1975)). 

Individual differences in peripheral visual acuity influence efficiency 

of DVI. The random or ordered arrangement of the items on the conveyor 

belt is another factor found to be important. The fact that the latter 

two variables are also important in static visual search, Bloomfield 

(1970) lends weight to the idea that DVI consists of detecting the on- 

coming item, visually acquiring it, searching it for faults and then 

making an accept reject decision, Buck (1975). Cochran et al., (1973) 

present a model for predicting the combined effects on DVI of change in 

visual angle, angular velocity, time to view, illumination and contrast. 

3.1.2.2 Magnification, lighting and other aids to enhance defect 

discriminability 

Techniques such as X-rays, ultrasonics, gamma rays and dye penetrants 

are all used in non-destructive testing in industry to render visible 

defects which could not be detected with the unaided senses. Often the 

resulting display or trace constitutes an inspection problem in itself, 

where the operator may have to continuously monitor the output for some 

subtle change which indicates a defect. These problems have been con- 

sidered in Embrey (1975) (ultrasonic testing) and Lusted (1971) (X-ray 

photographs). The most common methods of enhancing defect
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discriminability are lighting and magnification. 

Lion (1964) compared the effects of fluorescent with tungsten lighting on 

a simulated inspection task involving grading ball bearings for size, and 

found that fluorescent lighting produced a significantly higher rate of 

work without any concomitant increase in errors. Lion et al., (1968) 

repeated the above comparison in a conveyor belt situation. The items 

used in one experiment were Peete discs with a link pattern drawn on 

their faces. 'Defective' items had a break in the link. The other 

experiment used plastic buttons as the test items, some of which had off- 

centre holes. Detection efficiency was higher for the link inspection 

task under the fluorescent lighting than with the tungsten lighting. 

However, there was no significant difference between lighting conditions 

with the button inspection task. The authors accounted for this latter 

result by suggesting that the link task was primarily a test of visual 

acuity whereas the button task involved more perceptual elements. It 

was proposed that the differential effect of the different light sources 

was due to the fact that the tungsten lamps, being point sources, were 

more readily obscured by the subject at the workbench, producing an 

effectively lower lighting level. This would readily account for the 

results in view of the relationship between visual acuity and ambient 

illumination. It seems strange that the authors did not verify this 

hypothesis by adjusting the different types of lighting to provide 

equal illumination with the subject in situ. The question of the very 

different spectral composition of the different light sources would seem 

to be another uncontrolled variable. 

Further insights into this area are given by Sakguchi and Nagai (1973). 

In a comparison between various types of lighting in a Landolt ring
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recognition task, it was found that eye fatigue,as defined by subjective 

reports,seemed to result from the narrow bandwidth of coloured lighting 

sources such as sodium lamps. This variable clearly needs to be con- 

sidered when lighting for prolonged inspection periods is being specified. 

Lighting considerations for inspection are far broader than merely 

specifying the optimum intensity and type of lighting to be used. 

Faulkner and Murphy (1973) illustrate a number of ingenious ways in 

which special purpose lighting can be used to enhance the discrimin- 

ability of defects. They point out that the simple expedient of increas- 

ing lighting levels is not necessarily the most effective way of increas- 

ing task performance. They describe a number of lighting techniques 

including grazing illumination, polarized light, spotlighting, dark 

field illumination etc. which can be used in various ousehine. Case 

studies from the glass industry in which lighting is used to enhance 

defect discriminability are given in Gillies (1975). 

Inspection using microscopes and other magnification aids has become 

increasingly important with the growth of the microminiature integrated 

circuit industry. Smith and Adams (1971) and Smith (1975) propose that 

over a wide range of conditions, optimum performance can be expected 

when the visual angle subtended by the defect, as a result of magnif- 

ication, is between 9 and 12 minutes of arc. Froot and Dunkel (1975) 

point out, however, that a number of other parameters of the microscope 

system need to be taken into account, including resolving power, 

aperture and depth of field. They cite a case study where two groups of 

inspectors could not agree over the incidence of defects in a batch of 

products. It transpired that although they were using microscopes of 

identical magnification, they had differing resolving power for defects.
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A detailed case study involving the use of magnification in the inspection 

of rubber seals is given in Astley and Fox (1975). 

3.1.2.3 Complexity 

The variable of complexity is an extremely difficult one to quantify. 

Firstly there is the question of defining an adequate index of complex- 

ity. In inspection studies complexity has usually been described in 

terms of the number of items which would be potentially defective on 

each unit inspected. For example Harris (1966) found that the index of 

complexity assigned to circuit modules by a panel of experienced 

judges, correlated highly with the number of major parts making up the 

item. It seems likely however, that variables such as the arrangement 

of the parts constituting the item artalso important, either because of 

the Gestalt consideration suggested by Fox (op. cit.) or through the 

facilitation or otherwise of an efficient search strategy. At least 

two other aspects of complexity can be considered, the complexity of 

the defect itself and the complexity of the background in which it is 

embedded. The conspicuity of the defect could well be regarded as the 

degree to which it shares common attributes with the field within 

which it is embedded. One might expect this variable to be partly 

dependent on the number of these shared attributes which occur within 

the defect and its background. Possibly a quantitative estimate of 

detectability as a function of this concept of complexity could be 

derived. 

The clearest effect of complexity on inspection efficiency comes from 

the Harris study (op. cit.). Inspector performance in terms of defects 

detected showed a strong negative correlation with the complexity of



76 

the module. A DVI task used by Purswell et al. showed a similar relation- 

ship,where subjects had to remove grids containing geometrical patterns 

from a conveyor belt. McFarling and Heimstra (1975) used printed circuit 

boards containing varying amounts of circuitry as constituting differing 

complexity levels. Decision time was found to increase with increasing 

circuit complexity whilst defect detection performance declined. 

Another variable investigated was pacing,and it was found that as 

circuit complexity increased,there were larger increases in decision 

time for self paced subjects than for their machine paced counterparts. 

It seems therefore, that increases in complexity can be regarded as 

generally reducing defect detection probability. This can partly be 

accounted for by visual search considerations, because in paced 

situations there will be many occasions when the inspector will not have 

had time to examine each potentially defective attribute of the item in 

the viewing period allowed. The persistence of the effect even in self 

paced situations suggests however that other, perceptual variables may 

also be important. Studies of image interpreters, e.g. Powers et al., 

(1973) have shown that in multiple defect situations, interpreters 

often have a far lower detection efficiency for subsequent defects 

after an initial one has been found. 

3.1.2.4 Display organization 

This variable is another which one might expect to be influenced both 

by visual search and perceptual considerations. Williges and Streeter 

(1971) found no significant differences in performance as measured by 

correct defect detections and false alarms between an ordered and a 

vandom display consisting of 600 transparent discs containing
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occasional pin hole defects. This result is in conflict with visual 

search studies and with other inspection studies which have considered 

the same variable. The authors suggest that this may have been due to 

the close proximity of the inspection items in both the ordered and 

vandom arrangement. In fact many of the subjects after completion of 

the experiment stated that they had been unaware that the discs had been 

displayed in both a random and ordered fashion. 

In a laboratory visual search situation Bloomfield (1970) found that an 

irregular display took longer to search than a regular one. One would 

therefore expect this variable to be of importance in paced situations, 

and in fact in the Williges and Streeter study a significant inter- 

action was obtained between paced and unpaced presentation and the 

ordering or otherwise of the items. Detection performance was signif- 

icantly better with the regular display under the paced condition than 

the irregular display. 

The effects of display arrangement are not necessarily due to visual 

search considerations alone. An industrial study by Fox (1964) con- 

sidered the effects of the random or regular arrangement of coins on a 

conveyor belt at the Royal Mint. The regular display proved consider- 

ably superior to the random arrangement and Fox proposed that the 

result could be explained in terms of Gestalt theory, i.e. the defective 

coins emerged more readily from the regular, 'good gestalt' background 

than from the random, and therefore difficult to perceive arrangement. 

An alternative explanation is simply that the search time was longer in 

the irregular display case. Since the inspection was paced, a longer 

search time would produce a lower rate of detection of defects independ- 

ent of any effects on the intrinsic perceptibility of the defects. It
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is not possible to decide which of these explanations is appropriate from 

the Fox paper. Indeed it is difficult to see how the two variables could 

be experimentally disentangled. Nevertheless, the possibility of effects 

at a perceptual level in addition to the peripheral consideration of 

visual search cannot be ruled out. Scott Blair and Coppen (1942) 

suggested that 'learnt gestalten' seemed to develop in certain skilled 

operators and Thomas (1962) quotes several industrial examples where 

inspectors seemed to detect defects on a wholistic, figure/ground basis, 

rather than by a process of search. Eye movement studies in situations 

of this type would presumably clarify the issue as to whether search was 

taking place. 

Lion et al., (1975) compared performance on a single line conveyor belt 

system with a three line system. The test items consisted of plastic 

discs which contained either a broken link pattern (defects) or a com- 

plete pattern. Detection performance was superior on the three belt 

system. However, in order to provide the same amount of material per 

unit time to the inspector, the single belt was run at 18cm per sec., i.e. 

three times the speed of the three line belt. Since this exceeds the 

limits proposed by Williams and Borow (1963) (i.e. 2cm per sec.) at 

which performance decrement occurs, it seems likely that the obtained 

results were due to this variable rather than the organization of the 

display. 

3.1.2.5 Signal rate 

Signal rate is an important variable which has received considerable 

attention in both vigilance and inspection research. Early work in vig- 

ilance tasks, Jenkins (1959), Kappauf and Powe (1959), suggested that lower 

signal rates produced reduced detections by causing an increased vigilance
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decrement. Colquhoun and Baddeley (1964, 1967) showed however that this 

was at least partly an artefact due to the subjects having an inappro- 

priately high expectancy of the signal rate. It was further shown by 

Colquhoun (1961) that it was the conditional probability of a signal 

given an event occurred, that determined detection efficiency rather 

than the actual frequency of signals in time. In general it has been 

shown that an increase in signal probability produces an increase in 

both the detection rate and the false alarm rate, e.g. Baddeley and 

Colquhoun (1969), as would be predicted from the SDT considerations dis- 

cussed in Chapter 2. 

Rather few inspection studies have explicitly varied defect rate or pro- 

bability as an explicit experimental variable. Fox and Haslegrave's 

study (1969) had the virtue that it was conducted in an industrial 

environment. They attempted to verify Colquhoun's finding of the 

importance of signal probability as a determinant of defect detection 

efficiency as opposed to s«mulvs frequency. They investigated both a 

static and a conveyor paced situation where screws were inspected for a 

variety of faults. No significant differences in correct detection 

probability were found in the paced condition, but the static condition 

showed the expected straight line relationship between detection pro- 

bability and defect probability. It is not clear why the effect was 

not observed in the paced condition, but it seems likely that other 

variables such as the conveyor speed (52 feet/minute) swamped the pro- 

bability effect. 

It is clear however that data from experiments of this type have to be 

interpreted with care. A well known study by Harris (1968) employed 

four different defect rates on a scanning type inspection task using
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four groups of inspectors. Using as measure of inspection accuracy the 

proportion of defective items that were detected, Harris stated that the 

accuracy of inspection declined with decreasing defect probabilities. 

Baker and Schuck (1975), however, took the Harris data, and using the 

equal variance SDT model, calculated that d' was not significantly 

different for any of the probability conditions. They therefore stated 

that Harris was in error and that inspector accuracy did not change as 

a result of signal probability. This is a good illustration of the con- 

fusion that ensues when differing measures of inspector performance are 

used. In reality both authors were correct within the descriptive 

terminology they were employing. If anything, Harris's conclusions 

were to be preferred to those of Baker and Schuck because the latter 

authors did not bother to check the appropriateness of the equal 

variance assumptions implicit in their use of the SDT model. The 

results are of course explicable in terms of the inspectors employing a 

criterion appropriate to the ongoing defect probability. 

The use of artificial signals in an inspection task to increase the 

apparent defect rate and thereby enhance the detection rate (and false 

alarm rate) has been proposed by Wilkinson (1964). Although his 

'inspection' task is actually a laboratory vigilance task, there seems 

to be no reason why the technique should not be applicable in a real 

life situation as long as the artificial 'defects' could be readily 

separated from the real ones and the situation was such that false 

alarms were not ‘expensive’. 

The only dissonant study on the general conclusion that an increased 

defect rate enhances detections is one by Sosnowy (1967). This study, 

which was a simulated inspection of ball bearings, only showed the
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usual relationship at a high rate of pacing, i.e. 240 items per minute. 

Unfortunately the original study could not be obtained by the reviewer 

(it is reported in Badalamente and Ayoub, (1969)) and hence the index of 

inspector accuracy used and the precise experimental conditions could 

not be ascertained. 

One study exists in which the variable discussed in Chapter 2, a within 

session change in the defect rate is considered (Sims (972)). The study 
. ) 

used printed circuit board inspection as a simulated industrial tasky~ ee 
it Sod 

and showed that although inspectors generally accurately perceived the 

quality level of the incoming product, there was considerable inter- 

subject variability in their ability to adjust to changes in defect rate. 

The remaining studies in which defect rate is an important but not 

explicit variable have been discussed in the SDT review of Chapter 2. 

3.1.2.6 Number of inspectors 

Schlegel et al., (1973) compared the performance of a single versus a 

dual inspector system in a Landolt ring, conveyor based inspection task. 

The task used an inspection period of 45 minutes in order to investigate 

the effects of the two systems on a possible vigilance decrement. In 

terms of probability of detecting a defect, the two inspector system 

was significantly superior to the single inspector. The false alarm 

probability showed no significant difference. These results were in 

line with what would be predicted from the simple statistical combin- 

ation of the two inspectors efficiences. The two inspector system had 

the additional bonus that there was significantly less vigilance dec- 

rement in performance. The reasons for this are not obvious, since the
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inspectors were separated by screens and could not monitor one anothers 

performance. It seems possible that the element of competition in the 

two inspector case provided an increased level of arousal and hence 

reduced any vigilance decrement. This study has obvious implications for 

real life inspection systems. It should be noted, however, that the 

stimuli used were considerably easier than those normally found. A 

slightly different arrangement was used by Lion (1975). In an experiment 

described in detail earlier (Section 3.1.2.5), the performance of 

inspectors on a three line arrangement of items on a conveyor belt was 

compared with the performance of two inspectors seated on opposite sides 

of a six line conveyor. Performance in the two inspector arrangement was 

significantly better than using a single conveyor both in terms of 

correct detections and fewer false alarms. The authors attributed the 

result to the stimulus Sf doing a job in unison, the feeling of com- 

petition and the reduction in boredom due to the opportunity to talk. 

Since the length of each session was only 12 minutes, the first two 

factors seem more likely to be important than the last. 

A study by Morrissette et al., (1975) showed a similar improvement in 

performance in team monitoring using a laboratory task. The evidence 

suggested that performance was improved by social facilitation, i.e. 

the monitors performed better when working together than separated. 

The evidence strongly suggests therefore that inspection efficiency will 

be improved by operator redundancy. In practice, such redundancy does 

occur in industrial situations when particularly critical products are 

being inspected. 

In using more than one inspector, a decision has to be made whether the
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economic advantages accruing from the higher detection efficiency 

expected exceeds the cost of additional inspectors. 

3.1.2.7 Repeated inspection 

Batches of product are sometimes inspected repeatedly in order to raise 

the probability of defect detection. This may be done by the same 

inspectors or an independent inspection may be utilized. This latter 

arrangement is clearly preferable since re-inspection by the same 

inspector means that the same defects are likely to be missed part- 

icularly if there are systematic errors in inspection strategy. Belbin 

(1957) gives an example of the repeated inspection of ball bearings, 

although he does not state whether or not it was independent. After the 

first inspection 63% of the defects were found, and a further 16% were 

found after the second pass through the system. Harris and Chaney 

(1969) p.78 describe the repeated inspection by ten independent inspec- 

tors of an electronic module. Performance in detecting critical defects 

continued to improve (at a slightly increasing rate) with the addition 

of independent inspections up to a total of six, after which perform- 

ance levelled off. Performance in detecting non-critical defects, on 

the other hand, continued to improve as additional inspections were 

added. These results tend to confirm that different inspectors do not 

necessarily find the same defects. Eilon (1961) presents an operational 

research type model which specifies situations, depending on the cost of 

inspection, when it is economically worthwhile to recycle products 

through an inspection station. The question of the efficiency of 

independent repeated inspections versus a team inspection approach is 

a complicated one. One way of looking at the situation is to assume 

that an interacting inspection team combines the advantages of social
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facilitation noted in the last section with the theoretically higher pro- 

bability of detection due to the possible "blind spots' of the individual 

inspectors being eliminated by the overlap of abilities. On the other 

hand it is possible that the team consensus as to what constitutes an 

acceptable product may be incorrect. The effect of this could mean that 

the findings of more accurate inspectors within the groups could be 

rejected, or not reported, due to group pressures. Further work is 

clearly needed in this area. 

3.1.3 Environmental factors 

Traditionally, these factors include heat, lighting, noise and workplace 

design. Lighting has already been considered in an earlier section. 

There have been no studies in which heat has been considered as an 

explicit variable. The evidence from vigilance tasks (J.T. Mackworth 

(1969), p.167) suggests that whereas cold may slow reactions and interfere 

with detections particularly at the beginning of a session, heat tends 

to increase missed signals at the end of a prolonged vigil. These 

results may be extended to inspection tasks with the caution suggested 

earlier. 

McFarling (1974) considered performance under noise conditions in a sim- 

ulated printed circuit board inspection task which investigated the 

effects of a number of interacting variables. Inspector performance in 

a quiet condition was significantly better, measured by defect 

detection probability, than under a 90dB white noise condition. False 

alarm scores were not significantly different in each case. This 

latter result is unexpected since in vigilance tasks the decrement in 

detection performance under noise conditions is generally a result of 

an increase in beta (Broadbent 1970). The result obtained suggests a
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lower sensitivity in noise. The author was unable to account for the 

effects but J. Mackworth (1969) suggests that similar results in vigil- 

ance experiments are due to distraction effects. A very similar study 

by Ehlers (1972) also considered the effects of noise on the inspection 

of printed circuit boards. Three white noise levels, 50, 70 and 90 dB 

were employed, and defect detection performance was significantly worse 

in the 90 dB condition. A deterioration in performance over the 70 

minute inspection task occurred under the 50 dB noise condition but not 

under the 70 or 90 dB condition. False alarms were not analysed because 

only 10 in the 19,000 good circuits inspected were called bad. These 

results suggest that in common with other monitoring tasks noise levels 

of 90 dB and above should be avoided in inspection situations, although 

a moderate level of noise serves to reduce vigilance effects, presum- 

ably via its arousing qualities. 

Workplace design is clearly a variable which needs to be considered in 

the design of inspection stations, where a worker may be carrying out a 

visually demanding job for long periods. Astley and Fox (1975) present 

a case study which shows how anthropometric considerations are taken 

into account in this situation. 

3.1.4 Organizational factors 

Organizational factors are important determinants of the effectiveness 

of any real inspection system. If there is disharmony within the 

inspection team, or conflict between production and quality control, 

then even the most perfectly designed inspection system will either 

fail to function effectively, or its findings will go unheeded. We 

will first consider the more general socially orientated factors that
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influence the effectiveness of inspection and then some of the specific 

organizational factors which directly influence inspection performance. 

3.1.4.1 Managerial and social aspects 

McKenzie and Pugh (1957) consider the effects of the relationship between 

the production and inspection departments in industry. Where lack of com- 

munication exists, production departments will generally be critical of 

attempts by the quality control section to assess their work. Social 

pressures by their workmates will often persuade inspectors to modify 

their judgements even when there has been no objective change in 

quality. The authors comment on the very high degree of individual 

variation in inspectors and even inconsistency within their own judge- 

ments. The general point made is that it is this inconsistency that 

leads to the deterioration of relationships between inspection and pro- 

duction departments. Recommendations are made to regularly calibrate 

inspectors with reference standards. 

Belbin (1957) discusses the issue of the differences between the cus- 

tomer's quality standards and those adopted by inspection departments. 

He presents a real life example which shows that many of the complaints 

from customers of a particular firm were due to defects for which the 

inspector had not been told to look for. Similarly many of the faults 

for which inspectors did reject items were of no consequence to the 

customer. The effect of the continuing complaints from the customer 

was to make the inspector reject more and more products for the wrong 

reasons (presumably via a change in criterion). Belbin points out that 

the quality standards required may fluctuate due to variations in 

demand, and suggests a scheme for defining quality levels so that
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inspection criteria can be readily modified. The effects of social pres- 

sures on inspectors is illustrated by an example from a hosiery factory 

where inspectors had to feed back repairable defects to their workmates 

for mending. The defects could be classified as rejects or mendable, 

the latter producing a much higher rate of pay for the menders. A com- 

bination of social pressure from the operatives on the inspectors, and a 

lack of clearly defined quality standards meant that virtually all of 

the defects were classified as being mendable. 

McKenzie (1958) regards inspection accuracy as being determined by basic 

individual abilities, environment and formal organization, and inter- 

personal and social relations. One of the most important organizational 

factors is the provision of reference standards for the inspector. 

Thomas (1962) emphasizes the importance of clear, unambiguous examples 

of both rejects and perfect product being provided because of the 

tendency of perceptual judgements to drift with time. Equally important 

is the provision of inspection instruction. Raphael (1942) describes 

how some viewers inspecting fabric were rejecting 53 per cent of the 

product whilst others in the same group were rejecting only 13 per cent. 

It transpired that the specification allowed a tolerance of 3 milli- 

metres but some of the viewers had not been informed of this. The 

question of the drift of perceptual standards and the possibility of 

ameliorating this by a weekly ‘calibration meeting' is discussed in 

McKenzie (op. cit.). The same paper cites further examples of the 

effects of social factors on inspection standards. A group of two 

operators and an inspector worked as an isolated group apart from 

occasional visits by a supervisor. There was obviously a tendency for 

the groups to identify itself as a cohesive whole and hence the 

inspector could not be expected to make decisions that might disrupt
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the group, unless they were based on unambiguous evidence. Mitchell 

(1935) provides evidence of poor social relationships between operator 

and inspector biasing the latter's inspection standards, as does 

Roethlisberger and Dickson (1939). 

McKenzie (op. cit.) points out that inspection sections tend to have a 

tightly knit social structure, partly because of their small numbers 

and partly because of their control function vis a vis production, 

which tends to lead to strained relations between the two functions. A 

survey conducted amongst patrol inspectors suggested that they felt that 

they were viewed unfavourably by production operatives. 

Thomas and Seaborne (1961) criticize many experimental studies of 

inspection because they remove the individual task from its socio- 

technical context and examine it purely in terms of psychophysical per- 

formance, They point out that the laboratory study lacks much of the 

concomitant information which serves as a frame of reference in the 

industrial task. Often the industrial inspector ulitizes sources of 

information, such as a knowledge of the supplier, which enables him to 

use an appropriate criterion, in the SDT sense. Of course if such 

information is unreliable, the inspector's accuracy may be reduced. 

There is very little opportunity for inspectors to develop consistent 

standards in a situation where the range ok quality of the input items 

varies widely and where there is little feedback as to the quality of 

the final product required. Again, in SDT terms, such feedback is 

known to be necessary to develop a stable criterion. In many real 

inspection systems the inspector is required to continuously modify 

his standards to take into account factors such as market conditions, 

level of output and demand. Because of the emphasis on inspection
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studies in critical areas where quality specifications are clearly defined, 

this variable quality aspect of much 'bread and butter' inspection has 

tended to be neglected. In an analysis of a particular inspection task, 

Thomas and Seaborne (op.cit.), showed that the inspector's function could 

be regarded as satisfying the sometimes conflicting needs of the sales 

organization, the production department and the raw material purchasing 

department. The inspector utilized his knowledge of the manufacturing 

process to inform production operatives of deterioration in the process. 

His inspection of raw materials provided information influencing his 

judgement of the final product. Finally he was frequently approached by 

the sales manager, and on the basis of information on the state of the 

market would raise or lower his standards with regard to certain faults. 

This analysis suggests that in real life situations the sources of 

information utilized by the inspector in arriving at his accept/reject 

decision are far more complicated than in the laboratory situation. He 

receives feedback from sales and from any check inspection that may be 

carried out. He receives feedforward information about the state of the 

raw materials and from his knowledge of the manufacturing process, and 

finally he utilizes the sensory data present in the actual item being 

inspected. 

This situation can readily be analysed in SDT terms. We can regard the 

training and any reference standards that are provided as influencing 

primarily the sensitivity of an inspector, his ability to recognize the 

cues which indicate good or bad product. The instructions which apply 

to an inspection task at a specific time will provide the base data by 

which the inspector sets his criterion level, i.e. decides on what 

standards of acceptability shall apply at that time. This information
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is modified by feedback from sales as to the importance of particular 

defects. This can be regarded as changing the inspector's implicit pay- 

off matrix. Feedforward from production modifies the criterion by 

affecting the subjective probability of a defect occurring. We can see 

that in real inspection systems, the ability of the inspector to modify 

his criterion on the basis of additional information, is, as pointed out 

in Chapter 2, an important quality. 

3.1.4.2 Motivational variables 

As Weiner (1975) points out, it is surprising that there has been little 

scientific investigation of the effect of motivational factors on 

inspection, particularly in view of the popularity of this approach in 

industry. Many propaganda-style exercises such as the 'zero defects! 

programme (Swain 1972) have been tried and varying degrees of success 

reported. Unfortunately the quality control journals which report such 

research do not employ indices of performance which are sufficiently 

precise to make unambiguous conclusions possible. 

The use of financial incentives is the obvious way to influence motiv- 

ation, and has no doubt been employed in many companies for this purpose. 

There is, however, little hard evidence as to its efficacy or otherwise. 

Ergonomists working in inspection have tended to reject financial 

incentives in this area. However as Weiner (op. cit.) points out these 

assumptions may not be true for other forms of incentive such as know- 

ledge of results. Mitten (1957) describes how female roller bearing 

inspectors were allowed to go home as soon as they had achieved their 

inspection quota. Although this incentive seemed to be effective in 

this case, social disharmony could result in inspection systems such as
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that investigated by Embrey (1970) in which there were a wide range of 

ages and abilities. 

Vigilance studies have not shown financial incentives to be very 

effective in maintaining performance, possibly because the financial 

rewards offered are unrealistically small (Wiener 1969). In many SDT 

studies attempts have been made to influence performance by manipulating 

the payoff matrix. As shown in Chapter 2, this has not proved very 

successful, largely because of the difficulty of relating subjective 

utilities to external rewards. Perhaps this is again a case of 

insufficient quantities of money being offered. It is possible that 

financial rewards may influence performance through indirect means such 

as modifying an inspector's visual strategy. Bloomfield (1970) describes 

experiments in which he produced extremely large increases in visual 

search performance by offering monetary rewards. 

The use of Knowledge of Results (KR) in training for perceptual skills 

will be considered in detail in a subsequent section. It has been 

suggested by some workers that KR exerts a motivational effect quite 

distinct from its informational content. For example in vigilance 

tasks, where there is very little informational content, KR is known to 

enhance performance. Even though KR may be difficult to provide in a 

real inspection task, the evidence suggests that the benefits of KR 

extend to sessions where it is withdrawn, Wiener (1963} Annett (1966). 

Drury and Addison's (1973) industrial inspection study clearly demon- 

strated the enhancement of performance due to KR, but it was still 

difficult to say whether this was due to its informational content, 

motivational effect, or a combination of both. Despite Annett's (1969) 

position that motivation is an unnecessary construct in explaining the
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effects of KR, the evidence overall seems to suggest that at least some 

motivational effect must be present whenever information feedback is 

given. 

3.1.5 Individual factors 

In virtually all studies of inspector proficiency the largest contribution 

to the variance of the results is individual differences between the 

inspectors. In view of this, it is surprising that so little work has 

been done on identifying the source of this variability. Usually 

individual differences are regarded as a 'nuisance variable' which 

experimenters seek to eliminate from their designs. A detailed con- 

sideration of the nature of the individual differences which affect 

inspection performance would seem to be a most effective way of enhanc- 

ing performance in inspection systems where this task and environmental 

variables have already been optimized. The major ways in which 

individual differences affect the performance of an inspection system 

are through selection and training. These will be considered in detail 

in subsequent sections. 

3.1.5.1 Selection 

As implied by the inspection model in Chapter 2, two major groups of 

variables will affect a person's ability to perform inspection, per- 

ipheral factors such as eyesight which affect the acquisition of the 

necessary sense data, and cognitive factors which determine how the 

sense data will be interpreted. Although differences in cognitive 

skills can be reduced by training, it would not be surprising if there 

were intrinsic differences in certain cognitive abilities necessary for
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inspection which selection procedures could identify. As we shall see, 

up to now, research on selection methods appropriate to inspection has 

proceeded in a very ad hoc manner. Very little attempt has been made to 

analyse the non-intellectual skills which may be necessary for inspection. 

Nearly all of the studies which exist on selection for inspection have 

attempted to correlate some performance index with a more or less 

arbitrary group of standard industrial tests. 

In the sections which follow, we will first consider the individual 

variables that more directly affect the target acquisition phase and then 

consider the work on the intellectual and cognitive factors that affect 

inspection performance. 

3.1.5.1.1 Visual abilities 

It is clear that the visual skills of an inspector are an important 

determinant of his overall efficiency. Depending on the nature of the 

task, static or dynamic visual acuity will be important. Ayers (1942) 

and Tanalski (1956) both found strong relationships between various 

static visual measures and indices of inspection performance. Nelson 

and Barany (1969) have described a dynamic visual acuity selection test 

suitable for conveyor based inspection. Standard visual tests have 

been developed for static visual skills required for various industrial 

tasks including inspection. The best known of these, the Orthorater, 

is described in Trimby (1959). In situations where colour is an 

important cue in identifying defects one of the standard colour blind- 

ness tests needs to be incorporated in the routine testing schedule. 

Virsu (1972) presents a sophisticated review of the visual factors 

affecting the inspection of radiographs. The use of the Modulation
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Transfer Function (MTF) (Cornsweet 1970) approach to measuring visual 

performance is proposed as being far more efficient than traditional 

measures of visual acuity. He proposes that in the case of radiographs, 

the translation of monochrome photographs into coloured slides using MTF 

techniques would optimize the visual performance of the interpreter. 

3.1.5.1.2 Age 

The effects of ageing are to produce a gradual loss in sensory capab- 

ilities such as visual acuity. This is however compensated for by the 

perceptual skills acquired through long experience. Few studies are 

available in which age and inspection accuracy have been considered. 

Sheehan and Drury (1971) and Drury and Sheehan (1969) report a gradual 

decline in d' with age of about 0.2 units per ten years of age. Since 

their results were based on only five inspectors however, they may not 

be readily generalizable. Jamieson (1966) showed increasing performance 

with age in electronics inspectors, Jacobsen (1953) found accuracy 

increased up to age 34 and then declined to age 55. Evans (1951) found 

no effect at all. 

The evidence from vigilance tasks shows only slight effects of ageing, 

unless the stimulus presentation rate is high, e.g. Thompson et al., 

(1963). This is consistent with the general finding that short term 

memory capacity declines with age. This will clearly have a deleterions 

effect on rapid conveyor paced inspection, where the older inspector 

may have difficulty in retaining the information from the display in 

his short term memory before the next item has to be inspected. 

In general it seems likely that older persons will make good inspectors 

as long as they are employed in tasks in which their perceptual skills
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are utilized but which do not place heavy demands on their sensory or 

information processing capabilities. 

3.1.5.1.3 Personality variables 

Virtually no work has been done on the use of personality tests on 

selecting for inspectors. Colquhoun (1959, 1960) used the Heron per- 

sonality inventory to investigate time of day effects on detection per- 

formance in extreme personality groups but the task was a laboratory 

experiment. In vigilance tasks of this type, the Eysenck Personality 

Inventory (EPI) has been extensively employed to investigate the 

importance of the extraversion-intraversion personality variable in 

influencing performance. Although it is often stated that the intrin- 

sically more highly self-aroused (according to Eysenck's theory ) 

intraverts do better at vigilance tasks, the results are somewhat more 

equivocal (Mackworth 1969). A number of other studies using person- 

ality variables in vigilance experiments, have found very few signif- 

icant correlations with performance. In spite of the lack of success 

in utilizing these variables in vigilance tasks, there does seem to be 

a case for investigating the use of some of the more easily administered 

tests, such as the EPI, in an inspection context, particularly if pro- 

longed monitoring is involved. 

3.1.5.1.4 Sex 

Although women are more often found in the inspection departments of 

manufacturing industry than in most other sections, there is no solid 

evidence that there are substantial differences between the sexes in 

ability for inspection work. Only one inspection study, McFarland (1972),
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seems to have included sex as a major variable, and the only difference 

found was in the greater variability of response times for women. Of the 

vigilance studies that have considered this variable, six found no sig- 

nificant differences at all (Waag et al., (1973), R. Smith et al., (1966), 

Gale et al., (1972), Kappauf et al., (1955), Kirk and Hecht (1963), and 

McCann (1969)), in two men performed better (Neal and Pearson (1966), 

Heimstra et al., (1967)) and in three others there was no significant main 

effect of sex but significant interactions with other variables (Bakan 

and Manley (1963), Krkovie and Sverko (1967), Whittenberg and Ross (1953)). 

There is clearly insufficient evidence for inspectors to be selected 

purely on the basis of sex. 

3.1.5.1.5 Selection tests 

A number of testing procedures have been applied to the selection of 

inspectors with generally disappointing results, Many early studies 

suffered from the drawback of correlating supervisors ratings, rather 

than objective measures of performance, against test scores. Wiener 

(op. cit.) points out that such ratings are probably based on the 

supervisor's perceptions of earnestness and co-operation and that the 

correlations between these variables and actual inspection performance 

are unknown. 

Link (1920) obtained a correlation of 0.50 between output rate and 

tests of card sorting number cancelling and number group checking, with 

munition inspectors. Wyatt and Langdon (1932) were unable to obtain 

significant correlations using four standard industrial tests and eight 

inspection tasks. Sartain (1945) obtained a high multiple correlation, 

R = 0.79, between standard industrial tests and supervisor ratings.
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Only low correlations were obtained using similar techniques, by 

Schuman (1945) and Tiffin and Rogers (1941). 

One test specifically designed for inspection work exists, the Harris 

Inspection Test (HIT), which is a short pencil and paper instrument. 

Harris (1964) found significant correlations between the HIT and three 

out of four electronic inspection tasks. When the test was administered 

as part of a battery to 26 machined parts inspectors, however, no sig- 

nificant correlation was obtained between test scores and job sample 

measures of performance (Harris and Chaney 1966). By combining together 

the two most valid measures in the battery, the number comparison 

section of the Minnesota Clerical, and the Industrial Mathematics test 

a multiple correlation of R = 0.75 was obtained. No further valid- 

ations of the HIT have appeared in the literature. 

It is clear that there has been no systematic attempt to isolate the 

underlying individual factors which are important in inspection and to 

incorporate these variables in selection procedures. It is not sur- 

prising, therefore, that attempts to correlate performance with 

arbitrarily selected standard tests have been unsuccessful. The fact 

that the HIT, although successful in the application for which it was 

originally designed, did not predict performance in another type of 

inspection, suggests that it did not measure any general underlying 

ability. 

We can conclude from the survey of the selection procedures currently 

in use in the inspection area, that a more fundamental approach is 

needed. Such an approach, based on the cognitive skills underlying 

inspection, will be set out in the theoretical section of this review 

(part 3.2.1).
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3.1.6 Training for inspection 

Training for inspection is a neglected area in industry. Many inspector 

training schemes described in the quality control literature (e.g. 

Browne 1965) have as their aim the imparting of the background infor- 

mation judged necessary to perform inspection. However there is virtually 

no emphasis at all on training for the perceptual skills necessary to 

detect defects and to recognize acceptable products. When training 

schemes which purport to accomplish this latter aim are described, the 

emphasis is often on the large savings that the scheme is alleged to 

have produced rather than the details of the technique and the method 

employed for evaluating it. 

Learning effects in laboratory simulations of inspection tasks have 

been noted without specific training being given, e.g. Smith and Adams 

(1971) and Lion et al., (1968). In an industrial setting Chaney and 

Teel (1967, 1969) have employed a variety of techniques in training 

machined parts inspectors and photomask inspectors. Their most commonly 

employed technique, known as job sample instruction, essentially 

involves giving inspectors knowledge of results (KR) after inspecting 

test items containing typical defects. 

KR (Knowledge of Results) has been employed in training for perceptual 

skills in a number of applied studies. Martinek (1965) reports a study 

in training photo-interpreters. Photo-interpretation, or image inter- 

pretation as it is alternatively known, consists of identifying military 

targets, which may be camouflaged,on aerial reconnaisance photographs. 

This task bears a close resemblance to an industrial inspection task. 

Martinek found that providing the photointerpreters with an error key
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which analysed the commonly occurring errors of previous interpretations, 

produced significantly fewer errors of commission than a key in which 

the characteristic features of the various target types were set out. 

The error key can be regarded as a form of group KR, although it is 

incomplete. As there was no significant difference. in the number of 

targets detected, this suggests that the result was due to a change in 

sensitivity rather than response bias. Another image interpretation 

study» Cockrell and Sadacca (1971), showed that KR was more effective in a 

team context when team members first scanned a photograph independently 

and then discussed the results together immediately afterwards. The 

greatest gains in proficiency were made by the least able members of the 

team and although detection performance was improved, significantly, 

there were greater gains in reducing the number of misidentifications 

and false alarms. 

Another image identification study, Powers et al., (1973) attempted to 

improve performance by modifying the interpreter's scanning strategies 

vather than by KR techniques. Structured search practice increased the 

number of target detections at the expense of a greater number of false 

alarms. A ‘speed reading' training technique, designed to reduce 

fixation times and expand the visual field,succeeded in halving the 

search time without changing the accuracy of the interpreter. Training 

using the ‘error key' approach discussed earlier significantly reduced 

false alarms. Brock et al., (1974) prided a complete training pro- 

gramme for non-destructive testing radiograph examiners. The programme 

consisted of tape/slide presentations which gave examples of various 

types of defect, and then a KR phase where radiographs containing 

defects were presented and the student was given full KR after he had 

attempted to identify them. A self-administered test then determined if
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the student should go on to the next module or re-take previous modules. 

There was a gradual increase in difficulty of the radiographs both 

within and between modules. The programme was highly successful in that 

it reduced the time to train to the required criterion from an average 

of 80 hours to 10.9 hours. Wallis (1963) describes the use of KR in the 

training of a complex perceptual task associated with a weapons system. 

Although no details were given of the classified system, substantial 

reductions in training time were found. 

In view of the importance of training as a relatively low cost means of 

increasing inspection accuracy, it is surprising that no studies appear 

to have been performed to specifically investigate training techniques 

for inspection. It is felt that training is one of the areas which 

requires experimental investigation using tasks which are more repres- 

entative of industrial inspection situations. In section (3.2.2) some 

of the theoretical considerations which will provide guidelines for 

research in this area will be considered in depth. 

3.1.7 Conclusions regarding the general literature of 

inspection 

It seems clear that inspection performance in a given situation will be 

the result of a complex interaction between some of the factors con- 

sidered in the review up to this point. Although there is a paucity of 

research in a number of areas, two in particular will be considered in 

further detail in the theoretical review which will constitute the next 

part of this chapter. The first of these will be the implications for 

selection of some of the cognitive variables which may account for 

individual differences in inspection skill. The remainder of the



LO" 

review will consider in detail some of the work that has been performed 

in the area of training for perceptual skills. 

3.2 Theoretical literature survey 

3.2.1 Cognitive variables in selection 

An analysis of the cognitive skills necessary for the performance of 

inspection tasks provides useful guidelines as to possible new 

approaches to the problem of selection for these tasks. 

In Chapter 2 the decision making aspects of inspection were emphasized 

in the context of SDT. It was implicitly suggested that decision making 

skills were learnt rather than innate. Although there may well be 

innate differences in the ability of individuals to utilize evidence 

concerning the existence of a defect to the full, it is not clear how 

one would devise selection procedures to identify such individuals, 

apart from simulation exercises. 

Other aspects of the cognitive skills utilized in inspection seem to 

hold more promise. In an earlier section, when considering the visual 

search aspects of inspection, it was pointed out that in very many 

inspection tasks, the critical defect in an item is difficult to detect 

because it does not emerge perceptually from the background in which it 

is embedded. In fact this is by far the commonest situation. The 

defect virtually always occurs in noise. The noise may be an external 

random perturbation which degrades the detectability of a defect by 

obscuring or modifying the critical cues such as contours, angles or 

shade gradients which define the defect. Alternatively we can consider
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a higher level 'cognitive noise’ which results because the background 

within which the defect is embedded shares so many attributes of the 

defect that it is difficult to separate them perceptually. On this 

basis, if there are inherent individual differences in ability to 

separate a wanted configuration from the background in which it is 

embedded, this should provide a basis on which to select inspectors. 

In fact a very considerable body of research exists on the ability of 

subjects to 'disembed' stimuli from their backgrounds. This dimension 

of individual differences is concerned with the field dependence - 

independence continuum, Field dependent individuals show great 

difficulty in breaking up an organized visual field in order to keep a 

part of it separate from that field. Field independent subjects on 

the other hand are readily able to extract a wanted configuration from 

the confusing field in which it may be embedded. These contrasting 

styles of functioning are found to be extremely stable with time and 

to affect performance in a wide variety of tasks. The work in this 

area is associated with Witkin and his collaborators (Witkin (1950), 

Witkin et al., (1962), Witkin et al., (1954)). Witkin developed an 

effective pencil and paper test for discriminating between field dep- 

endant and independant individuals, the Embedded Figure Test (EFT). 

This test has been validated in a wide variety of situations (see 

Witkin et al., (1971) for a review) and has demonstrated, for example, 

consistent sex related differences on the field independence dimension. 

In view of the relevance of this aspect of individual functioning to 

many applied perceptual tasks it is surprising that so few studues 

have considered this variable. There are in fact very few studies 

applicable to the inspection area. Thornton et al., (1968) used an
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identification task in which subjects had to locate and identify a 

series of small buildings in an aerial photograph. There was a highly 

significant correlation (0.72) between scores on the EFT and target 

detection performance in terms of number of targets detected during the 

time limits for the test. 

Seale (1972) however, found no significant relationship between EFT 

scores in an aerial target acquisition simulation using aircrew as 

subjects. However, examination of the data suggested that the subjects 

were already a highly selected field independent group (airline pilots 

were used as subjects) and hence the test was likely to be too insensitive 

to differentiate between individuals. This may not detract from its 

general value as a selection instrument however. 

There seems to be a good case for further work to be carried out using 

the field independence variable. 

Other cognitive factors also deserve attention as potential dimensions 

upon which to base selection procedures. Field dependence is related to, 

but distinct from the dimension of distractability. It was originally 

hypothesized that field independence could be interpreted as the 

ability to resist distraction rather than to overcome the effects of 

the embedding context (Witkin et al., 1962). Subsequent work by Karp 

(1963) using factor analytic techniques suggested that distractability 

was a separate factor from field independence, but that the two factors 

were moderately correlated. Karp (op. cit.) differentiated between dis- 

traction and embeddedness as follows. In the distraction situations, 

the figural properties of critical items remain intact. In the embed- 

dedness situation, the critical item or its parts are organized into new,
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competing gestalts which serve to break up the original figure. A dis- 

tracting context may be thought of as obscuring a critical item without 

changing the nature of the item, whereas an embedding context serves to 

obscure a critical item because it changes the nature of the item. Both 

types of field occur in inspection situations. Karp (1962) produced a 

number of tests designed to measure the characteristic of distractability. 

These will be described in detail in a later chapter, 

Sack and Rice (1974) consider attention to have a directional aspect 

which can be analysed into at least three processes: degree of selec- 

tivity, resistance to distraction and shifting. Gardner and Moriarity 

(1968) discuss a factor termed 'field articulation’, an index of a 

subjects ability to attend selectively to cues. Although the Witkin 

approach does not interpret field independence as an attentional 

phenomenon there is clearly a considerable overlap between the two con- 

cepts. Sack and Rice (op. cit.) consider distraction to be an invol- 

untary change in an established attentional focus. Whichever inter- 

pretation of distraction is 'correct' there is no doubt as to the 

importance of this variable in inspection tasks. In many situations, 

particularly where the inspected item may only appear for a short time, 

as in paced tasks, if the inspector is too readily distracted by 

extraneous stimuli, he may miss defects. Smith and Barany (1970) 

present evidence that such non-observing does in fact take place in 

inspection tasks: the 'shifting' variable considered by Sack and Rice 

(op. cit.) is related to the ability to change one's attentional focus 

at will. It is clearly important to be able to readily change an 

attentional focus, as for example when one must lay aside one task and 

attend to another. The inspection of discrete items requires a readi- 

ness to shift attention from item to item as they are presented. This
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variable also seems worth considering as for a possible means of selecting 

inspectors. 

In summary it is apparent that the cognitive variables considered con- 

stituting an extremely promising area of research and one which will be 

pursued further in subsequent sections of this study. 

3.2.2 Theoretical approaches to perceptual learning 

Virtually all of the applied studies reviewed in section 3.1.6 have 

employed some form of KR as the basic training paradigm. This is partly 

because of the success of the KR approach in motor learning and the 

corresponding assumption that it is the most efficacious approach for 

perceptual skill training. There is still however some debate whether 

there may be other, equally efficient methods of training for these 

skills. 

Most of the work that has been done has not used tasks which resemble 

the typical inspection situation. However, it is useful to consider in 

detail the approaches of two particular workers who have made sub- 

stantial contributions to this field. These are Wiener, who has 

advocated the! use of KR in these tasks, and Annett who has investigated 

cuing techniques in some depth. 

It is useful at this point to define in more detail the two approaches. 

Knowledge of results (KR) has been defined as ‘knowledge which an 

individual or group receives relating to the outcome of a response or 

group of responses' (Annett 1961). Forms of KR encountered in the det- 

ection context include immediate feedback as to whether a response was
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a correct detection or false alarm or the provision of all or part of 

this information in the form of summaries. 

KR is the classical learning paradigm and is said to exert its effects by 

reinforcing an S-R link, by reinforcing observing responses and by main- 

taining alertness via its motivational effect. The Law of Effect suggests 

that KR, contingent on a learners response, serves to reinforce the 

association between stimulus and response. The subject must make a 

response before the information can be obtained, and a ‘corrected 

guessing' technique is used for training. 

Annett, influenced by Gibson's (1953) suggestion that perceptual learning 

is a distinct type of learning requiring its own formulation, and not 

necessarily analogous to motor learning, has made a study in depth of the 

technique of cuing. Cuing has been defined (Annett 1959) as the pro- 

vision of stimulus information before or during a response such that the 

response is made more effective or more likely to occur than without 

such information. Annett suggests that an overt response is only 

necessary as a means of acquiring information otherwise impossible to 

obtain, e.g. the 'feel' of a control. In identification tasks the 

stimulus and its name can be presented together and the learner does not 

necessarily have to make a response to the first in order to receive the 

second. Annett asserts that learning in perceptual tasks can take place 

via a simple association principle rather than a reinforcement paradigm. 

In his view the repeated pairing of the stimulus pattern to be learnt 

and its name, leads to the building up of a template against which a 

stimulus to be identified is compared. This theoretical position was 

part of Annett's general orientation that the facilitation learning by 

the provision of KR was not through its reinforcement or motivating
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properties, but through the information conveyed to the learner (Annett 

1969). Annett has presented an impressive array of evidence to support 

his position, although, as we shall see, his later work was more equivocal 

as to the superiority of cuing as compared with KR in promoting per- 

ceptual learning. 

3.2.2.1  Cuing in perceptual skills training 

Annett (1966) quotes an experiment in which subjects had to estimate the 

number of dots present in a tachistoscopically exposed field. Both cuing 

and KR training was superior to a simple practice control group. Ina 

Landolt ring experiment in the same study, subjects were cued by placing 

the targets and non targets on different coloured backgrounds. The 

other conditions were a control and an 'easy' training condition in which 

larger gops in the Landolt rings were used. The training effect was 

significantly greater for the cuing method. This suggests that simply 

making the task easier does not promote learning. Cuing makes the task 

easier without changing the critical dimensions of the stimulus. The 

final experiment in this series utilized a simulated sonar task in 

which 1000 Hz tone bursts were superimposed on a 50dB background of 

white noise. Four training methods were compared: 

a) Cuing - a warning light was turned on half a second before each 

signal. 

b) XR - as above, but the warning occurred after the signal, usually 

before the subject had responded. 

c) Summary KR - a summary of hits, misses and false alarms was pro- 

vided at five minute intervals. 

d) Easy material - the background was reduced by 5dB so that most 

signals were readily detectable.



105 

The cuing group was significantly superior to the others in enhancing per- 

formance. Annett concluded that these results were consistent with the 

view that perceptual learning takes place when a stimulus is unambig- 

uously paired with its name or designation. He proposes that perceptual 

learning can be regarded as a simple example of paired associate learning. 

The failure of KR methods in some cases of training for auditory 

detection (Campbell (1964), Swets et al., 1964) is cited as further 

support for his case. 

To further elucidate the relationship between cuing and KR methods of 

training, Annett and Clarkson (1964) conducted experiments using the 

same experimental set up as in the last study described. Five training 

groups were employed: 

a) 100% cuing. A yellow light flashed half a second before each signal. 

b) Retrospective cuing (non-contingent KR). A blue light flashed 2 

seconds after each signal. 

c) KR (contingent). Correct responses were followed immediately by a 

green light, incorrect responses by a red light. 

d) Partial feedback cuing. The first signal was cued. Subsequently, 

if a signal was missed, the next signal was cued, if detected the next 

was uncued. False positives had no effect. 

e) Partial feedback cuing and contingent KR - conditions for groups 

(c) and (d) combined. 

According to the hypothesis that the most effective training procedure 

would provide the subject with as many authentic examples of the signal 

as possible and its distribution over the training period, it was 

expected that conditions (a) to (c) would produce the same rank order of 

effectiveness. Condition (d) was added in case cuing was effective,
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but that the learner became dependent on it. It was intended as a form 

of conditional cue removal. Condition (e) was added when no training 

effect was found with condition (d). It was felt that this was because 

(d) gave no information on the signal distribution in time and hence 

partial KR was provided to enable the subject to obtain some knowledge 

of this through his responses: 

Groups (a), (b) and (c) showed learning effects in the predicted order. 

Group (a) has maximum exposure to the signal plus full information about 

its frequency and distribution in time. Group (b) has fewer signal 

samples available but full information on signal frequency and distri- 

bution. In group (c) there are about the same number of signal samples 

available as in (b), but less distribution information. Group (e) with 

a proportion of authentic signals plus the opportunity to gain incom- 

plete distributional information through contingent KR, is better than 

(b) or (c) but inferior to (a) which is again consistent with the 

hypothesis being proposed. The failure of group (d) to produce any 

training effect at all could be accounted for by the low proportion of 

signals cued and hence the reduced opportunity to accumulate the 

necessary experience. The cue withdrawal was initiated before any 

learning could be established. A notable feature of the results was 

that the improvements in detections found with KR were accompanied by 

an increase in false alarms, which was not the case with the cuing 

training. This is consistent with the SDT interpretation that cuing 

improves sensitivity but KR promotes a criterion change. In terms of 

the degree of vigilance decrement found, the cuing group showed a 

greater resistance to the decrement than the KR group. This was inter- 

preted in terms of the expectancy theory of vigilance (Baker 1963) 

such that the subjects with the most accurate knowledge of the signal
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distribution would show the smallest decrement. 

Later experiments (Annett and Paterson 1966) using a similar experimental 

task provided further insights into the differing roles of cuing and KR 

in perceptual training. It was found that giving subjects information on 

the distribution of signals by flashing a warning light when a signal 

would have appeared, without actually presenting the signal, produced 

performance increases comparable to those obtained through cuing. This 

suggests that what is learned during cuing is not the nature of the sig- 

nal itself, but some appreciation of its distribution. It should be 

noted however that in this task the signal, a 1800 Hz tone, had very few 

characteristics that one could learn. The results also suggested that 

the apparently lax criterion found in free response situations was at 

least partly due to an attempt by the subject to gain more information 

on the signal characteristics. With a fixed interval condition and 

complete KR there is much less difference in the style of performance 

between KR and cuing, although KR still induces a slightly lower 

criterion. In the third phase of Annetts study (Annett and Paterson 

1967) subjects were trained in three attributes of sonar operation, i.e. 

pitch discrimination, intensity discrimination and duration discrimin- 

ation. Cuing, KR, and a combination cuing/KR conditions were employed. 

All three methods were effective in training pitch and intensity dis- 

crimination but none for duration discrimination. There were no 

significant differences between the various training conditions. It 

was hypothesized that this was because a technique specifically designed 

to eliminate the effects of change in response bias was employed (2 

alternative forced choice) and that the only difference between the 

various techniques is in terms of the change in response strategy pro- 

duced. The most recent of Annett's work, Annett (1971), treats
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cuing and KR as being essentially equivalent. This is in line with his 

general orientation that perceptual learning takes place purely by the 

pairing together in time of the stumulus and its name. If the experi- 

mental conditions are such that the subject does not have to make extra 

responses in order to obtain samples of the stimulus during training, 

then it does not make very much difference if the information is pres- 

ented before or after the stimulus. 

Annett's work has been discussed in some detail because of the compre- 

hensiveness of his experimentation in this area. The issues arising 

from this work and possible further research that it might generate are 

discussed subsequently. 

3.2.2.2 Knowledge of results in perceptual training 

Wiener and his associates have produced a number of studies investigating 

the use of KR and other techniques mainly on visual vigilance type tasks. 

Wiener's early experiments (1963) agreed with Annett's findings that the 

provision of KR contingent on the subjects' responses (i.e. correct 

detections and false alarms) increased detections at the expense of a 

higher false alarm rate. Improvements due to full KR persisted after 

the KR was removed. A later study (Wiener 1968a) showed that detections 

continued to improve after 5 sessions of KR training, but that the train- 

ing effect did not persist in a follow-up five weeks after the training. 

There was a significant increase in false alarms for the KR group over 

the first two sessions but not for the rest of the training, suggesting 

that a genuine increase in sensitivity was occurring. In these experi- 

ments complete KR was being given and hence there was no necessity for 

the subject to produce a high rate of responding to gain information.
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An earlier paper (Wiener 1967) had shown that a group trained with KR on 

a visual meter monitoring task showed a significant improvement, compared 

with a control group, when transferred to a different type of visual 

monitoring task. There was no change in false alarms. This result tends 

to disconfirm the Annett hypothesis that perceptual learning consists of 

building up a 'template' of signal characteristics, since this would 

suggest that training would not readily transfer to tasks with different 

signal types. The results can, however, be accounted for quite readily 

by Annett's other proposal, that learning the signal distribution is 

almost as important as learning its characteristics. In Wiener's 

experiment the signal distribution (in terms of intersignal interval) 

was virtually the same for both tasks. Two other explanations were put 

forward by Wiener. One is that KR increases the subject's motivation to 

perform at a high level, and that this carries over to the transfer 

session, and the other that KR enables the subject to gain a general 

skill at maintaining vigilance in some unspecified way. In view of the 

fact that a vigilance decrement occurred in the transfer session, the 

latter two explanations seem less likely than Annett's proposal. Ina 

direct test comparing cuing, KR, KRtcuing and a control, significant 

training effects were obtained with the KR, and KRtcuing groups but not 

with the cuing only group (Wiener and Attwood 1968). There was no sig- 

nificant change in false alarms on transfer with the groups receiving KR, 

but the cuing group made significantly fewer. 

In SDT terms the results could be accounted for by the more cautious 

criterion induced by cuing, indicated by the lower false alarm rate in 

the transfer session. It is known (Broadbent and Gregory 1963) that 

during a vigilance task an increasing stringency of criterion is 

observed. This, combined with the already high criterion induced by
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the cuing, could account for the observed absence of training effect in 

this experiment. An excessively high criterion would of course depress 

both false alarms and correct detections. The criterion effect would pre- 

sumably exert a greater effect on detections than any learning associated 

with cuing, because of the simple nature of the signal in this experi- 

ment. A similar lack of efficacy of cuing and superiority of KR was 

reported for an auditory task in Annett and Paterson (1966). It was 

suggested in this case that the protracted nature of the training may 

have lead the subjects to become bored with the passive cuing training. 

However, the results can equally well be accounted for by the SDT 

hypothesis proposed earlier. 

3.2.3. Some conclusions on KR versus cuing 

We have seen from the analysis of Annett's and Wiener's work that their 

basic orientation to the question of training for perceptual skills is 

different, in spite of the fact that more recently Annett has been pre- 

pared to allow that cuing and KR may be largely equivalent. Annett's 

basic assumption is that perceptual learning is based on a simple 

association principle, and that learning will take place via a simple 

contiguity in time of a stimulus and its name. It follows therefore that 

both KR and cuing are important from the standpoint of the information 

they provide as to the characteristics of the stimulus and its distri- 

bution in time. Wiener's position is that the Law of Effect is the 

appropriate training paradigm and that it is primarily via the motiva- 

tional effect of KR that the subject learns to maintain a higher level 

of arousal in the transfer session. Any knowledge of the signal charac- 

teristics that the subject learns through cuing or KR is by way of a 

bonus. Wiener also suggests that there is a danger that subjects may
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become 'cue-dependent' and be unable to transfer any training gained to 

subsequent sessions. 

The differing standpoints and perhaps the results of the workers in this 

field can be seen to be at least partly due to the differing types of 

task that they are interested in. Annett has not been concerned with 

vigilance phenomena as such, and although the signals he has employed 

have generally been fairly simple, the long term aim seems to have been 

towards the accurate identification of complex, near threshold stimuli, 

rather than reducing the vigilance decrement. The tasks employed by ‘ 

Wiener have, on the other hand, been largely visual, above threshold and 

extremely simple. The meter monitoring task was in fact chosen because 

it was known to produce a vigilance decrement. It is not surprising 

therefore that Wiener has been more interested in the motivational effects 

of KR. Although he has not stated as such, Wiener's orientation can be 

regarded as being concerned with enhancing signal detection through 

arousal mechanisms mediated via motivational variables. In this way, 

performance can be regarded as being improved both through an improved 

signal detection ability and a greater resistance to vigilance decrement. 

Annett would probably see the main gaol of training as improved signal 

detection ability, and any resistance to vigilance decrement as a bonus 

to be gained through a more accurate apprehension of the signal dis- 

tribution. Lau (1966) and Wiener and Attwood (op. cit.) suggest that 

cuing may be more effective as the perceptual complexity of the task 

increases, whilst Annett and Paterson (1966) propose that KR may be 

judiciously mixed with cuing to provide a more interesting and therefore 

effective training regime for subjects.
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In spite of the Wiener and Attwood experiment which showed no particular 

advantage for mixed KR and cuing training, several studies e.g. Weiz and 

McElroy (1964), Swets et al., (1962) and Swets et al., (1964) have shown 

this form of training to be advantageous. 

It is clear that in spite of the considerable amount of research that 

has been expended on the question of KR versus cuing in perceptual 

training, the issue is still very much open. A number of omissions in 

the research to date can be identified. The most important of these is 

the absence of signals representative of real life tasks. In the context 

of this thesis, it would be of interest to apply some of the findings 

discussed in this section to the complex stimuli encountered in 

inspection tasks. Another important development would be to attempt to 

apply SDT in a more rigid way to the issues discussed up to now. Many of 

the changes in performance would be clarified by the application of SDT 

methods to isolate changes in sensitivity from those of response bias. 

This work would provide a useful link with the SDT approach to inspection 

developed in Chapters 1 and 2. A particular area of interest is the 

question of the development of a knowledge of the distribution of 

defects using KR or cuing techniques. The ability of an inspector to be 

sensitive to a change in defect distribution is important, since as 

discussed in Chapter 2, he can only employ an optimal criterion if his 

subjective estimate of the defect density is in accord with reality. 

It would be interesting to investigate if any of the techniques discussed 

up to now would develop any general ability to recognize a change in 

defect density. Presumably any technique which enhanced sensitivity 

would provide a larger sample of defects from which the inspector could 

more easily infer the defect distribution in time. The use of SDT would 

seem to be the most effective way to investigate this problem. These
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possibilities would seem to be potentially fruitful areas for further 

research. 

3.2.4 Other factors in perceptual training 

Although the approaches discussed up to now represent the most consistent 

and prolonged studies of training for perceptual skills, a number of other 

models of perceptual learning exist and a variety of other variables can 

be seen as important in this area. 

Wallis (1963) presented an interesting model of the perceptual learning 

process. Learning to identify complex patterns is seen as a blend of 

analytic and synthetic processes. Initially the trainee analyses the 

pattern to be detected into cues and features such as lines and angles 

in a visual stimulus. Eventually a process of synthesis takes place and 

perception occurs as an wholistic process, a Gestalt that is detected in 

its entirety. In his description of a training technique, Wallis 

stresses the demonstration of the relevant cues embedded in the complex 

whole by techniques such as drawing attention to one cue at a time and 

using training materials in which they are readily visible. As training 

proceeds, this analytic approach is gradually modified until an overall 

synthesis takes place. The main method of guidance utilized in this 

process is KR, and emphasis is placed on the importance of using real- 

istic materials in training. It is pointed out that augmented feedback 

i.e. KR and cues, must be withdrawn at an appropriate time so that 

trainees do not come to depend on it for successful performance. 

The problem of trainees becoming dependent on cues and being unable to 

successfully transfer from training has been pointed out earlier. A
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similar difficulty could occur in KR situations under certain circum- 

stances. Abrams and Cook (1971) propose that identification skills 

involve the development of internal references. If KR is provided con- 

tinuously, the learner will utilize it to sustain performance at the 

expense of learning. Their experiments indicate that fading KR through- 

out the training session enhances the retention of identification skills. 

It is suggested that the removal of KR by fading creates the need for 

learning, and the continued, but reducing provision of KR the necessary 

information. Another finding which confirms the ideas of Wallis is that 

learning is enhanced by a gradual increase in the stimulus complexity 

during the training programme. Caution may be necessary in applying 

these results to inspection training however, since the stimuli. were 

complex auditory signals. 

Another issue arising from Wallis' analysis of perceptual learning is 

the relative efficiency of analytic compared with synthetic training 

techniques, otherwise known as part and whole methods. Annett (1971) 

reviewed a number of studies considering this variable. He conducted 

experiments comparing a large number of different analytic and synthetic 

methods. The overall result was that simple whole methods are as 

effective as any of the more complex part methods which attempt to draw 

attention to identifying features of complex stimuli. 

3.3 Directions for research 

The specific research proposals which emerge from the literature reviews 

of this and the preceding chapter can be seen to have three main themes, 

The first of these is the utilization of SDT in a sophisticated form in 

the analysis of real life and realistically simulated inspection tasks.
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Secondly it is proposed to use SDT as a tool in the investigation of 

training techniques for the perceptual skills important in inspection. 

Finally the important but neglected area of selection will be considered 

from the standpoint of the cognitive skills necessary to perform 

inspection. 

Prior to these more theoretically orientated areas, a description and 

analysis of the real life inspection systems which will form study 

vehicles for this thesis will be given and the results of on-line experi- 

mentation in an industrial context described.



CHAPTER 4 CASE STUDY I : THE INSPECTION OF BUBBLE CHAMBER 

PHOTOGRAPHS



119 

4.0 INTRODUCTION 

In this chapter a case study will be presented in which many of the 

theoretical topics discussed in the review chapter will be examined from 

the point of view of their applicability in a real inspection situation. 

The results of this case study and that considered in the next chapter 

will provide a useful orientation for the theoretical experimental work 

considered later. 

Although the analysis of bubble chamber photographs may seem to be a 

somewhat specialized area, it will be demonstrated in this chapter that 

this task is directly comparable to inspection tasks found in industry. 

The inspection system considered, which is in the Physics Department, 

University of Birmingham, has been described in a previous report 

(Embrey 1970). The work set out in this thesis is, however, previously 

unpublished. 

4.1 General considerations 

High energy nuclear physics research is carried out in many centres 

throughout the world. One of the most important research activities 

that these groups perform is the investigation of the structure of 

matter using large and very expensive particle accelerators such as the 

machine at Cern in Geneva. Beams of high energy particles produced by 

such machines are fired into devices known as bubble chambers, which con- 

sist of large containers filled with liquefied gas. The particles 

ionize the gas to give distinctive configurations of tracks, some of 

which may have been produced by new particles created as a result of
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collisions between the incident particle beam and the gas atoms. It is 

the detection and analysis of these patterns which constitutes the bulk 

of the research effort in this field. The volume of data is such that it 

is not possible for experienced physicists to examine all data produced. 

Each time a beam of particles is fired into the bubble chamber, auto- 

matic cameras photograph the resulting tracks, giving rise to perhaps a 

million photographs from a particular experiment, each of which needs to 

be examined. 

In order to cope with this inspection problem, data analysis groups have 

been set up in which the films are scanned and particular configurations 

of tracks, known as events, are detected and categorized. 

The importance of the film examiner (or 'scanner') is not to be under- 

rated. High energy nuclear physics research consumes a significant 

proportion of the funds available for scientific research in this 

country. In spite of the considerable expenditure on hardware it As 

salutory to note that the inspection efficiency of the unaided human 

operator is a vital link in the chain of analysis. For this reason the 

film scanning task constitutes a useful and valid area of study in its 

own right in addition to its implications for industrial inspection. 

4.2 The scanning task 

The items to be examined consist of photographs of bubble chamber events 

taken from three different angles, giving rise to three separate rolls 

of film, referred to as views 1, 2 and 3. Each roll consists of 750 

frames. The appearance of a typical film frame can be seen from the 

enlarged photographs shown in Figure 4.2. The series of parallel curved
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FIGURE 4.2 BUBBLE CHAMBER EVENT.
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tracks entering at the bottom of the frame are known as bean tracks. As 

can be seen from the figures, most of the beam tracks pass through the 

bubble chamber without interacting. In the centre of the frame a 

typical 'event' can be seen where a number of prongs emanate from a 

"production vertex'. The configuration of tracks which make up an 

event, known as its 'topology' can be described by means of a three 

number code. For the purpose of this study, it will be necessary to 

consider only two classes of event topology, those in which two or four 

prongs emanate from the production vertex, known as 200's and 400's 

respectively. 

It is configurations of tracks similar to those illustrated which are of 

special interest to physicists. The task of the scanner consists of 

examining each film frame for meaningful patterns, in accordance with 

pre-assigned criteria. In many cases the scanners will be looking for a 

variety of different types of event on each frame although in some cases 

only one configuration is searched for. The film frame often contains 

a large number of unwanted patterns as can be seen in Figure 4.2, These 

tend to obscure the wanted configurations and can be regarded as visual 

"noise'. The similarity with industrial inspection will be apparent. 

The 'Shiva' scanning machines used to examine the film are illustrated 

in Figure 4.3. They consist of two scanning tables mounted side by side. 

Three rolls of film are loaded into a film transport mechanism at the 

side of the machine and the film images are then projected via an over- 

head mirror system on to the scanning table surface. The optical system 

contained in the scanning machine produces a magnification of 30 times 

to give a projected image of the same size as the scanning table i.e. 

2.5 by 0.9 metres. The movement of the three views is controlled by 

the three switches to the left of the table surface. These enable the
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operator to advance any of the film views independently and to super- 

impose views if necessary. The whole optical system can be moved by the 

handle which can be seen to the left of the operators position in 

Figure 4.2. This enables any part of the projected image to be moved 

close to the scanner for more detailed examination. Most scanners use 

this system extensively to scan the various parts of the display in 

which a suspected event lies. 

4.3 Detailed task description 

The scanner is required to examine every frame of the film specified, 

using at least two film views, and to find and record all the events on 

the film that satisfy the criteria detailed in the scanning instructions. 

There is no detailed procedure laid down for carrying out the actual 

operations of scanning but the following is typical. The scanner 

advances view 1 of a particular film frame so that it is in a standard 

position on the scanning table. This is done by operating the view 1 

film advance switch until a fiducial mark on the film coincides with a 

mark drawn on the scanning table. The operator then scans the projected 

image for wanted events, using the film transport handle to move parts 

of the field closer to the end of the table as necessary. Having 

scanned view 1, the scanner then changes to view 2, advances the film 

to the same frame as view 1 and then checks his findings from the first 

scan. This procedure is necessary because the appearance of an event 

can differ substantially from view to view, since each view is a two 

dimensional representation of a three dimensional space. Complex events 

are usually resolved unambiguously by use of the third view.
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Having decided upon an interpretation, the scanner then feeds the infor- 

mation into a keyboard attached to the scanning table, from which it is 

transferred to on-line computer storage. Finally the scanner switches 

back to view 1, advances to the next frame and then begins the cycle of 

operations again. Each film is scanned twice, and lists compiled of 

any differences between the two scans. Finally the film is scanned a 

third time by a 'fine scanner’, a more highly trained scanner who 

utilizes the comparison list and his own judgement to resolve ambiguities 

between the two previous scans. The 'fine scanner’ is the final arbiter 

who decides which events are recorded. 

au Analysis of scanning as an inspection task 

In the analysis of the data analysis group referred to earlier (Embrey 

op.cit.), a number of the variables important in inspection systems, 

e.g. selection, training and environmental aspects were discussed. The 

detailed consideration of these and other variables in the earlier 

review chapters enables a more complete analysis of the system to be 

produced. 

4.5 Theoretical areas relevant to film scanning 

HS. Signal detection theory 

SDT is clearly applicable to the scanning task in that it involves dis- 

tinguishing the signal, in the form of the wanted event, from the 

'noise' of the non-signal patterns in which it is embedded. It is of 

interest to consider if the equal or unequal variance model is likely 

to be appropriate in this task. If a population of experienced
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scanners is being considered, they might be expected to know the 

characteristics of both signal and noise equally well and therefore 

the equal variance model would be more likely to apply than in labor- 

atory based studies (Taylor op.cit.). 

4.5.1.1 Factors affecting the criterion 

Another consequence of a well practised subject population is that the 

scanners would be likely to be relatively homogeneous with respect to 

the criterion they adopt. This would be partly on the basis of 

experience per se,in that over a long period of time, there is con- 

siderable opportunity for feedback, informal or otherwise, to stabilize 

the criterion. Additionally the implied payoffs for correctly detecting 

an event or making a false alarm do not change substantially over time. 

The fact that all the events discovered by a scanner are subsequently 

checked by a fine scanner encourages the use of a lax, low criterion. 

On the other hand the low average probability of an event occurring 

(about 0.2 for the events considered in this study) would tend to raise 

the criterion. The way in which the criterion is affected by the com- 

bination of a priori signal probabilities and payoffs of the various 

types of division possible, was set out in chapter 2, page 27. The 

probabilities of the various types of event that are scanned for is 

approximately constant over time, which also tends to give rise to a 

relatively constant overall degree of bias. Predicting the numerical 

value of beta is difficult because we do not have any quantitative 

estimates of the payoffs involved. However, by using the value of beta 

obtained experimentally, it should be possible to determine the sub- 

jective utilities employed by the scanners, assuming that the equal 

variance assumption model is appropriate. Alternatively, by assuming
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detections, it would be possible to establish if the scanners were 

employing the theoretically optimum criterion. These questions will be 

considered during the experimental analysis. 

4.5.1.2 Sensitivity considerations 

In view of the relatively homogeneous criterion predicted in the 

previous section, performance variability would be primarily due to 

differences in sensitivity, either because of differences in sensory 

skills such as visual acuity, or intrinsic differences in the detect- 

ability of different event topologies. A fairly high overall value of 

d' would be expected, since most events are readily detectable by 

experienced scanners, given sufficient time to examine the film frame in 

detail. 

There is a distribution of event discriminability across films which is 

a function of the contrast level, the number of beam tracks and the 

presence of extraneous tracks which are confusable with events. Within 

a particular film, different events of the same topology will vary in 

discriminability depending on, for example, whether the production 

vertex is obscured by an overlapping track, or the acuteness of the 

angles between the event 'prongs' and the beam track. Event prongs 

which have a very narrow angle are easily confused with the beam track. 

The number of 'awkward' events on a film is relatively small, but they 

give rise to protracted response latencies, whilst the scanner makes a 

very careful examination of the frame in order to resolve the ambiguity.
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It would be expected that much of the visual search data would apply to 

this task, as there is clearly a considerable search involved to cover 

the large area of the scanning table. However, the search is certainly 

not free search over the whole area, since the nature of the task con- 

strains the scanner's attention to specific areas of the projected image. 

Events can only be produced from a beam track and these are concentrated 

in the centre of the frame. Typically the scanner will look along the 

curved, parallel beam tracks to see if their symmetry is broken by the 

oblique prongs of an event. A more general search would be carried out 

after the main event had been discovered, to ascertain if there were 

any other configurations associated with the main event. 

In view of the inhomogeneous nature of the scan required, it seems 

unlikely that search time could be readily predicted from the techniques 

described by Bloomfield (1970). Because the task is self-paced, search 

time considerations are of less importance than in a conveyor belt 

situation. However, the overall length of time to completely scan a 

film will obviously be influenced by search variables, and so the 

overall throughput of the system is partly a function of this variable. 

4.5.3 Vigilance aspects 

It is difficult to predict a priori whether or not vigilance effects 

will significantly affect performance of the task under consideration. 

In terms of Kibler's comments cited in the last chapter (Kibler 1965), 

the signals encountered in scanning are more complex and (usually) of 

greater frequency than those found in laboratory vigilance experiments.
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Also the fact that usually many categories of event are scanned for sim- 

ultaneously, indicates that a more complex decision process is necessary 

than in vigilance experiments. Against these factors must be set the 

fact that many scanners subjectively find the task very boring. 

Certainly the author's own experience of scanning has tended to confirm 

this view. In theory scanning is carried out for periods of up to two 

hours continuously, although in practice the fact that all the scanning 

is carried out in one room means that there are many informal breaks 

when work stops for conversations with other scanners. In general it is 

felt by the scanners that the complexity of the task is such that it 

would be difficult, if not impossible, to perform whilst carrying out a 

conversation. 

In view of these conflicting factors, it was felt to be of interest to 

investigate this variable experimentally. 

4.6 Task characteristics 

4.6.1 Pacing 

The task is self-paced, which, as suggested by the review in the last 

chapter, should produce detection performance superior to a paced 

situation. 

4.6.2 Enhancement of signal discriminability 

Although the optical system produces a magnified image of the events, 

the actual inspection procedure is carried out on these magnified 

images, and hence no additional magnification is employed. The lumin- 

ance of the scanning table surface (4 lumens) was within acceptable
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limits. The only technique employed to enhance the discriminability of 

the defects was the informal one described in section 4.5.2 in which 

scanners look along the beam tracks in order to detect the oblique 

tracks of events. 

4.6.3 Complexity 

In considering how the complexity of the films being inspected affects 

event detection probability it is important, as pointed out in the last 

chapter, to consider the dimensions along which complexity is to be 

measured. In scanning, the complexity of the film can be regarded as 

the number of non-signal configurations likely to be present on a given 

film. Although there are occasional films in which there are a large 

number of beam tracks, which produce a high incidence of unwanted con- 

figurations, steps are usually taken to ensure that the beam tracks are 

widely spaced and are relatively few in number. 

Another aspect of complexity that needs to be considered is that of the 

events themselves. Whether a four pronged event is more discriminable 

than say, a two pronged event, remains an empirical question. On common- 

sense grounds, one would expect differences,since the four-pronged event 

(known as a 400 in scanning terminology), has more of the event charac- 

teristics (oblique tracks) than a two pronged 200. In fact many 

scanning errors consist of misidentifications of events rather than 

missing them completely. In most cases it is necessary to ensure that 

both views are used to identify an event.
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Because scanning is a self-paced inspection task, the signal rate in time 

will be determined by the average time that a scanner takes to scan a 

frame, and the overall probability that an event is present on a part- 

icular frame. Work by Colquhoun (1961), suggests that it is the probab- 

ility of an event occurring given that a frame is presented that would 

determine detection efficiency, rather than the total number of frames 

scanned. Therefore one would not expect 'fast' scanners to detect a 

greater proportion of the events than 'slow' scanners, if one is con- 

sidering only the event incidence in time. In general the probability of 

an event remains approximately constant for a given event type. We would 

not therefore, expect to encounter problems associated with the inspector 

being unable to modify his response strategy to take into account a 

sudden change in event probability, as was discussed in the last chapter. 

However, where a scanner was required to inspect for a different event 

type, with a different probability of occurrence than he had been used to, 

performance could be sub-optimal because of an inappropriate criterion. 

The commonly occurring types of event have a probability of about 0.2. 

Usually, the scanner will be scanning for a range of events with pro- 

babilities varying from 0.2 to approximately 1One These latter very 

rare events have an extremely high 'payoff' associated with them in 

terms of their interest to physicists, so that the criterion associated 

with them would not be as strict as might be expected from consideration 

of their probability alone. In the actual scanning task then, the 

inspector would be utilizing a range of criteria for the different event 

types.



4.6.5 Number of inspectors 

Although there is only one inspector to each scanning table, the presence 

of the other inspector at the opposite end of the scanning machine, 

using the other scanning table, should enhance performance through the 

social facilitation noted in the studies reviewed in the last chapter. 

4.6.6 Repeated inspection 

All films that pass through the data analysis group receive two indep- 

endant inspections from different scanners. Subsequently, comparison 

lists are compiled of differences between the two scans, and the film is 

then scanned for a third time by an experienced 'fine scanner', who 

utilizes the lists to resolve the differences between scans, as des- 

cribed earlier. Therefore the repeated inspection studies described in 

the last chapter are relevant here. 

4.6.7 Environmental conditions 

The environmental conditions are described fully in Embrey (op.cit.). 

The main problems are the poor ventilation and heating in the scanning 

room, and the bursts of high intensity noise from measuring machines 

in the same room. 

4.6.8 Organizational and social factors 

The organizational details of the system have been described in Embrey 

@,cit). Considering social factors within the group, there tends to be 

friction between the old established workers, and the students who are
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employed during vacations. The latter often quickly learn to perform the 

task satisfactorily but are easily bored. 

4.6.9 Selection and training 

Selection is on the basis of an interview with the supervisor of the 

data analysis group and the departmental personnel officer. Training is 

informal, and consists of an introductory lecture on the organization of 

the group and some of the basic elements of scanning. Subsequent 

training is largely 'on the job', the trainee being assigned to sit with 

an experienced inspector during the scanning procedure. In view of the 

complex nature of the stimuli, the perceptual skills required for scan- 

ning usually take a long time to acquire. 

4.7 Conclusions regarding scanning from an ergonomics standpoint 

In view of the fact that the task is self-paced and that repeated 

inspection is employed one would expect the system to be highly 

efficient in its operational objective of detecting particle interactions 

on film. Selection and training appear to have received little atten- 

tion however, and the badly ventilated and noisy working conditions are 

likely to affect performance. There seems to be a possibility that 

there will be performance decrement with time, but this needs to be 

verified experimentally. The discrimination required to detect events 

requires both adequate visual acuity to acquire the information and the 

possession of high level perceptual skills to distinguish the wanted 

from irrelevant patterns. The scanner can employ learnt strategies, 

e.g. looking along the beam tracks, to enhance the detectability of the 

events. Although search is employed to locate an event, it is not 

clear how conventional search theory might be employed to predict the
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time taken to achieve this. Signal detection theory would seem to be 

applicable to determine the degree to which the scanners employ an 

optimal decision criterion and the factors which affect their sensitivity 

for defects. 

4.8 Experimental objectives 

4.8.1 Specific practical goals 

The analysis of the scanning task in the last section suggests several 

possible research objectives of interest. However, the experimental 

work eventually carried out had to reflect the specific needs of the 

organization concerned. 

In the current investigation, two factors were of particular interest to 

management. These were whether different types of event differed in 

detectability and whether the noisy conditions in the scanning room 

degraded performance in the inspection task. When the possibility of 

performance deterioration as a result of prolonged periods of scanning 

was discussed, it was felt that this variable should also be investigated. 

The interest in establishing whether there were intrinsic differences 

in detectability for the different event types, stemmed from certain 

statistical considerations connected with high energy physics. The 

calculation of various physical parameters was based on the probability 

of occurrence of different event types as inferred from the number of 

events detected by the scanners. These calculations assumed that all 

types of event were equally easy to detect. There is little data 

available on the effect of defect complexity as such on detectability.
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Most of the studies using complexity as a variable have considered the 

overall complexity of the items being inspected, rather than defect com- 

plexity itself. As suggested in section 4.6.3, we would expect the 

number of prongs emanating from the production vertex of an event to 

determine its detectability, since it is primarily these characteristics 

which differentiate an event from the most commonly occurring form of 

background noise, the beam tracks. This hypothesis needs to be tested 

experimentally however. 

The proposal to investigate the effect of noise levels on the detect- 

ability of defects was prompted by the fact that the management were 

trying to decide,on cost effectiveness considerations,whether or not 

to scrap the older machines that were responsible for most of the noise 

problems. They had not previously considered the possibility that the 

noise levels being generated might be affecting scanning performance, 

and hence were interested in obtaining objective evidence for this effect. 

If definite evidence of performance deterioration with prolonged periods 

of scanning was obtained, management were prepared to consider the 

possibility of rescheduling the rest pauses. 

4.8.2 Theoretical goals 

This study provided a useful vehicle to investigate the practical 

utility of the theoretical orientation discussed extensively in Chapter 

2: Signal Detection Theory. It was of considerable interest to 

evaluate the extent to which theories of this type could be translated 

from laboratory situations to real world tasks. As the earlier review 

suggested, many of the applications of SDT to date seemed to have not
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adequately checked whether the underlying assumptions of the equal 

variance model apply. 

I£ SDT in some form could be applied to the experimental data, then this 

would facilitate the separation of bias and sensitivity effects in the 

detection results and allow the comparison of the criterion used by the 

scanners with the theoretical optimum. 

The effects of noise on detection situations employing patterns as com- 

plex as those found in this study had not previously been investigated, 

and it was of interest both theoretically and practically to see if 

those effects were different from those found in simpler detection 

situations. It was also of interest to investigate whether the nature 

of the noise had any differential effect on detection performance. 

Most studies had employed continuous white noise as the stressor, whereas 

the noise in the scanning room consisted of intermittent bursts as the 

machines were operated. 

The investigation of time related decrements on the scanning task would 

provide additional evidence for the generalizability or otherwise of 

vigilance research to real world tasks. 

Finally the possibility of interactions between the variables of noise 

pattern complexity and time on task was thought likely to provide 

further insights of theoretical interest. 

4.8.3 Summary of research objectives 

Ae Practical 

1. To investigate whether there were intrinsic differences in
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detectability between events of differing complexity. 

2. To evaluate the effects of various types of auditory noise on 

detection performance. 

3. To determine whether detection of events was affected by prolonged 

scanning, i.e. time on task. 

B. Theoretical 

1. To investigate the applicability of SDT as a usable model in a 

real inspection situation. 

2. To consider the effects of auditory noise on various parameters of 

detection performance. Different types of noise were to be con- 

sidered. 

3. To verify or otherwise the applicability of vigilance data to the 

scanning task. 

4, To consider the interactions of the major variables present in the 

study. 

4.9 Experimental philosophy 

As the objectives of this study were to collect data in as realistic a 

situation as possible, it was necessary to conduct the experiment using 

real films and employing the scanning machines customarily used by the 

inspectors. The most authentic results would have been obtained by 

introducing a test film into the everyday work of the scanners and sub- 

sequently scoring it for accuracy. There were a number of disadvantages 

to this procedure. The unofficial breaks taken and other occurrences 

difficult to allow for, lead to the decision to conduct the experiment 

using a greater degree of control.
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4,10 Experimental work 

4.10.1 Hardware considerations 

As far as the scanning task itself was concerned, two aspects needed 

modification. The first of these was the tendency of some of the 

scanners to advance the film so that only part of it was visible on the 

scanning table. They would then examine the tracks by moving a separate 

handle which moved the optical system independently of the film. In 

order to obtain consistent estimates of the total time to scan a frame, 

it was necessary to ensure that each frame was presented at a standard 

position at the commencement of each scan. Ideally the frame needed to 

be positioned on the scanning table such that the whole of it was 

visible. A second problem concerned the use of the various views 

available. Some scanners tended to scan using one view only, and when 

they encountered an event which was difficult to resolve on a single 

view, they would wind on the second and sometimes even the third view 

to obtain the additional information present on the corresponding 

frames. Sometimes these views would be very far behind the current 

frame and a considerable time might elapse until they were wound to 

the appropriate position. This procedure would clearly adversely 

affect any estimates of scanning time. 

Both of these problems were resolved by modifying the film advance 

mechanism of the scanning machines. As described in detail in Embrey 

(op.cit.) an electronic film advance mechanism was designed such that 

by depressing a button, all three views of the film advanced simul- 

taneously. When the frame image was at the correct position on the 

scanning table, a photocell sensor stopped the film advance mechanism.
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During the actual experiment, subjects were asked to depress one of two 

buttons after they had scanned a film frame, depending on whether they 

felt that there was an event of a specified type on the frame. Depres- 

sing one of the buttons caused an oscillator tone to be recorded on tape, 

and simultaneously initiated the film advance sequence. The tapes were 

subsequently analysed using SETAR (Welford 1952) to give an output 

indicating the nature of the response (i.e. event present or absent) and 

the elapsed time since the previous response, i.e. the response 

latency in a self-paced task. 

4.10.2 Experimental design - general 

The basic conditions to be investigated were auditory noise levels and 

types, differing complexities of events, and time on task. Two of the 

noise conditions utilized continuous white noise, one level being a 

masking noise condition of 65dB and the other corresponding to the 

noisiest conditions in the scanning room of 85dB. The third noise 

condition consisted of an actual recording of the highly variable 

noise environment in the scanning room, the average intensity of which 

was 85dB. The object of this condition was to investigate whether the 

nature of the noise, apart from its intensity, had any effect on per- 

formance. The two most commonly occurring types of event, the four 

pronged and two pronged topologies, were chosen as the two levels of 

pattern complexity, which were known to be approximately equi- 

probable on the film to be used. A time interval of thirty minutes 

was chosen for the task duration, which was divided into three periods 

of 10 minutes for the purpose of the performance decrement analysis. 

Subjects started scanning at random points on the film, subject to the 

proviso that there were sufficient frames available for the fastest 

scanner to work for 30 minutes. It was not possible to control
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completely for time of day effects because different subjects belonged 

to shifts which started at different times. Attempts were made, however, 

to ensure that the various sessions took place at approximately the 

same time within each shift for each subject. The subjects employed 

were seven experienced scanners, all with at least one year's experience. 

They all had normal or corrected vision. There were six males and one 

female (subject 7). 

4,10.3 Experimental design - statistical 

A 3x 2x 3x 7 complete factorial repeated measures design was 

employed, the factors being noise conditions, event complexities, time 

intervals and subjects respectively. This design is discussed in 

Kirk (1968) p.237, Myers (1966) and other standard texts. Poulton 

(1969 ) has criticized such designs on the grounds of possible carry- 

over effects between treatments. In the opinion of the present author 

however, these criticisms are really applicable primarily in labor- 

atory studies where learning effects between trials are almost 

inevitable with the time available for practice in typical experiments. 

In industrial experimentation, where very highly practised subjects 

are available, as in the present study, it is felt that such effects 

will be minimal, and hence the repeated measures design is considered 

appropriate. The desire to test a number of variables and the 

relatively limited number of trained subjects available made the 

subjects X treatments design a natural choice. 

All the factors in the experiment were assumed fixed. In the case of 

of interest 

the experimental treatments, the particular levels/ of the variables 

considered were all included in the experiment. The justification
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fer using subjects as a fixed rather than a random effect was that the 

conclusions drawn from this study were intended to be specific to the 

group under study. Additionally, scanners are a specialized group and 

cannot be regarded as being randomly sampled from the population. 

The analyses of variance were performed by a program from the IBM 

Scientific Subroutine package, modified extensively to produce the part- 

icular design used. Where appropriate, arcsine or log transformations 

were used to reduce the heterogeneity of variance of the raw data or 

where obvious skewness of the distribution existed. 

4.10.4 Analysis of data 

The basic data from the experiment consisted of yes or no (event present 

or absent) decisions for each frame together with the time interval 

from the presentation of the frame to the response by the scanner. 

This was obtained from SETAR as described in Embrey (op.cit.). A 

computer program (DATAL, Appendix D) converted this data to give the 

measures set out below: 

1. Performance measures based on SDT theories 

(a) Parametric 

a’ 

beta 

(b) Nonparametric 

(I) Sensitivity 

Pollack Norman index 

Latency sensitivity index (Navon 1975) 

(II) Bias 

Hodos-Grier index 

ZFA
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2. Inspection performance indices 

Indices Al and A4 (McCornack 1961) 

Correct detection probability 

False alarm probability 

3. Response latency measures 

Correct rejection (i.e. correct decision that frame did not contain 

an event) latency 

Correct detection latency 

False alarm latency 

Missed defects latency 

The inspection measures Al and A4 are defined as below: 

Al = NCR + NCD x 100 

NFA + NCR + NCD + NOM 

NCD - NFA x 100 

NCD + NOM - NFA 

> = " 

where NCD = no. of correct detections of signals 

NFA = no. of false alarms 

, NOM = no. of missed signals 

NCR = no. frames correctly rejected as not containing signals 

The program also performed arcsine and log transforms on some of the 

data prior to the analysis of variance. Most of the measures set out 

above have been discussed in Chapters 1 and 2. Any new measures con- 

sidered will be discussed in the text. 

4.10.5 Treatment of zero cells in SDT analyses 

I am indebted to Dr Raj Parasuraman for suggestions on this topic. In 

this study, as in most detection experiments, on several occasions 

subjects made no false alarm responses during the experimental period



144 

being analysed. This creates difficulties for the calculation of SDT 

parameters because without a pair of correct detection and false alarm 

probabilities beta and d' cannot be calculated. When these probabilities 

are obtained from detection experiments, the quantity we are actually 

measuring is the relative frequency of a particular response category 

over a number of n trials, which tends to the actual probability as n 

becomes large. If a given time period does not contain any false 

alarms, for example, this does not automatically mean that commission 

error probability during this period is zero. It simply indicates that 

the probability is too small to be estimated by the use of relative 

frequency techniques. 

Several methods are available for the estimation of false alarm pro- 

bability P(S/n) during a period in which n non-signal trials occur and 

no false alarm responses are made. 

The technique that has usually been adopted, Jerison, Pickett and 

Stenson (1965), Wallack and Adams (1969), is to assume that half a com- 

mission error has occurred. This is equivalent to assuming that: 

P(S/n) = (1) z 
2n 

Another technique is to take a weighted average of the probabilities 

associated with each noise trial in the observation period, i.e.: 

BGs niceties toni eo 8 Lae on 
2 2 2 

sire aon (2) 

2n 

A final possibility considers the likelihood of no commission errors 

occurring within a period.
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Probability of a commission error not occurring during a single trial 

= 1 - P(S/n). 

Assuming a fixed probability, the probability of no commission errors 

occurring in n trials = (1 - P(S/n))". 

The likelihood of this can be tested by setting (1 - P(S/n) 2g 1, from 
2 

aL which P(S/n) J 1 - 1, » where p(S/n) = 1- 1. (3) 

n n 
2 2) 

For large n (}50) equation (3) gives the best estimate of P(S/n), and 

was therefore used by the programs where zero false alarms occurred. 

4.11 Results and discussion 

The summary data and wasn are given in Appendix B and the analyses of 

variance referred to in the text can be found in statistical Appendix A. 

The first group of results discussed will concentrate on the theor- 

etical implications of the data prior to a consideration of their 

practical significance. 

4.11.1 SDT considerations 

4,11.1.1 The applicability of SDT to the data 

One of the major goals of this study was to investigate the applic- 

ability of SDT in the task under consideration. The first test which 

can be applied is to plot the Z transforms of the false alarm and 

correct detection probabilities against one another to give the normal- 

ized or Z-ROC curve. Figure 4.4 shows this for all 126 data points. 

The data clearly do not fall on a straight line as predicted by SDT.
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A nonsignificant correlation confirmed this. On the other hand this 

result is not too surprising in that we are superimposing ZFA and ZCD 

values obtained across a wide variety of experimental conditions and 

subjects. Analysis of variance 1 for ZCD shows significant differences 

between subjects (p < .001) and time intervals (p < 0.05) whereas for 

ZFA there is a significant time interval x subject interaction. In 

order to obtain meaningful ROC curves it is therefore necessary to con- 

sider the ROC curves within time intervals within subjects. It was 

mentioned in Chapter 2 that because of the error inherent in the 

estimation of both false alarm and correct detection probabilities, the 

ROC curve should be obtained using maximum likelihood rather than least 

squares techniques, which assume an errorless independent variable. 

Considering the data within time intervals, within subjects, allows the 

utilization of the Grey-Morgan maximum likelihood (ML) fitting program, 

Grey and Morgan (1972). This program normally only accepts data from 

rating experiments in which a series of ascending confidence ratings 

have been made. Each pair of false alarm and correct detection fre- 

quencies in the data subset under consideration provides one point on 

the ROC curve, but if the raw frequencies were entered into the ML 

program without regard to order, the program would fail in attempting 

to fit a single straight line. A preliminary program (SIGROC, 

Appendix p) therefore first calculated a series of ZFA values from the 

false alarm frequencies. Since ZFA is monotonic with the magnitude of 

the sensory evidence regardless of the variances of the noise and sig- 

nal + noise distribution, (Chapter 2), sorting the ZFA values into 

ascending order together with the associated FA and CD frequencies 

provided the program with the appropriate inputs. Part of the output 

from the program is given in Appendix A. The straight line Z-ROC fits 

the data in every case, as tested by chi-square. The mean ratio of 

the signal + noise to the noise variance is 1.362 which differs
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significantly from 1 (t = 14.47, p< 0.001). Although the Grey-Morgan 

program, strictly speaking, was written with the rating experiment as 

its underlying model, its use in the present context is justified on 

the grounds that it is being employed purely as a device for fitting a 

straight line to the data using maximum likelihood techniques. 

The use of the program also enables us to correct the beta values found 

by assuming the equal variance model, to the actual betas employed by 

the subjects in the unequal-variance situation. The Grey-Morgan pro- 

gram produced estimates of the variance ratio (the reciprocal of the 

slope of the fitted Z-ROC curve) for each block of time data within 

subjects that it was applied to. The unequal variance betas are 

obtained simply by multiplying the equal variance betas by the appro- 

priate Z-ROC slope (McNicol (1972) p. 92). This was done for each of 

the 21 blocks of data for which the Z-ROC had been fitted. 

Hence the data appears to be describable by the unequal variance SDT 

model. This is in accord with most laboratory studies using SDT with 

visual tasks, but does not agree with the earlier suggestion that the 

well practised subjects used in this study might be expected to know 

the signal characteristics as well as the non-signal attributes, and 

hence have equal variance internal distributions. It seems possible 

that because of the very low incidence of false alarms found in this 

study, the other cause of apparently unequal variance distributions, 

the greater sampling error involved in the calculation of the signal 

distribution variance, may be an important factor. The present find- 

ing differs from the only other published industrial study using SDT, 

Drury (1973), which found the equal variance model to fit the data. 

The main difference between the two studies was that Drury's subjects
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were provided with rapid feedback during the latter part of his study, 

whereas no direct feedback for the scanners in this experiment was pro- 

vided. However, even before feedback was provided in Drury's study, a 

slope of 1 for the ROC curve was obtained. Probably the main reason 

for the different findings in each study is in the nature of the signals 

in each case. The variability of glass faults is relatively small com- 

pared with the extremely wide range of configurations that are found on 

bubble chamber film, and this would tend to increase the variance of the 

signal distribution in the latter case. 

4,11.1.2 Other tests of the SDT model 

A number of methods are available for testing whether certain other 

assumptions of the SDT model hold in this situation. Ingleby (1974) 

points out that although the likelihood ratio criterion, beta, is the 

theoretically ideal measure of how much weight to attach to a sensory 

datum, it has never empirically been established that human subjects 

actually do set their criteria in terms of beta rather than, for 

example, the sensory evidence x itself. 

It can be shown (McNicol (1972) p.64) that: 

log beta = d'x - d' 212 (1) 

in the equal variance case, ( x = ZFA, since this is monotonic with 

the sensory evidence used by the observer). In the unequal variance 

case, the expression becomes: 

log beta = & [(oe - 1) /2 ol t+ d'y - (a'?/,) slog to (2) 

If the observer is actually positioning his criterion on the basis of 

beta, the first implication of 1 and 2 is that there should be a 

linear relationship between x , i.e. ZFA,and log beta in the equal 

variance case, and a parabolic relationship in the unequal variance
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situation. In fact, with the value of the variance ratio found in this 

experiment (1.3) it would be difficult to distinguish between a linear 

and parabolic regression with the range of probabilities which occurred. 

We can therefore take a good linear fit of the relationship between ZFA 

and log beta as reasonable evidence that a likelihood ratio criterion is 

being used. 

The graph of log beta v. ZFA is plotted in Figure 4.10 and it can be 

seen that a good fit is obtained, (r= 0.74 p< 0.001). 

Confirmation that the unequal variance model applies can be obtained by 

considering the change in ZFA for a given change in log beta at different 

values of d'. The parabolic relationship between log beta and ZFA of 

equation (2) suggests that ZFA should change less at high values of d' 

than at low values, with changes in log beta. We can test this by 

obtaining the regression equations for ZFA v. log beta for each subject. 

Since there are significant differences between d' for subjects 

(analysis of variance, Appendix A p. ) a plot of the slope of the 

regression lines (a measure of the rate of change of ZFA v. log beta) 

against dja should be linear. As Figure 4.6 shows, there is a high 

degree of relationship with r = 0.757 (p< 0.01). 

The preceding tests strongly suggest that the SDT model provides a good 

description of the data. The evidence is not entirely unequivocal 

however. The equal variance model suggests that beta should be related 

to the a priori probability P by the equation: 

((1 - P) /P)x(relative cost factor) = beta (3) 

(see Chapter 2 p.27). 

A significant correlation was only obtained between beta and (1 - P)/P
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for one out of seven subjects. Although the fact that the unequal 

variance model does not produce a linear correlation, since the 

variance ratio is not very large, one might have expected a larger 

number of significant correlations. The result obtained is probably 

due to the fact that the a priori probability of the events does not 

vary sufficiently to produce a modification of the subjects' criteria. 

One aspect of SDT predictions that has not yet been considered is the 

effect of the payoff matrix on the positioning of the criterion. It is 

clear that in the scanning task we do not have a symmetrical payoff 

matrix, in that missed signals are more expensive than false alarms, 

because the latter errors are likely to be picked up at the fine scan- 

ning stage. As mentioned in Chapter 2, the payoff matrix is given by 

the expression: 

value of correct rejections - cost of false alarms (3) 
  

value of correct detections - cost of missed signal 

In order to provide an approximate check of the effects of these 

utilities, a survey was carried out amongst the scanners, and the mean 

utilities for the various decision alternative was found to be as 

follows: 

value of correct rejections (of non-signal frames) = 4 

cost of false alarms =1 

value of correct detections =10 

cost of missed signal =5 

Substituting in equation (3), assuming on a priori signal probability 

of 0.2, the theoretical optimum value of beta obtained is 2.2. By 

comparison the overall mean beta obtained for the experiment is 2.71. 

The closeness of these figures supports the view that the inspectors 

are using a likelihood ratio criterion.
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We can conclude, therefore, that the evidence suggests that the SDT 

model is an appropriate one in the inspection situation under investig- 

ation. 

4,11.1.3 Relationships between performance measures 

The fact that the unequal variance model is appropriate to the data 

makes it useful to consider the applicability of the non-parametric 

measures of performance in investigating the effects of the various 

experimental variables. It is also of interest to look at the relation- 

ship of some of the inspection performance indices such as Al and A4 to 

the SDT measures. 

As discussed in Chapters 1 and 2, the unique advantage of the SDT para- 

meters is that they allow the separation of sensitivity and bias 

effects. They also have the advantage of resting on a solid theor- 

etical foundation, and of providing a predictive capability. None of 

the non-parametric measures available for yes-no data are able to offer 

these advantages and we are therefore justified in judging their use- 

fulness by the extent to which they correlate with beta and d'. In 

the present experiment it was possible to correct the betas obtained 

under the assumption of equal variances by multiplying each block of 

values by the slope obtained from the ROC curve for that particular 

block, as described earlier. This provided a baseline of ‘actual’ 

betas against which to compare the non-parametric measures. Unfort- 

unately such a blanket procedure is not available to correct the d' 

values. The appropriate version of d' in the unequal variance case 

is Amor ae as described in Chapter 2. These can only be obtained 

from the ROC curve; 4d!' values obtained under the equal variance
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assumptions cannot readily be rescaled. In the comparisons that follow 

it was decided to use the equal variance d' as a baseline. Since the 

variance ratio is not large, the comparisons will retain some degree 

of validity. 

Plots of the Pollack-Norman and latency sensitivity indices against d' 

are given in Figures 4.7 and 4.8. These indicate a high degree of cor- 

relation in the first case and a smaller but still significant r in the 

latter. These are confirmed by the product moment correlations in 

Table 4.1 below: 

comparison correlation sig. 

d' v. Pollack - Norman index 0.923 p< 0.001 

d' v. Navon latency index -0.184 p< 0.05 

Table 4.1 Comparison of sensitivity indices 

The relationship between d' and the Pollack-Norman index seems to be 

slightly curvilinear in nature, although assuming a linear relation- 

ship would lead to only slight errors. 

The scatterplots of the corrected values of log beta against the Hodos- 

Grier bias index and ZFA are given in Figures 4.9 and 4.10 and Hodos- 

Grier v. ZFA in Figure 4.11. The corresponding correlations are 

given in Table 4.2 

comparison correlation significance 

log beta v. Hodos-Grier 0.893 p < 0,001 

index 

log beta v. ZFA 0.743 p < 0.001 

Hodos-Grier index 0.746 p < 0.001 

v. ZFA 

Table 4.2 Comparison of bias indices
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We can conclude that the non-parametric indices are closely related to 

the corresponding SDT parameters. This is not surprising in the case 

of ZFA, because of its monoticity with the evidence variable used by 

the observer as discussed earlier. The close empirical correspondence 

between d', log beta and the two corresponding geometrical indices is 

encouraging in view of the difficulty in establishing an analytical 

relationship. The fact that the latency sensitivity index also shows 

a significant correlation with d' suggests that the theoretical res- 

ponse latency model adopted by Navon in deriving the index was correct. 

The next performance indices of interest are Al and A4. Their scatter- 

plot is given in Figure 4.12. The two measures are clearly highly 

correlated, which is confirmed by an r of 0.742 (p ¢ 0.001). Plots of 

Al against d', Figure 4.13 and log beta, Figure 4.14 also indicate a 

high and a more moderate degree of correlation, r = 0.947 (p< 0.001) 

and r = 0.225 (p €0.05) respectively. These plots demonstrate the 

essential disadvantage of measures such as Al: they are dependent on 

both sensitivity and bias changes, and this clearly reduces the pos- 

sibility of ascribing a cause to a given change in the performance 

index. 

4.11.2 Effects of experimental variables on performance 

4,11.2.1 Overall performance measures 

Considering the analysis of variance for both the correct detection 

probability and its arcsine transformation, we see that there are sig- 

nificant differences between subjects (p < 0.05) and between time 

intervals (p ¢ 0.01). In fact the time effect is an increase in per- 

formance with time, a comparison of means showing that the performance
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on the last two ten minute periods of the experiment is significantly 

better than during the first ten minutes (Tukey test, p< 0.05). 

The arcsine transformation of the false alarm probability shows a sig- 

nificant time x subjects interaction (p< 0.01). Examination of the 

interaction suggests that there are increases in false alarms with 

time intervals for five out of the seven subjects. The correct det- 

ection and false alarm probabilities taken together suggest that a 

change in criterion is responsible for the effects, rather than a sens- 

itivity change. 

The analysis of variance for the Al inspection index indicates sig- 

nificant differences between subjects (p < 0.01) but does not indicate 

any time effects. No significant effects are found for A4, in spite 

of its high correlation with Al. 

4,11.2.2 SDT performance measures 

The analysis for d' gives significant differences between subjects 

(p £0.01) but any conclusions drawn need to consider the fact that 

the unequal variance assumptions do not apply in this case. 

In the analysis of variance for log beta the corrected values of beta 

were used as described earlier. Significant differences were found 

between time intervals, (p < 0.05), with a significant time intervals 

x subjects interaction (p< 0.01). In view of the importance of 

this variable, a simple main effects analysis was conducted to 

clarify the nature of the time effects for the different subjects. 

This is given in Table 4.3 below, and the corresponding graph showing 

the changes in log beta over time intervals for each subject for
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Source Sum of squares df M.S. z Significance 

T at Sl 1.56 2 0.78 2.07 

T at S2 2.78 2 1.39 3.69 p< 0.05 

T at S3 1.63 a 0.82 2.18 

T at S4 6.75 2 3.38 $597. p< 0.01 

T at S5 1.5 2 0.75 1.99 

T at S6 3.4 2 1.7 4.51 p< 0.025 

T at S7 1.9 2 0.95 2.52 

ERROR 24 0.377 

Table 4.3 Simple main effects analysis: time intervals x subjects 

interaction for log beta 

which the differences were significant is given in Figure 4.15. 

The simple main effects analysis indicates that log beta is signif- 

icantly different between time intervals for subjects 2, 4 and 6. 

The significance of the difference between the means for these sub- 

jects is shown in Table 4.4 below (Tukey tests). 

Subject 2 Subject 4 Subject 6 

TL T2 T3 T1LT2 T3 i 82 T3 

TL NS p < 0,05 NS p < 0.01 NS p < 0.05 

T2 NS NS NS 

T3 

Table 4.4 Significance of the difference between log beta means 

(Tukey test) 

With two of the subjects (4 and 6) there is a significant decrease in 

log beta between the first and last time periods, with subject 2 the 

trend is reversed. The overall trend, as indicated by the means, is 

for a decline in criterion with time on task.
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The Pollack-Norman sensitivity index shows significant differences 

between subjects on the analysis of variance (p < 0.05), paralleling 

the result for d'. The Navon latency sensitivity index analysis gives 

significant differences between subjects (p < 0.01) and two signif- 

icant interactions, i.e. time x subjects (p < 0.05), and event types x 

time x subjects (p <0.05). Most of these interactions occur because 

the quantities used to calculate the Navon index, the latencies for 

the response categories, are highly sensitive to the experimental 

variables. As a result, it is difficult to interpret them in this case. 

The Hodos-Grier bias index shows a highly significant time effect 

(p < 0.01) and a significant noise condition x time x subject inter- 

action. Consideration of the NxTxS summary table largely confirms the 

analysis for log beta, for times and subjects. The pattern of the 

results however, varies in an unsystematic way under the differing 

noise conditions. 

ZFA shows a significant time intervals x subject effect (p< 0.05). 

This is analysed in Table 4.5 to give the simple main effects to com- 

pare with the corresponding analysis for log beta (Table 4.3). 

It will be seen that the detailed analysis using ZFA does not exactly 

parallel that using log beta. Although subject 6 shows significant 

differences in bias across time intervals using both measures, subject 

5 shows a significant difference using ZFA as the index and subjects 

2 and 4 using log beta. It is apparent, therefore that different 

results are likely if the two indices are used in statistical 

analysis, even though the overall trend of the means is identical in 

each case.
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Source Ss dt nS! 5 sig. 

T at Sl 0.07 2 0.035 0.41 

T at S2 0.04 2 0.02 0.24 

T at S3 0.44 2 0.22 2.59 

Tat S4& 0.43 2 0.22 2.59 

T at SS 0.73 2 0.37 4.35 Pp £ 0.05 

T at S6 1.44 2 0.72 8.47 p< 0.01 

T at S7 0.01 2 0.005 0.06 

ERROR 24 0.085 

Table 4.5 Simple main effects analysis for time x subjects interaction 

for ZFA 

4.11.2.3 Latency measures 

For the purposes of analysis, the latencies of the four categories of 

response, i.e. correct detections, correct rejections (of frames con- 

taining no events), false alarms and missed signals will be considered 

separately in addition to the total response time. In most cases, the 

latencies were subjected to a log transformation before the analysis of 

variance. 

For reasons which will be discussed in the next section, a detailed 

analysis of some of the more complex interactions will not be given, 

particularly where these are associated with subject differences. 

Considering the correct detection latencies, subjects show highly sig- 

nificant differences (p < 0.001) with a significant time by subject 

interaction (p < 0.01). Simple main effects analyses indicate that 

whether correct detection latency increases or decreases with time on 

the task depends on the subject, only subjects 2 and 4 showing signif- 

icant changes.
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The correct rejection latency shows a number of significant main effects 

and interactions. As usual there are significant subject differences, and 

the main effects of event type and time are also significant at p < 0.05 

and p ¢ 0.001 respectively. Conclusions drawn from these main effects 

need to be modified by the presence of significant noise x event type 

(p £0.05) and time x subject (p < 0.001) interactions. Simple main 

effects analysis of the latter interactions shows that all subjects show 

significant differences between time intervals but that the change is not 

always in the same direction. As suggested by the time means, however, 

the predominant change is to a decrease in latency with time on task. 

Analysis of the noise x event type interaction shows that there are sig- 

nificantly longer correct rejection responses for the 200 as compared 

with 400 events, but only under the high white noise conditions. 

Analysis of the log of the missed signals latency indicates, in addition 

to the usual subject differences, a significant noise type x subject 

interaction (p < 0.05) a significant noise x time x subject interaction 

(p < 0.05) and a significant event type x time x subject interaction. 

The means for noise types suggest a longer response latency under the 

high white noise condition compared with the other types. The event type 

means imply an overall longer response latency for the 200 events, but the 

significant interaction times and subjects suggests that this may not be 

constant over conditions. 

Considering the false alarm latencies, the only significant effect 

apart from subjects is a noise x event type x subject interaction, 

(p < 0.05). 

The final latency measure considered, the total latency, shows significant 

time and subjects main effects, (p < 0.05) and p ¢ 0.001 respectively,
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and significant event type x time (p £0.05) and time x subjects inter- 

actions (p< 0.01). The means for event types indicate longer latencies 

for the 200 events and for the earlier time intervals compared with the 

later. 

4,12 Conclusions from experimental study 

4.12.1 The application of SDT 

The evidence presented in the preceding sections suggests strongly that 

the unequal variance SDT model satisfactorily accounts for the data 

obtained. The original proposal that the equal variance model would 

apply is not supported by the evidence. In view of the fact that the 

subjects knew the characteristics of signal and noise equally well, as 

a result of extensive experience, alternative explanations for the 

good fit of the unequal variance model need to be sought. The greater 

variance of the signal distribution can be accounted for by the con- 

siderable intrinsic variability of the signal in this task and by the 

sampling error inherent in calculating the false alarm probabilities 

with the low incidence of false alarms observed in this experiment. 

These explanations are more tenable than the suggestion that the 

absence of feedback during the experiment prevented the scanners from 

learning the characteristics of the signal. 

The fairly close correspondence between the optimum criterion for 

this task and the mean beta actually obtained, adds further weight to 

the use of the SDT model. It should be pointed out however, that 

there is a wide range of values of beta about the optimum criterion 

which will give most of the maximum value possible for the inspector's 

decisions (Swets and Green (1966) p.93.
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The absence of overall significant differences in beta between subjects 

is in accord with the hypothesis proposed originally, that the scanners 

would be homogeneous with respect to their criteria, as a result of long 

experience on the task. 

4.12.2 Comparisons of performance measures 

Comparisons of commonly used indices of inspection performance Al and 

A4, showed that they were correlated with both bias and sensitivity 

measures, thus limiting their usefulness in terms of suggesting causes 

for suboptimal performance. 

Investigation of the relationships between the parametric and non- 

parametric indices of bias and sensitivity suggested that the non- 

parametric indices considered seemed to correlate highly with the co- 

responding beta or d'. At a detailed level of analysis however, they 

could not be expected to provide exactly the same results. 

4,12.3 Effects of experimental variables 

The first questions of interest are those relating to the effects of 

the experimental treatments on SDT parameters. The changes in 

correct detections and false alarms with time suggested a decreasing 

response criterion. This was confirmed by the analysis of variance 

for log beta, even though a significant decline was only Bbtained 

with two subjects, and an anomalous significant increase was obtained 

with a third. However, the overall pattern of the results was con- 

sistent with a reduction in beta with time. The change in beta to a 

more lax criterion is difficult to account for. In vigilance tasks, 

the opposite effect, the increasing stringency of beta with time on
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task has been accounted for by the inhibition of neural responses, a 

greater stimulus intensity being required as time goes on, for a signal 

to achieve a given criterion (Mackworth (1969)). Another explanation 

advanced is in terms of an inappropriately low signal expectancy at the 

beginning of the session, leading to few signals being detected, which 

in turn leads to a lowering of the criterion (Mackworth, (1970)). In 

the present experiment, as has been emphasized previously, there was no 

reason to believe that the subjects began with an inappropriate expect- 

ancy. If this was not the case, we could account for the results by 

saying that the subject began the experiment expecting fewer signals 

than he actually encountered, and that he subsequently lowered his cri- 

terion as a result of detecting a high incidence of signals. The 

neural habituation theory also seems inappropriate, since it cannot be 

modified to predict a decline in the criterion. In fact the results 

seem to be more readily accounted for by a suggestion of Welford (1968), 

that an increase in arousal would move both signal + noise and noise 

distributions to the right, without modifying the position of the cri- 

terion. This would produce an apparent decrease in the criterion. On 

the other hand the task cannot be regarded as particularly arousing, 

and there seems no obvious reason why arousal should increase with time. 

A more likely explanation would seem to be in terms of an initial mod- 

ification of the subjects' utilities for the various decision classes, 

due to their perception of the experiment as a 'high risk' situation. 

The evidence suggests that initially the scanners approach the experi- 

ment with a criterion which was different than that employed in their 

day to day work. Because they were 'on test' it seems likely that 

they were initially utilizing particularly stringent criteria as to 

what constituted a wanted event. This would result in many 'border- 

line' events being rejected, even though in the real task they would
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probably be accepted on the basis that the fine scanner would look at 

them again and make the final decision. In fact they could be regarded 

as putting themselves in the position of the fine scanner, who makes the 

final decisions about which events should be accepted or rejected, and 

who utilizes more stringent criteria. This effect can be interpreted in 

terms of payoffs, since during normal scanning, the fact that an event 

will be looked at again obviously encourages a lax criterion, because 

the cost of a false alarm is very low. In the experiment, one would 

expect the 'raised criterion effect' to decline as the scanners be- 

come more used to the experiment. Support for this hypothesis comes 

from an examination of the actual beta values for each of the 10 minute 

time intervals on the task, i.e. 3.356, 2.587 and 2.197. The final 

magnitude of beta obtained is very close to the calculated optimum i.e. 

2.2. The anomalous subject who increased his criterion may have per- 

ceived the utilities of the situation differently than the other 

subjects. 

The implications of this analysis are than the observed decline in 

beta was a characteristic of the experimental situation rather than an 

effect which occurs in the day to day performance of the task. 

Although this may be regarded as a 'negative' finding, it does seem to 

be of considerable importance when considering industrial experimen- 

tation in general. Any experimental study which utilizes an off-line 

investigation of the type described for signal detection experimen- 

tation, needs to control for variables of this type, or to perform a 

SDT analysis to isolate the effect. The results are also illuminating 

examples of the way in which subjects are able to modify their 

criteria without a concomitant change in d'. 

The absence of any significant differences between event types was
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expected, since there is no a priori reason to expect event complexity to 

affect beta. Although high intensity white noise is known to affect 

beta in vigilance tasks (Davies and Tune (1970)), this is generally at a 

higher level than the 85dB used in the experiment, and therefore 

the lack of any effect in this experiment is not surprising. 

A surprising aspect of the results for d' and the non-parametric sens- 

itivity indices, is that d' should be apparently unaffected by the 

characteristics of the event. The expected intersubject differences in 

sensitivity were found but no significant differences between event 

types, despite the strong a priori reasons discussed in section 4.6.3 

for expecting these to differ in detectability. The lack of any effect 

of noise on d' is again probably due to the relatively low levels 

(85dB) employed. 

The reasons for the lack of an effect on d' of the different complexity 

of the events are related to the self paced nature of the task, as will 

be discussed in the next section. 

4.12.4 Latency measures 

As has been discussed earlier, any response latency observed is the 

sum of the time to make a structured search to find a configuration of 

tracks which is a potential event, and the decision time to assign the 

configuration to the category signal or noise. Visual search theory 

and the various signal detection latency theories therefore do not in 

themselves provide good descriptions of the data. Some interesting 

insights emerge from a consideration of the latency results, although 

they will not be analysed in detail because of these theoretical 

difficulties and because response time is a relatively unimportant 

variable in practical terms for this particular task.
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Let us first consider the degree to which the latency results provide 

support for the application of the SDT model. If we assume that the 

search time is some random time increment which is added to the decision 

making time, we can examine the total response latency in the light of 

SDT concepts. A further assumption that needs to be made is that the 

latency associated with each decision is a function of the distance of 

the observation point (in decision space) from the criterion. The 

further the distance from the criterion the shorter the response 

latency. This can be interpreted as the further the observation is 

from the criterion, the more discriminable it is, and hence the less 

time is required to sample sufficient evidence to make a decision. The 

notion of a difficult decision requiring a greater decision time is 

intuitively reasonable. 

Considering Yes responses, incorrect Yes responses (false alarms F.A.) 

will, on average, be distributed nearer the criterion than correct 

detections (CD), implying that CD latencies will be shorter than FA 

latencies, i.e. 

L(cb) <  L(FA) - @ 

Similarly for No responses, correct rejection (CR) latencies will be 

shorter than missed signal (Omissions, OM) latencies, i.e. 

L(cR) < Lom) - (2) 

Considering both Yes and No responses, we can say that in a situation 

such as the present experiment, where the probability of a signal is 

less than that of noise, No will be the dominant response. No 

responses will, therefore, on average, be distributed further from the 

criterion and will hence have a lower mean response latency. Hence 

both No responses, i.e. correct rejection and missed signal latencies
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will be shorter than both Yes responses (correct detections and false 

alarms). This implies: 

L(CR) and L(oM) < L(CD) and L(FA) - (3) 

Combining (1) (2) and (3) , the latencies for the four categories of 

response should fall in the order: 

cr <om< cD < FA 

The actual mean latencies are, in seconds: 

CR = 7.38, OM = 10.24 CD =10.42, FA = 12.31 

which is in the predicted rank order. 

A possible explanation for the lack of an effect of event type on indices 

of discriminability can be found in the response latencies for the two 

types of event. The latency for the 200 event is consistently longer 

than for the 400 for all categories of response. In an unpaced 

situation it seems likely that the inspector is able to overcome the 

effects of a low signal to noise ratio by utilizing extra time to sample 

more attributes of the stimulus. Presumably the d' values which would be 

obtained from a short, fixed interval experiment, would be lower than 

those found in the self-paced situation. 

The results for the effects of the experimental variables on the 

latencies of the various response categories cannot be simply accounted 

for, because of the reasons discussed at the beginning of this section. 

The large number of subject interactions found are likely to be a 

function of the differing scanning strategies adopted by the subjects, 

which tends to obscure the effects of the main variables. There is 

some evidence that the high white noise condition produces longer 

response latencies for some categories of response and this could be 

interpreted as evidence of a distraction effect. However, the effect
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is small, difficult to isolate from the effects of other variables, and 

is unlikely to have any practical significance. 

In summary, the most important information gained from the latency data 

is that it appears to provide further support for the application of the 

SDT model. The dataare also useful in suggesting how in a self-paced 

situation, the subject may utilize extra sampling time to make the 

correct decisions for difficult discriminations. 

4,13 Summary and general conclusions 

The inspection task performed in the Data Analysis Group, University of 

Birmingham, has been considered from the standpoint of some of the 

variables considered in the review chapters of this thesis. An experi- 

mental study was performed to answer a number of practical and theor- 

etical questions. The first of these concerned the applicability of 

the SDT model to the inspection task under consideration. The inter- 

relationships between various performance measures was also investig- 

ated. Finally the effects on performance of several variables, of 

particular interest to the management of the inspection system, were 

analysed. 

The evidence strongly suggested that the unequal variance SDT model pro- 

vided a good fit to the experimental data obtained. It was found that 

in general the non-parametric measures of bias and sensitivity cor- 

related well with their SDT counterparts, but that this correlation was 

not sufficiently close to produce the same results from detailed stat- 

istical analysis. A consideration of the relationship between SDT 

performance measures and other commonly used inspection measures showed
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that the latter failed to adequately distinguish between changes of bias 

and sensitivity. 

Having established that the SDT model was appropriate, the effect: of 

the various experimental variables on the measures of bias and sens- 

itivity was considered. The only significant effects obtained with d!' 

and the non-parametric sensitivity measure of Pollack and Norman was 

between subjects. The criterion measure, log beta,was corrected for the 

effects of the assymetrical underlying variances,before being used in 

the analysis. A significant effect of time on log beta was obtained, 

the criterion decreasing with time on task. Various explanations were 

considered for this, and it was concluded that it was likely to be due 

to the experimental situation, the scanner initially utilizing a high 

criterion, because of the perceived payoffs of the various types of 

decision in that situation. As the experiment progressed the scanner 

utilized a criterion which was more in accord with the utilities found 

in the everyday task, as suggested by a prior survey of the inspection 

staff. No other significant effects were obtained with log beta. 

Although the latency data was of secondary interest in this study, its 

analysis in general terms provided further support for the SDT model. 

A number of complex effects of the experimental variables on the 

latencies of the various categories of response were obtained. Inter- 

pretation of these was restricted because of the difficulty of separa- 

ting search time and decision time. Considerable between-subject 

effects were found, probably as a result of differences in scanning 

strategies. Systematic investigation of the visual search aspects of 

this task would necessitate a two - phase experiment, in which the 

decision times would be evaluated independently of the search component.
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Although it would have been possible to have conducted further analyses 

on the latency data in the form of distribution fitting, it was not felt 

that this would contribute to modelling the situation, because of the 

problems discussed earlier. The data provided general evidence that the 

simpler pattern produced an overall longer response latency, although 

this effect was complicated by subject differences. This result gave an 

explanation for the lack of any significant differences between the event 

types as measured by the SDT indices. It was hypothesized that in a self- 

paced situation the inspector was able to employ additional sampling of 

a near threshold potential defect,in order to make a decision about it. 

Self-pacing in inspection could be regarded as a means of enhancing 

sensitivity from this standpoint. 

The conclusions for management were as follows. There was no concrete 

evidence of performance decrements as a result of the effects of 

auditory noise. The indirect evidence that the lack of differences 

found between the two types of event was due to the self-paced nature 

of the task suggested that no attempt be made to introduce pacing. 

The fact that there was no evidence for performance decrements with 

time during the experiment could not necessarily be extended to longer 

time periods. 

In conclusion ,the study demonstrated the practical feasibility of the 

SDT approach to inspection, and the unique insights that can only be 

obtained by this technique.



CHAPTER 5 CASE STUDY II : THE INSPECTION OF FILM IN THE 

QUALITY CONTROL DEPARTMENT OF ILFORD LTD.
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5.0 INTRODUCTION 

The industrial site for this study was Ilford Ltd., at Brentwood in 

Essex, a large manufacturing unit concerned with all aspects of photo- 

graphic film manufacture, including Xray, ciné and roll film. 

This study was particularly useful in that it served to emphasize the 

difficulties that can arise when attempting to apply some of the 

theoretical concepts that were discussed in the review chapters, to 

situations where the definition of acceptable quality is highly sub- 

jective. Although this study and the Data Analysis Group study were 

superficially related, in that they both involved film, in fact the 

nature of the inspection task itself was very different. Although the 

difficulties encountered in this study meant that an in-depth theor- 

etical analysis of the results was not possible, many of the practical 

problems encountered provided an impetus for the experimental work des~ 

cribed in later chapters. 

The first part of the study involved a semi-structured interview with 

four of the senior film examiners and with the Quality Control 

Manager, Mr R F Salmon. The interviews were tape recorded and their 

content provided the basis for the general description and the task 

description which follows. Two experiments were then performed in 

an attempt to establish the basic performance parameters of the 

system and to investigate the utility of SDT in tasks of this type. 

The difficulties involved in the analysis of these tasks will be dis- 

cussed in detail subsequently. 

In spite of these difficulties, a report was presented to the firm 

which produced a positive response, and the contacts established at
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Ilford proved to be very useful during the laboratory phase of the 

research discussed in subsequent chapters. 

5.1 General description 

The manufacture of photographic and X-ray film involves the coating of 

a plastic base material with a photosensitive emulsion. The coating 

machines which perform this operation operate in total darkness, 

because of the light sensitive nature of the coating, and produce large 

rolls of film approximately 44 inches in width. These are subseq- 

uently sliced up into a size appropriate for the use to which the film 

is to be put. The film is sold to a very wide market, with the 

emphasis on the commercial and industrial sector rather than the 

domestic field. Consequently the potential users have high quality 

standards, and quantities of film are sent back to the manufacturers 

if they are found unsatisfactory. 

Quality control at Ilford is the responsibility of the Technological 

Services Division. The quality control section performs two functions. 

One is concerned with the maintenance of the physical parameters of 

film quality, such as coating thickness, grain size and base thick- 

ness, which are monitored by routine laboratory procedures. This 

aspect of quality control will not be considered in this study. The 

other function involves the visual inspection of film,which will be 

the main area of interest. 

SACL Visual inspection 

Visual inspection takes place at two points in the manufacturing
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process. The first of these is known as production testing. Samples of 

coated film in the form of large sheets are taken at an early stage of 

production, developed, and inspected by being placed over an illuminated 

table. The function of production testing is to provide rapid feed- 

back if a malfunction in the coating machinery is producing a defective 

product. This section is run on a twenty-four hour basis in order to 

do this. 

The other type of inspection is known as viewing. In the case of 

photographic film this involves taking samples of between 200 and 2000 

feet in length, with widths of 16mm. or 35mm. from selected parts of 

the original roll. These are then exposed to give an even neutral 

density, developed, and sprocketed to produce cine films known as 

test references, or simply references. The references are projected 

on to a large screen in a cinema-like projection room. As the film is 

projected, a clockwork mechanism unwinds a tape in front of the 

inspector (or 'examiner') at a rate proportional to the rate of film 

transport through the projector. When a defect is observed, the 

inspector makes a mark on the tape indicating the nature of the fault. 

Measurement of the distance of the mark from the beginning of the 

tape enables the position of the defect to be subsequently located on 

the reference. 

After a number of test references have been viewed in this way, any 

film which the examiner wishes to examine more closely is put on a 

device known as a viewing box, which enables the film to be wound at 

high speed to any position indicated by the tape as containing a 

defect. The film frames in this locality are then examined by trans- 

mitted light from an illuminated panel set in the front of the box, 

using a hand magnifier if necessary. This procedure, known as
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"boxing' enables a detailed examination to be made of any part of the 

test reference of interest. Samples of film may be cut from the 

reference and sent to the laboratory for further analysis. 

The report that is produced after examination, is usually qualitative 

in nature and generally consists of a description of the predominant 

defect characteristics, e.g. ‘slight incidence of black spots but 

acceptable', The overall philosophy of testing is to examine the film 

under the conditions that it will eventually be used. Thus ciné film 

is projected on to a large screen and 16mm. film on to a screen more 

representative of those used by amateurs. A numerical count of the 

defect is only made in detail if some problem exists which is 

associated with the occurrence of a particular defect, or if a count 

is required for statistical purposes. 

The examiner has some prior information as to the potential defects 

which may occur on a reference. Each reference film can contains a 

‘coating card' which indicates whether any obvious problems occurred 

during the coating operation. Since many of the defects arise during 

the coating procedure, this gives the examiner some prior information 

as to the nature of the defects which may be expected. 

Viewing is regarded as a very important operation, and normally no 

film is released on to the market until adequate screening has taken 

place. 

§.1.2 Nature of the defects 

A large number of configurations occur on film which can be categ- 

orized as defects. There are about 15 commonly occurring discrete
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defects, which include items such as 'fibres', due to a foreign body 

being on the film when it was coated, and ‘insensitive spots' due to 

the coating not adhering to the film base at some point. There are also 

‘continuous! defects, for example there may be a continuous slight 

variation in the film density. Apart from the more common defects 

there is a very large category of defects which occur occasionally, and 

even some which occur once and are never seen again. 

The defects vary in size although they are generally very small com- 

pared with the area in which they appear. The angular size of an 

average defect (a 'fibre'), is about 1.44 minutes, and it has a con- 

trast relative to the screen of approximately 10 to 1. If a defect 

occurs on a single film frame, as is often the case, the presentation 

time is of course extremely short, approximately 0.04 of a second for 

films being projected at the usual rate. The rate of occurrence of 

defects is extremely variable and may change suddenly at any time. 

S.h<3! The definition of acceptable quality 

The definition of what constitutes an acceptable film is highly sub- 

jective in nature. The ultimate arbiters of quality are the 

experienced film examiners, and any references which may be regarded 

as borderline will usually be referred to them. Inherent in the 

criterion of acceptability in a particular case,is the type of pro- 

duct and the customer for whom it is destined. In the case of cine 

film for example, the occurrence of a relatively large number of 

defects will be very readily apparent to the user, who will view a 

large sample of the film in a relatively short time. By contrast, 

with microfilm for example, the potential viewing population will be
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small and the presence of a small defect even on each frame will not 

significantly degrade the quality of the film for the purposes for 

which it is intended. 

5.1.4 Physical environment 

The viewing area consisted of a large cinema-like projection room con- 

taining rows of seats. Around the periphery of the room were six 

viewing boxes with their associated winding machinery. There is 

usually a small 16mm. projector in use which projects the lower grade 

film on to a small screen on the sidewall. The main projectors were 

large, standard 35mm. cinema projectors. 

The size of the main screen was 9'6" x 5'5" and the viewing distance 

11'6", thus giving maximum visual angles of 79° and 58° respectively. 

The brightness of the screen as measured by an SEI photometer was 

3.55 foot lamberts. Most of the time the ambient noise intensity was 

60dBA. When two of the winding machines were being operated, the 

noise intensity went up to 84 dBA. Although the room was windowless, 

temperature and ventilation appeared to be adequate. The examiner 

viewing the main screen was generally seated in one of two large, 

deeply sprung armchairs provided for the purpose. 

5.1.5 Selection and training 

No formal procedures existed for selecting inspectors. There were 

difficulties in obtaining staff generally, partly because of the 

rather restricted long term career prospects. Most of the younger 

staff had been taken on to work specifically within the quality 

control area, whilst the more established examiners had generally
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moved into quality control from the manufacturing side of the firm. 

None of the employees spent the whole of their time examining film, 

but most of them had at least one session a week. 

No formal training programme existed. Most trainees sat with an 

experienced examiner whilst he was inspecting film until he was sat- 

isfied with their general level of competence. Many of the most 

experienced staff regretted the absence of a training scheme, but felt 

that there was at present insufficient time for a senior member of the 

staff to spend long periods with a trainee. It was felt that it took 

a considerable time to learn to examine film satisfactorily. 

The educational background of the examiners was variable. Most of the 

older workers did not possess any formal qualifications, but some of 

the recent employees had G.C.E's. 

5.2.1 Signal acquisition factors 

It is clear that the acquisition of the signal is considerably more 

difficult than in the task considered in Chapter 4. The very short 

presentation time of the signal (0.04 seconds) means that the screen 

area cannot be searched and hence the probability of detection will 

depend on the size of the visual lobe relative to the size of the 

total screen area. The visual lobe size in turn depends on 

physiological factors such as peripheral visual acuity, and perceptual 

variables such as the ability of the inspector to distinguish between 

signal and noise. This latter skill is particularly important in 

film examining because of the very high level of noise stimuli that 

appears on the projected film. This is a result of dust particles
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and other extraneous configurations put on to the film during its devel- 

opment. The perceptual skills required to distinguish between defects 

and non-defect stimuli take a considerable time to develop, and this is 

part of the reason for the length of time required to train an 

examiner. In SDT terms, increasing d' requires a thorough knowledge of 

the signal and non-signal characteristics. 

From the standpoint of possible vigilance effects, the task character- 

istics would suggest that these are a distinct possibility. The 

signals are brief and are usually simple rather than complex. They 

often occur at a very low frequency in time and space, and the task is 

normally performed in an unstimulating environment. The decision pro- 

cess attending each response is usually simple. These conditions are 

in accord with those proposed by Kibler (1965) and Mackworth (1970) as 

giving rise to vigilance decrements. The length of time taken to 

examine the longest reference is 20 minutes, which is the minimum 

period at which vigilance effects would become evident. At the end of 

the 20 minutes there is usually a break of two or three minutes whilst 

a new film is loaded into the projector, before the next examining 

session begins. In this way, an examiner may inspect for several 

hours if there is a particularly urgent batch of film to examine. 

It seems possible that the short recovery periods between films might 

not allow performance to return to its original level, in which case 

a progressive decline over a number of sessions would be observed. 

This possibility suggested an experimental investigation, which will 

be described in a later section.
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Decision making factors are of considerable importance in this task. 

They operate at a micro and a macro level, affecting the decision 

making applied to an individual defect, and the global decision making 

employed to decide whether the test reference as a whole is acceptable 

or otherwise. 

If we adopt the SDT paradigm, we would expect decision making at both 

levels to be influenced by prior probabilities and payoffs. Ata 

defect detection level, the obvious effect would be that due to the 

expected incidence of defects. If the incidence of defects increased, 

it is likely that they would not necessarily be detected immediately 

because of the inappropriate criterion of the examiner. They could 

be interpreted, for example, as being due to extra dust particles on 

the film. In fact, examples of this effect were mentioned to the 

author during the interviews. In one case a particular type of defect 

had gradually increased in severity over a number of weeks. This was 

not detected until complaints were received from customers. When the 

films were re-examined with this new 'set' the presence of the 

defects was obvious. Considering the payoff matrix, at the defect 

detection level, false alarms could be regarded as relatively 

"inexpensive' since they could always be checked at the boxing stage. 

This would promote a lax criterion. 

The decision as to whether a test reference is acceptable or not is a 

global one which will depend only partly on the evidence gathered 

during screening. In addition to this evidence, which is in the form 

of the number of defects present and the overall appearance of the 

film, the final decision will also be influenced by prior probabilities
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and payoffs, which may be different from those employed during the 

decisions concerning individual defects. The final acceptability 

decision will clearly be made partly in terms of the prior probability 

of the reference actually being unacceptable. This is normally a 

function of the particular film type, a new product being likely to 

have a higher a priori probability of being defective than an estab- 

lished one. The payoff matrix is a function of the likely effects of 

the various categories of decision. The probability of declaring a 

film acceptable will be influenced by the consequences of releasing a 

batch of film which is actually defective on to a particular market. 

Similarly, declaring a film unacceptable carries with it the costs of 

a possible false alarm, which include long delays whilst the batch of 

film is thoroughly investigated. There appears to have been no formal 

attempts to verify if the quality standards operated by the senior 

examiners are actually in accord with those required by the customer. 

The general feeling was that if complaints remained at a reasonably 

low level then quality was acceptable. 

Another question which appears to have been neglected is the question 

of the drift of criteria of acceptability over time. We have seen 

from studies analysed in Chapter 3 (e.g. Thomas 1962) that in the 

absence of regular recalibration sessions, or absolute standards to 

refer to, then it is quite common for criteria to change over time to 

such a degree that they are no longer in accord with the professed 

quality standards of the inspection system. 

A model of the film examination process in decision theory terms is 

given in Figure 5.1. It can be seen from the model that the actual 

film examination procedure produces an accumulation of evidence as 

to the number of defects and the general level of acceptability of the
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reference. The quality of this evidence will be influenced by the 

inspector's intrinsic sensitivity for defects and the criterial 

factors discussed earlier. If the inspector has no difficulty in dis- 

tinguishing between signal and noise, (noise in this case could include 

other defect types if we are considering only one class of defects) 

then the evidence which is input to stage II will be highly reliable. 

During stage II, the examiner will have to decide, on the basis of the 

evidence from stage I, whether to accept or reject the sample. If we 

regard his sensitivity at this stage of the process as fixed, then his 

ability to decide between the two possible courses of action will be 

strongly influenced by the quality of evidence he receives. This is 

indicated in the model by the loop connecting the sensitivity and 

criterion factors of stage I to the degree of ambiguity of evidence 

box in stage II. In terms of SDT, the value of d' that the inspector 

is using at stage II is influenced primarily by the signal to noise 

ratio of the evidence. The payoff factors utilized at stage II dis- 

cussed earlier, together with the prior probabilities of an acceptable 

or unacceptable sample, will determine the position of the criterion 

for the final decision. 

If the examiner has a high d' at stage I, the evidence utilized at 

stage II will be truly representative of the actual state of the film, 

and hence the probability of an incorrect decision will be minimized. 

5.2.3 Training 

The SDT model proposed has various implications for training. The two 

stage nature of inspection suggests that any training programme will 

need to consider both phases. According to the SDT approach, training
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should be aimed at two goals, enhancing the discriminatory powers of the 

inspector as much as possible, and modifying his response bias to the 

optimal position in a given situation. 

Improving d' at stage I basically involves training the examiner to 

recognize the characteristics of defects as compared with spurious 

signals under the conditions that they appear on the screen, and also 

distinguishing between defect types. A consideration of the nature of 

the defects makes it obvious why training is so prolonged. The very 

short exposure time of the stimuli makes their initial detection 

difficult and hence any feedback from the trainer will only be effect- 

ive on a relatively small proportion of the trials. Another dif- 

ficulty concerns the lack of reference standards which would allow 

the trainee to gain insights into the appearance of the defects as 

they appear tachist o scopically on the screen. There is also an 

absence of a clearly defined nomenclature for the defect types. Some 

examiners gave examples of confusion that had arisen as a result of 

different inspectors using different names for the same defect. It 

is obvious that this situation is very confusing for a beginner. 

The training techniques which are appropriate for this situation have 

been reviewed in Chapter 3 and will be considered further in 

Chapter 7. The question of training an examiner to adopt an optimal 

criterion at stage I is a difficult one. An optimal criterion can be 

calculated from SDT from a knowledge of the a priori defect probab- 

ility and the payoff matrix. The first difficulty involves the def- 

inition of the payoff matrix. Assigning numerical values to the 

various decision alternatives is particularly difficult in this case, 

where the results of the stage I decisions are used as input to the 

stage II decision making. Another difficulty concerns the a priori 

defect probability. As we have seen, it is pointless training an
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inspector to rigidly adhere to a criterion appropriate for a particular 

defect incidence, if this is likely to change. The solution would seem 

to be to devise a training procedure which would allow the examiner to 

alter his criterion readily in the light of the prevailing defect 

incidence. Presumably this flexibility would also extend to changes of 

beta implied by changes in the payoff matrix. Although it may not be 

possible to assign precise values to the various payoffs, it should be 

possible to say in which direction the criterion should move ina 

particular case. 

Considering the stage II decision making, it is clear that considerable 

experience is required to know what constitutes acceptable product for 

a particular market, particularly as the criterion is likely to be 

weighted by factors such as the urgency of a particular order and the 

possible cost penalties of not fulfilling it on time. Whether such 

complex utilities could be trained for explicitly seems doubtful. In 

any case, before a decision was made about a particularly important 

market, it is likely that confirmatory opinions would be sought from 

a number of experienced examiners, and further samples taken. In 

spite of this, there does not seem to be any reason why examples of 

acceptable quality film for various products and markets should not 

be utilized in training to give some indication of the required 

criteria. 

It is not proposed to delineate a training programme at this stage. 

The review of perceptual training techniques in Chapter 3 would 

indicate that some form of KR or cuing technique would be an appro- 

priate basis for training for sensitivity. The experimental 

studies in Chapters 6, 7 and 8 will provide further insights into 

this area.
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5.2.4 Enhancement of the detectability of the defects 

Another approach to improving the efficiency of the system, apart from 

training considerations, is to consider the ways in which defect detect- 

ability could be enhanced. 

The most obvious way of doing this would be to slow down the rate of 

projection. This could only be done up to a point, since flicker 

would begin to be present at very low projection speeds. Nevertheless, 

it seemed reasonable to suppose that an effectively longer presen- 

tation time for each frame would effectively improve the detection pro- 

bability. This proposal was put to management and met with an unen- 

thusiastic response. The reason for this was that the proposal con- 

flicted with the philosophy of viewing the films under the same 

conditions as they would be viewed by the customers. Even though more 

defects might be detected it was regarded as being more important to 

retain the fidelity of the inspection procedure to the conditions of 

eventual use. Although this attitude was certainly partly rooted in 

a desire not to disturb what was regarded as an effective system, 

there were other arguments that could be advanced to support it. The 

strongest of these was the fact that the senior examiners had estab- 

lished their criteria of what was acceptable for a particular market 

and product over a number of years. Any changes in the incidence of 

defects on the film, due to changed inspection techniques which were 

not related to true changes in quality, would require a complete 

recalibration of their standards in order to inspect to the same 

criteria as before. This emphasizes the fact that it is the integ- 

ration of information over the entire examination of the film that is 

the important parameter of quality, not merely a count of defects.
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Another suggestion made was to produce negative prints of the test 

references. This would mean that the defects would appear as light 

configurations on a dark background, rather than dark on light as at 

present. The proposed change would mean that afterimages of the 

defects would remain on the retina for a considerably longer period 

than the actual presentation time of the defect, thus considerably 

enhancing their detectability. Using fully dark adopted subjects, 

data from Alpern and Barr (1962), suggests that the after image would 

remain for an order of seconds. An additional bonus would be that 

spurious stimuli due to dust shadows would be absent. 

Although this suggestion seems attractive, it was rejected on two 

grounds. The first of these was that, as discussed earlier, the test 

would be unrepresentative of its eventual use. Secondly there was 

the question of the time involved in the special processing of the 

film. There was constant pressure on the Quality Control Department 

from Sales to inspect the film references as quickly as possible so 

that the batch could be released for sale. It was felt that the 

extra processing time that would be required was not available. 

5.5235) Conclusions from ergonomics considerations 

Film examining is a difficult discrimination task because of the 

short duration of the stimuli, the presence of a high level of visual 

noise and the highly subjective nature of the definition of accept- 

able quality. The present training technique would seem to be 

inadequate to produce trained examiners in a relatively short time, 

in the light of the difficulty of the task. A number of the 

techniques for training for perceptual skills discussed in Chapter 3
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would seem to be relevant here. Consideration of the task from a 

decision making standpoint suggests that different types of training 

may be appropriate for different stages of the task. 

It was felt that attention should be given to two aspects of the 

quality standards employed. The first of these was their degree of 

correspondence to those of the customers, and the second the possib- 

ility of drifts over time of these standards. 

There seems to be a strong possibility of vigilance effects being 

important in this situation and it was felt that an investigation of 

these factors should be made experimentally. The visually demanding 

nature of the task also suggested that the visual skills of the 

inspectors should be examined. 

These considerations formed the basis of the experimental studies des- 

cribed in the next section. 

5.3 Experiment 2 

The first experiment was intended to provide basic data on the overall 

efficiency of the inspectors and to investigate whether there were 

any performance decrements in time. Differences in performance 

between inspectors were also of interest. 

5.3.1 Procedure 

As the aim of the experiment was to gather data on the system under 

conditions as authentic as possible, six sample films were chosen by
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the Quality Control Manager, which represented an average cross- 

section of the current work. Each of the six films was presented one 

after another, in randomized order, to each subject. The films were 

2000 feet in length and each film lasted for twenty minutes. Reloading 

films meant that there was a gap of approximately three minutes between 

each film. The total experimental session lasted approximately 2shours. 

There were no breaks apart from the two or three minutes between film 

changes. 

Each subject was given a set of printed instructions in which he was 

told to inspect the film in the usual way, noting any defects that 

occurred on the moving tape. To maintain authenticity, no attempt 

was made to keep the inspection room silent during the session, and 

hence there were several sessions in which extraneous noises and con- 

versations occurred. 

When all the experimental sessions had been completed, the tapes were 

collected from the subjects, and each film placed in turn on the 

viewing box. It was then examined very slowly by two senior inspec- 

tors, and a key chart prepared for each film, containing the 

locations and descriptions of each defect. The subjects' tapes were 

then examined and a similar chart prepared for each subject. Eight 

experienced examiners were used as subjects and they all had at 

least one year's experience and normal vision, according to a Snellen 

Chart. 

5.3.2 Analysis of results 

Considerable problems arose in scoring the experiment. Since the 

films contained a very wide variety of defects, it had been decided
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to use one particular defect type, a 'fibre', to assess performance. 

After the experimental sessions had been completed and the key charts 

were being prepared, it was found that the overall density of defects 

differed considerably between some of the test films. The main reason 

for this was the very high density of ‘coating bubble' defects on 

three of the test films. This led to a very high rate of response by 

the examiners and since it was impossible to resolve the responses 

marked on the tape to closer than 3 feet on the film, it was inevitable 

that the apparent detection efficiency on the high density films would 

be greater than that for the others. 

A further difficulty was the variability in the numbers of fibres on 

the films, which ranged from two to twenty in number. It was therefore 

decided that the possibility of confounding together defects of 

differing discriminability was to be preferred to estimating prob- 

abilities with widely differing sample sizes. The performance index 

used was therefore the percentage of all non-coating bubble defects 

that were detected. These problems could have been avoided by pre- 

selecting the films to ensure approximately equal densities of a 

particular type of defect, but sufficient time was not available to 

do this. Additionally it would not have been representative of a 

typical selection of films. It was decided not to attempt to obtain 

measures of the incidence of false alarms, since the high incidence 

of coating bubbles made it impossible to tell if responses were in 

fact false alarms or correct detections of nearby coating bubbles. 

For this reason SDT measures could not be obtained.
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The raw data consisted of the percentage detection efficiency for all 

non-coating bubble defects for each film examined by each subject. 

These were analysed first as a two-way analysis of variance with 

repeated measures on subjects, the other variable being time intervals 

of twenty minutes, corresponding to individual films. The data were 

then de-randomized such that the factors were subjects and films and 

a similar analysis performed to detect any differences between films 

in the detectability of the defects they contained. 

5.3.4 Results 

Table 5.1 gives the percentage detection efficiencies for all defects 

excluding coating bubbles arranged in randomized order as presented 

in the experiment. 

Mean detection 

Subject/Time efficiency for 
Interval TL TZ. T3 Ty TS T6 subject 

72.0 40.0 55.0 32.25 26.30 82.50 51.34 

E K7.% 255.0 § 90.0, 69.5 53.0 80.0 55.81 

A 92.0 65.0 96.0 74.0 70.0 47.4 74.06 

G 52.0 69.50 26.3 64.00 23.5 35.0 45.04 

c 70.5 60.0 78.0 31.5 88.0 35.0 60.50 

H 52.0; 5236 15.8) 48.0 30.0 29.5 37.88 

¥ 35.0 16.0 65.0 36.0 26.3 53.0 38.54 

D 44.0 26.0 26.3 20.0 17.6 20.0 25.64 

Mean detec- 

gage Grand Mean 
iency for 
time inter- 
vals. 58.11 47.93 49.05 46.9 41.83 47.8 48.607 

Table 5.1
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Percentage detection efficiencies for all defects excluding coating 

bubbles arranged under the 6 test films used, i.e. de-randomized. 

Subject/Test 
Film Fe F2 

B 55.0 26.3 

E 55.0 47.4 

A 70.0 47.4 

G 35.0 26.3 

c 35.0 31.5 

H 30.0 15.8 

F 35.0 26.3 

D 20.0) 26.3 

Mean detection 
efficiency for 

Table 5.2 

F3 

40.0 

30.0 

92.0 

52.0 

60.0 

52.0 

16.0 

44.0 

F4 

32.25 

53.0 

65.0 

23.5 

70.5 

29.5 

53.0 

17.6 

41.87 30.91 48.25 43,04 

FS 

72.0 

80.0 

96.0 

64.0 

88.0 

52.0 

36.0 

20.0 

63.5 

Analysis of Variance for Table 5.1 

Degrees of 

freedom 

5 

7 

35 

47 

Table 5. 

1 

3 

Mean 
squares 

224.59011 

375 63843 

351.08404 

£ 

<1 

3. 

Analysis of Variance for Table 5.2 

each film 

Source of Sums of 
variation squares 

1122.95068 

9629 .47072 

TS 12287 .94338 

TOTAL 23040 .36333 

Source of Sums of 
variation squares 

6801.32423 

S 9629.47072 

FS 6609.57325 

TOTAL 23040 .36333 

Degrees of Mean 
freedom squares 

5 1360.26489 

7 1375 63843 

35 188.84494 

47 

Table 5. 4 

F 

3.9 

3.9 

F6 

82.5 

69.5 

74.0 

69.5 

78.0 

48.0 

65.0 

26.0 

64.06 

Sig. 

N.S. 

9 p<0.05 

Sig. 

p <0.05 

pgo.05



202 
5.3.5 Discussion 

The results indicate that there were significant differences between 

subjects in their detection efficiency, significant differences between 

the films in the detectability of the defects they contained but no 

significant effects of time on task on defect detection. 

In view of the differing difficulty of the test films, the results 

cannot be taken as indicating unequivocally that there are no time 

effects on performance. These could have been obscured by the film 

differences. 

The reasons behind the considerable inter-subject variability are 

worth considering in detail. Subsequent discussion with the examiners 

revealed that there were large differences in the type of experience 

they possessed. Although all of the inspectors had been examining for 

at least a year, the experience of some of them went back over 15 

years. It was noticeable that the very experienced inspectors had a 

detailed knowledge of the mechanics of film manufacture and were 

able to utilize this to aid them in the inspection. For example, if 

a defect in the coating machinery caused a distinctive variation in 

the density of the film, the inspector would then be looking out for 

other defects associated with the malfunction. Other examiners were 

accustomed to inspecting mainly colour film, and hence were less 

familiar with the appearance of defects occurring on the monochrome 

films used in the experiment. A rigorous pre-selection of the sub- 

jects would have provided a more homogeneous sample, but would not 

have provided the realistic assessment of overall group efficiency 

that was required by management. Management were in fact surprised 

at the rather low overall detection probability for non-coating
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bubble defects of 49%. Some possible reasons for this finding will be 

discussed in the conclusion. 

5.4 Experiment 3 

Experiment 2 had left several questions unanswered. The differences 

between films had made it difficult to detect any performance decre- 

ments with time, and the high incidence of coating bubbles had meant 

that false alarm rates could not be calculated. SDT measures could 

therefore not be applied. 

For experiment 3, attempts were made to overcome these difficulties 

by obtaining four films which had an incidence of defects more typical 

of the norm. These films had also been selected on the basis that 

they were of equal difficulty and that they contained no distinguishing 

features that would lead to them being recognized as being different 

from the normal test references. 

The object of the experiment was to test again for decrements in per- 

formance with time and also to obtain a wider range of performance 

measures than in experiment 2. It was also hoped to apply SDT 

measures to the data. 

5.4.1 Procedure 

An experimental session consisted of the alternation of the four test 

films with four normal references. This procedure was replicated a 

second time during another examining session to provide an increased 

estimate of experimental error. For ethical reasons, the examiners 

were told that test films had been introduced into the screening
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session, but were not informed of how many films there were, and of 

their position. Each film lasted for twenty minutes, and hence they 

were viewed during the following time intervals from the beginning of 

the session: 

test 1 20 - 40 minutes 

He 60 = 80.) % 

OES) OO S=120)." 

AE TKO =160)-" t 

Because of the interuptions in the normal flow of work necessitated 

by the experimental requirements, it was only possible to perform the 

study on three of the most experienced examiners. These were told to 

perform film examination in the normal way but to give the tapes pro- 

duced, indicating the positions of the defects, to the investigator. 

The results were scored in a similar manner to experiment 1. The 

positions of the defects as indicated by the tapes were compared with 

a key which had been prepared by a special examination of the films 

under optimal conditions. The detection of 'fibres' was again used 

to assess performance. 

To investigate the visual acuity of the examiners in more detail, 

subjects were given the Bausch and Lomb Orthorater test for visual 

skills subsequent to the experiment. Only six of the original eight 

subjects agreed to take this test.
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5.4.2 Statistical design 

The experiment was analysed as a 3-way repeated measures analysis of 

variance, the four presentations of the film being regarded as sampling 

four time intervals, replications being the second factor and subjects 

the third. All effects were assumed fixed, by the same logic as was 

discussed in Chapter 4 section 4.10.3. 

5.4.3 Results 

Problems were again encountered when attempting to score the results. 

The main difficulty was the fact that it was impossible to be certain 

that a particular response was in fact a false alarm, when it 

occurred in close proximity to another non-fibre defect on the key 

chart. In fact virtually all false alarms appeared to be misidentif- 

ications of this type. This result would be expected if the subjects 

were able to discriminate readily between defects and spurious 

stimuli on the film, but were less sensitive to differences between 

categories of defects. On this assumption, the results can be 

analysed as a discrimination problem between the defect category under 

consideration ('fibres') and all other types of defect that occur on 

the film. 

Where no apparent false alarms occurred, the approximation used in 

Chapter 4 was employed to obtain an estimate of false alarm probab- 

ility. 

Tables 5.5 and 5.6 give the correct detection and false alarm probab- 

ilities calculated as described earlier.
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Subject 

Subjects Replications Tl T2 73 TH means 

Sl RL 0.455 0.273 0.636 0.909 0.568 

R2 0.364 O.455 0.818 0.636 

$2 RL 0.273 0.182 0.182 0.091 0.182 

R2 0.273 0.091 0.182 0.182 

$3 RL 0.182 0.455 0.273 0.455 0.398 

R2 0.455 0.636 0.455 0.273 

time 0.333 0.348 0.424 0.424 grand mean 

means 0.383 

Table 5.5 Correct detection probabilities for Experiment 3 

TIMES 

Subject 

Subjects Replications Tl T2 T3 TH means 

sl RL 0.083 0.056 0.083 0.083 0.108 

R2 0.056 0.250 0.167 0.083 

$2 RL 0.833 0.250 0.056 0.167 0.160 

R2 0.167 0.083 0.167 0.056 

$3 Rl 0.056 0.056 0.083 0.056 0.070 

R2 0.083 0.056 0.083 0,083 

time 0.130 0.125 0.107 0.088 grand mean 

means 0.112 

Table 5.6 False alarm probabilities for Experiment 3 

The statistical Appendix A section 2, gives the analyses of variance 

for the arcsine transforms of the correct detection and false alarm 

probabilities in Tables 5,5 and 5.6. There are significant 

differences between subjects in correct detections (p € 0.001) but no 

other effects. All effects are non-significant for false alarms.
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The efficiency indices Al and A4 both confirm the significant subject 

effects for correct detections. The SDT parameters d' and log beta 

both showed significant differences between subjects (p < 0.01 and 

P £0.05) which were reflected in the corresponding nonparametric 

Norman-Pollack and Hodos-Grier indices (p < 0.01 and P < 0.05 respect- 

ively). 

The SDT indices need to be considered in the light of the fact that 

the plot of the z-scores for correct detection and false alarm pro- 

babilities shows no sign of being fitted by a straight line, thus 

bringing into doubt the validity of the SDT assumptions in this experi- 

ment. 

The visual profiles from the Orthorater visual test are given in Table 

5.7. An attempt was made to assess the adequacy of the visual skills 

using the templates provided with the Orthorater which defined min- 

imum visual standards for various jobs. The ‘visual inspection’ pro- 

file provided, however, made no reference to the far visual skills 

required for film examination. Subjects F and D show the most 

adequate visual standards, their only deficiency being some degree 

of lateral phoria (an inability to fuse images from each eye). 

Subject H has both near and far visual deficiencies whilst subject A 

has below standard near vision and impaired colour vision. There 

was no correlation between these scores and performance on the task 

however. 

5.4.4 Discussion 

The salient feature of the results is the very low overall detection 

probability for defects obtained in this experiment. In view of the
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fact that the subjects were three of the most experienced examiners, 

the overall detection probability of 0.38 needs to be accounted for. 

The most likely explanation would seem to be in terms of the way in 

which the inspectors view the task of examining. As has been mentioned 

before, the prime function of examining is seen as globally estab- 

lishing the acceptability or otherwise of a film rather than of obtain- 

ing a numerical count of defects, except for special purposes. For 

this reason the information on the tape will usually be more in the 

form of an aide memoire indicating the approximate disposition of 

defects rather than a precise record. Although in the experimental 

situation the subjects obviously made a more determined attempt than 

normally, to document the occurrence of defects on the tape, it must 

be recognized that the act of noting down every defect would be un- 

familiar to them. This explanation is confirmed to some extent by 

considering the detection results for experiments 2 and 3. Experiment 

2 was far more of a special situation where the examiners could con- 

centrate on attempting to note and detect defects, knowing that none 

of the sample films was actually a 'real' reference which had to be 

assessed for acceptability. In the case of experiment 3, they would 

not be certain which of the references was a test film, and would 

therefore have to treat all of them in the same manner. This would 

involve concentrating on the more general aspects of film quality to 

the detriment of noting down specific defects. These contrasting 

strategies are reflected in the higher apparent detection probabilities 

of experiment 2 compared with experiment 3. 

In view of these considerations, it is not surprising that SDT does 

not appear to fit the data according to the Z-ROC curve. From the
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preceding discussion it is clear that from the data available it is not 

possible to decide unambiguously whether or not SDT applies in this 

situation. However, it is interesting to note that the significant 

differences in log beta between the subjects reflects the appropriate 

changes in correct detections and false alarms that would occur if the 

theory did apply, i.e. decreasing log beta is accompanied by increases 

in correct detection and false alarms. Log beta will always provide 

an index of such changes, whether or not SDT applies. 

With regard to the changes in performance over time, no significant 

effects were found. It is notable, however, that the changes in log 

beta over time intervals, although not statistically significant, 

showed a clear decline similar to that observed in experiment 1 in 

the last chapter. The absence of significant vigilance effects can 

be ascribed partly to the short breaks between each film and partly 

to the wide variety of non-target stimuli that occurred during the 

session, which can be regarded as maintaining arousal. 

5.5 Conclusions 

This study exemplifies the difficulty of using the SDT approach in 

situations where obtaining accurate estimates of correct detection 

and false alarm probabilities is difficult, and in which the stand- 

ards for acceptability are not rigidly defined. In spite of these 

difficulties, the two stage decision model described would seem to 

be applicable in this and similar situations where an accumulation 

of evidence over time is utilized to make an accept/reject decision.
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The practical difficulties of scoring the data for the experiments des- 

cribed in this chapter made a valid test of the applicability of SDT 

at the defect detection stage impracticable. Although the results 

quoted do not provide direct support for SDT, this is not surprising 

in view of the small sample size and the rather gross assumptions 

made in scoring the data. The changes in correct detections and false 

alarms over time, although not statistically significant, are con- 

sistent with a criterion change in a more lax direction, as observed 

in experiment 1, Chapter 4. 

Another experiment was planned to test the stage II decision making 

part of the model, by asking the inspectors to rate a number of films 

in terms of their degree of acceptability, from completely accept- 

able, to completely unacceptable. This would enable the generation 

of ROC curves and provide a more meaningful test of the stage II 

part of the model than a yes-no experiment. Unfortunately sales and 

production pressures meant that the experiment had to be deferred 

indefinitely. 

No support was found for the hypothesis that there would be perfor- 

mance decrements with time on the task, despite subjective reports 

of occasional sleepiness by some of the examiners when normally per- 

forming the task. The suggestion was made that the variety of 

stimuli which occur on the film provide sufficient stimulation to 

maintain arousal. 

The investigation provided the impetus for several lines of research 

which are described in subsequent chapters. The first of these was 

the possibility of training the inspector to be able to modify his 

criterion readily in the face of changing defect rates or payoffs.
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The study suggested a need for this ability at both stage I and stage 

II of the decision making process. The need to provide a rapid means 

of training the examiner to discriminate between defects and noise 

stimuli, and between different categories of defects, was also 

identified as being an important research area. Finally the absence of 

any effective selection procedures suggested the possibility of work 

on this topic. 

The analysis of the inspection system in terms of some of the dimen- 

sions proposed in Chapter 3 produced a number of specific recommend- 

ations for management. 

It was suggested that a library comprising examples of the various 

types of defect be established, which could be referred to readily. 

Similarly a proposal was made to keep a range of film reference 

examples which provided clear examples of the quality standards 

required for particular markets and products. It was felt that a 

uniform system of nomenclature for both types of defects and levels 

of acceptability would further aid the establishment of clear quality 

standards. 

In conjunction with these latter suggestions, the practice of regular 

calibration sessions was proposed as a means of ensuring that quality 

eriterian, especially those defined largely subjectively, did not 

drift over time and that there was a high degree of concordance 

between inspectors. The relationship between customer standards and 

inspection criteria was felt to be an important one. Investigation 

of this relationship would, however, require an extensive market 

research exercise.
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Returning to the training area, it was suggested that the results of 

further research be fed back to Ilford to aid in the specification 

of a training scheme. In addition to the perceptual skills discussed 

earlier, it was felt that information on film manufacture should be 

given to trainees, in view of its apparent importance in the ident- 

ification of defect types. 

Finally there was a recommendation that all potential film examiners 

should receive some form of industrial eye test such as the 

Orthorater. Although there was no apparent correlation between visual 

abilities and performance on the task, the examiners with the most 

impaired vision were in fact the most experienced. It was likely 

therefore that this would provide compensation for any visual def- 

iciencies. Adequate visual skills were felt to be particularly 

important during the training stage.



CHAPTER 6 INVESTIGATIONS INTO THE EFFECTS OF DEFECT 

PROBABILITY CHANGES ON INSPECTION PERFORMANCE
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6.0 INTRODUCTION 

The effects of changes in the probability of defects on inspection per- 

formance has been referred to at several points as being an important 

consideration in inspection situations found in industry. An example 

has been quoted in Chapter 5, where quality levels of a product became 

unacceptable because inspectors were unable to modify their criteria 

to take into account the changes in defect probability that had 

occurred. 

In this chapter, a brief survey will first be made of some of the 

relevant theoretical approaches. Two experiments will then be des- 

cribed in which some of the factors affecting performance in the 

changing defect density situation were investigated. 

6.1 Theoretical considerations 

The modification of performance in a changing defect probability 

situation can be seen as consisting of two aspects: perception of the 

fact that the probability has in fact changed, and the adaptation of 

the inspector's response strategy to the new conditions. We shall 

consider these two areas separately in the following discussion. 

6.2.1 Probability learning 

A large literature exists on the ability of subjects to learn pro- 

babilities. The classical probability learning situation differs, 

however, from that which occurs in inspection. Usually the subject is 

asked to predict which of two mutually exclusive events will occur, or
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has occurred, on each trial of a series in which two events occur with 

fixed, but unequal, probabilities. For example, the subject may be 

asked to predict which of two lights will blink on at each trial of a 

series. He is allowed to witness the outcome of each event and is 

therefore completely reinforced. He may, in addition, be given 

monetary rewards for correct predictions and/or be penalized in some 

manner for incorrect performance. 

A number of theories exist for analysing behaviour in these situations. 

One of the earliest, from game theory considerations, was that after a 

few trials the observer will distinguish the more frequent event, and 

predict it on all succeeding trials, thus maximizing his total number 

of correct predictions. This 'pure strategy' occurs very infrequently. 

Another theory, called the probability matching hypothesis, predicts 

that the subject will learn to match his response ratios to the pro- 

babilities of occurrence of the two events. This behaviour was first 

noted by Grant, Hake and Hornseth (1951). They observed that over a 

series of trials in which two alternative reinforced events occurred 

with fixed probabilities, the subject's probability of predicting a 

given event tended to approach or "match" the actual probability of 

the event. A large number of other studies, e.g. Bush and Mosteller 

(1955), subsequently showed that the subject begins by predicting the 

two events equally often, then after a slow initial rise he comes to 

predict the two events with the actual probabilities of their 

occurrence. Later work by Edwards (1961) produced evidence suggesting, 

however, that if a large number of trials is given, i.e. > 300, then 

the subjective probability estimate becomes more extreme than the 

actual probability.
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Siegel and Goldstein (1959) produced an analysis of probability learning 

from decision theory considerations which has obvious affinities with 

SDT. They suggested that the maximization of subjective expected 

utility will account for both probability matching and pure strategy 

(i.e. always responding the most likely alternative) behaviour. Since 

the utility of an outcome is its subjective value to the subject, his 

behaviour will be a function of the particular conditions and rein- 

forcements inherent in the task. The general hypothesis is that he 

will maximize his subjective utility in whatever terms he perceives it. 

Siegel and Goldstein suggest that in a task with no external payoffs, 

(monetary rewards etc.), the subject receives satisfaction from pre- 

dicting and having confirmed the rarer of the two events. This might 

be expected to relieve the monotony of the pure strategy of predicting 

the more frequent event on all trials. For whatever reason, it is 

hypothesized that the subject will adopt a mixed strategy which approx- 

imates to the matching hypothesis. 

If however, the subject receives some monetary reward for a correct 

prediction, or a penalty for an incorrect decision, the theory 

hypothesizes that as these rewards are increased, the subjects pre- 

diction of the more frequent event will tend towards 100% i.e. will 

approach a pure ‘strategy. Experimental evidence confirmed these pre- 

dictions. 

A number of other factors have been found to affect probability 

learning. These are reviewed in Lee (1971), but will not be discussed 

in detail here because of their limited relevance to inspection.
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It is clear that there are affinities between the inspection situation 

and research on probability learning. The main difference is in the 

nature of the reinforcement received by the inspector. In the pro- 

bability learning task, the subject is usually completely reinforced, 

whereas the inspector receives only partial reinforcement, depending 

on such factors as his ability to recognize defects. The occurrence 

of inspection error leads to the inspector having an incomplete know- 

ledge of the true proportion of defects. A probability learning study 

by Estes and Johns (1958), involving ambiguity in the reinforcement, 

similar to that occurring in the inspection task, found reasonably 

close agreement between the frequency an event was predicted, and the 

frequency with which it was judged to have occurred. 

It seems clear then, that the most fundamental difference between the 

probability learning situations usually studied and the inspection 

task is the amount of information the subject receives concerning the 

nature of the overall defect probability. In the probability learning 

task, the only information available is that obtained from the 

responses. On the other hand, this information is usually complete. 

In inspection tasks, the evidence from responses is partial, but there 

may be other sources of information available, as will be discussed in 

the next section. 

Gezes Sources of information on defect probability 

Two sources of information are available to the inspector, from which 

he is able to estimate the prevailing defect probability. These are 

external sources and evidence inferred from the task itself.



218 

The first type of external evidence could be described as 'feed-forward' 

and consists of prior knowledge of the defect frequency, acquired 

either as a result of experience or from some other source. Examples 

of such information sources have already been quoted in Chapter 5, 

where film inspectors are provided with a card detailing the manufactur- 

ing history of a particular batch of film. In the glass industry, 

inspectors of float glass are given prior warning that the incidence 

of defects may change by the furnace operators working upstream from 

the inspection point (Gillies (1975)). The other form of external 

information is feedback, or knowledge of results concerning his 

accuracy, that the inspector receives subsequent to the actual 

inspection of the sample. In most real inspection situations such 

feedback is delayed and incomplete, and cannot readily be related to 

the separate decisions made during the task. 

The most accessible source of evidence available to enable the 

inspector to modify his subjective probability estimate is from the 

task itself. The accuracy of the subjective probability estimate 

will depend primarily on the inspector's ability to distinguish 

signal from noise, and to a lesser extent on the appropriateness of 

his current criterion to the prevailing defect density. A dynamic 

situation exists, in that the more optimally the criterion is set, 

in relation to the actual defect density, the more accurate will be 

the information available to the inspector to modify its position 

still closer to the optimum. It should be noted that these consid- 

erations are strictly only of importance in a relatively low a' 

situation. Where the signal to noise ratio is high, changes in 

defect probability can be expected to have a relatively slight 

effect on performance. On the other hand most real inspection
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situations involve discriminations between perfect and defective items 

which would normally be regarded as 'difficult'. 

6.2.3 Modification of the subjective probability estimate and 

the criterion 

In the preceding sections, we analysed the sources of evidence avail- 

able to the inspector concerning the fault density. In considering 

how this information will be utilized by the inspector to modify his 

criterion we have to examine several further questions. First, it is 

necessary to know the extent to which the inspector will utilize the 

information to revise his subjective probability to correspond to the 

actual defect probability. Secondly there is the question of how 

large a sample of the new probability he needs (in a situation of 

change) in order to effect this change. Finally, we need to consider 

the ability of the subject to modify his criterion to the appropriate 

optimal position on the basis of his revised subjective probability. 

Data on the first question is available from a number of studies in 

the area of the revision of subjective probabilities, e.g. Edwards 

(1962), Edwards and Phillips (1964), Stael von Holstein (1971). In 

general these studies suggest that observers do not revise their 

subjective probabilities to the optimal extent that Bayes’ theorem 

would predict. There is very little evidence on the size of the 

sample needed by a subject to modify his subjective probability as 

a result of objective probability changes. The sample size might be 

expected to depend strongly on the discriminability of the signal 

employed. Nearly all SDT experiments have employed well practiced 

subjects and have used a fixed within-session probability. Within
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these constraints, subjects have shown that they can use the appropriate 

beta value corresponding to the a priori probability (Swets and Green, 

(1966)). 

One study does exist which investigated subjective probability consid- 

erations in an inspection context. Sims (1972) used a simulated 

inspection task in which subjects had to inspect printed facsimiles 

of printed circuit boards containing a range of defects. In the first 

experiment, prior to examining each item, the subject had to record 

whether or not he felt that it was going to be defective or not. 

Having made their predictions, the inspectors then examined the items 

and assigned them to accept or reject baskets. Three percentages of 

defects were used, i.e. 26, 14 and 2 percent and the subjects were 

either told the incidence in advance of defects or given no infor- 

mation at all. In the second experiment, the subjects were told that 

the defect level was 2%, but unknown to them there was a step 

increase in the defect rate to 14% midway through the session. 

Unfortunately, the experiment was analysed purely in terms of the 

inspector's perception of the defect probability, and no detection 

data were given. 

Considering the subjective probability estimates however, it was 

found that the subjects' estimates were significantly different for 

the differing probability levels within 30 trials of the start of 

each session. As expected, these estimates were in general more con- 

servative than the actual probabilities. It was found that prior 

knowledge of the probability did not affect the accuracy of the sub- 

jective estimates. The results also suggested that the final
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subjective estimates of probability were more closely related to the 

proportion of items classified as defective, than to the actual pro- 

babilities. The probability change experiment produced anomalous 

results. Only two subjects were employed, and in one case the subject 

accurately changed his subjective estimate of probability to the new 

probability level within sixty trials. The other subject however, did 

not show any significant changes. Unfortunately no investigation was 

made of possible differences in sensitivity which could have accounted 

for this finding. The result that subjects match their probability to 

the perceived incidence of defects is one which might have been pre- 

dicted on intuitive grounds. The lack of any effect of prior know- 

ledge is a surprising one and suggests that the subjects weighted 

intrinsic information from the task more than prior evidence. This 

could of course be a function of the degree of difficulty of the task. 

Presumably the harder the task, the more reliance would be placed on 

prior evidence. 

6.3 Experimental objectives 

In view of the foregoing discussion it is clear that there are several 

questions in the general area of detection performance under changing 

probability conditions that need to be investigated. 

The first of these is the general question of the ability of an 

inspector to adjust his criterion to the on-going defect probability. 

The other considerations concern the efficacy of knowledge of 

results and prior warning of a defect change in aiding this criterion 

change. Although the Sims study suggests that the inspector can 

correctly estimate the new probability, this does not guarantee that
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this will lead to the appropriate criterion being adopted. Another 

consideration was whether the inspector's performance strategy was 

different if the change occurred during a session, rather than from the 

commencement of the session. Two experiments were conducted to 

investigate these questions, and will be described in detail in sub- 

sequent sections. 

6.4 Experimental design: general 

It was decided to employ an experimental design which allowed the 

accurate evaluation of SDT parameters. The fact that a minimum of 

500 trials are recommended to do this (Swets and Green (1966)) and 

that a number of experimental conditions were to be investigated, 

meant that the number of subjects that could be included in the study 

was limited by time constraints, particularly as it was felt that 

extensive practice at the task was necessary in order to minimize 

learning effects. In view of the exploratory nature of the study, 

it was felt that three subjects would produce meaningful results. 

In order to facilitate obtaining SDT parameters, the experiment was 

performed using a rating scale approach (McNicol (1972), p.99) as 

will be described in detail subsequently. 

The first experiment was designed to investigate the situation where 

the defect probability remained constant throughout a session, but 

varied between sessions. The presence or absence of feedback on per- 

formance was considered, and performance changes between blocks 

within the session were also included in the analysis.
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The second experiment was concerned with within-session changes in 

defect probability. The probability of defect occurrence changed after 

the second block within each session. In the first session, no 

warning was given that a change was going to take place. In the 

yemaining sessions, subjects were warned that a probability change would 

occur. In the one case they were given summary feedback every hundred 

trials, whereas in the other case no feedback was provided. 

The conditions investigated in the two experiments are summarized as 

follows: 

Experiment 4 

1. Constant high probability of signal (p = 0.5) 

a) Feedback 

b) No feedback 

2. Constant low probability of signal (p = 0.1) 

a) Feedback 

b) No feedback 

Experiment 5 

Change in probability during session (p = 0.5, 0.2) 

a) No warning, feedback 

b) Warning, no feedback 

ce) Warning, feedback 

Five hundred trials were given under each condition and the order of 

presentation of the signals was randomized, subject to the constraint 

that the probabilities were constant within each block of 100 trials.
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In view of the fact that vigilance effects would complicate the inter- 

pretation of the results, the experiment was designed specifically to 

minimize these effects. This was achieved by providing short rest 

periods every 100 responses, which meant that the subjects did not 

perform the task continuously for longer than about eight minutes at a 

time. 

6.4.1 Apparatus 

It was decided to build a general experimental facility that could be 

utilized for a wide variety of detection experiments in addition to 

those described in this thesis. The equipment was based on a PDP-8E 

computer and the stimulus material was projected by means of a pair 

of Kodak Carousel projectors,on to a screen in the darkened experi- 

mental room. 

Essentially the requirement was for a device that could present 

signal and non-signal stimuli in a random sequence, would accept a 

series of responses corresponding to a rating scale and would provide 

various forms of knowledge of results for these and later experi- 

ments. It was also felt desirable to record the latency between the 

presentation of the stimulus and the response. The computer con- 

trolled the sequencing of stimuli, recorded the responses, and pro- 

vided the feedback. A wide range of other facilities were also 

available which are described in detail in Appendix C. The equip- 

ment represents a highly general means of conducting a wide range of 

detection experiments. However, its design and construction, and 

the programming of the PDP-8E computer, which was the entire 

responsibility of the author, consumed a very considerable amount of
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time, and in retrospect it is felt that a simpler if less elegant means 

of conducting the experiments would have been more appropriate. 

The general experimental layout is shown in Figure 6.1. The first 

projector produced a constant display on the screen, consisting of a 

matrix of 9 equally spaced black discs, each 5 inches in size, giving 

an angular size of 2.6° from the table where the subject was seated, 

10.5 feet from the screen. The second projector contained alternate 

opaque slides and slides with a small hole punched in them. When one 

of the latter slides was in the projector, the resulting pencil of 

light superimposed exactly on the central disc of the display. 

Filters were used with both projectors such that the increase in 

brightness produced was close to the threshold of detectability for 

each subject. A Compur magnetic shutter,which was controlled by the 

computer, operated to give a brief presentation of the stimulus. A 

teletype in the experimental area read in a steering tape which 

caused the second projector to either remain on the current slide, or 

to advance to the new slide, prior to the next operation of the 

shutter. This arrangement allowed a random sequence of any number 

of stimuli to be presented from a single Carousel magazine of 80 

slides. 

6.4.2 Procedure 

At the beginning of the experiment the projector advanced to the 

first slide and the shutter opened for 0.25 seconds. This interval 

was chosen to approximate to the time of a single eye fixation, 

since it was originally intended to utilize the results in the 

analysis of subsequent search experiments. The subject then pressed
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one of the response buttons and the response latency and the channel 

number of the response were output on paper tape by the computer. After 

a delay of three seconds from the response, the next stimulus was pres- 

ented. 

The six response buttons corresponded to six degrees of confidence that 

a signal had been presented on the preceding trial. From left to right, 

the ratings were: definitely non-signal, probably non-signal, possibly 

non-signal, possibly signal, probably signal, definitely signal. A 

symmetrical pay-off matrix was assigned to the responses in the follow- 

ing manner. Correct positive or negative responses were given 3, 2 or 

1 points, depending on whether they were made at an extreme, inter- 

mediate, or low level of confidence. Incorrect responses gave minus 

these payoffs. Subjects were given 750 points at the beginning of the 

session and paid a bonus if they scored a further 750 points from 

their responses, i.e. if they scored half the total possible number of 

points from the 500 responses. 

After each block of 100 responses the number of correct detections, 

correct rejections, false alarms and missed signals for that block 

was printed out on the teletype, together with the points scored, and 

the total cumulative number of points including the earlier blocks in 

that session. For the feedback conditions, the teletype was situated 

so that the subject could read this printout. A three minute break 

occurred between each block of 100 responses to allow the subject to 

do this. During non-feedback sessions the same length of break 

occurred. With both types of session, the experimenter made non- 

committal conversation with the subject during the break.
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White noise was played at a low level through headphones for the whole 

of the session, apart from rest periods, to mask the sound of the 

shutter and projector operation. As the experiment was self-paced, 

its duration varied slightly, but most sessions were completed within 

about 45 minutes. 

Prior to the main experimental sessions, all subjects had received at 

least 2000 practice trials using the same apparatus and stimuli. 

During the practice sessions, feedback similar to that administered 

during the test sessions was given, and the defect probability remained 

constant at 0.5. The last practice session had taken place one week 

before the first test session. 

During the practice periods the nature of the scoring system was 

carefully explained to the subjects, with emphasis on the fact that 

both missed signals and false alarms would be equally penalized. The 

use of the rating scale response buttons was discussed, and any dif- 

ficulties over what was meant by, for example, a 'probably signal’ 

response were resolved, Immediately prior to each test session the 

subjects were told that the defect probability would be 'the same as 

during the practice sessions’, or simply that it would be 'low', as 

appropriate. During the first session of the within-session pro- 

bability change experiment, where no warning was given, the subjects 

were told that the defect probability would be the same as during 

the practice sessions. For the two subsequent probability change 

sessions, they were simply told that a change would occur at some 

point in the session. Those subjects who had not inferred that a 

change had taken place during the first session were explicitly 

informed of this immediately after the completion of the session.
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All subjects received condition la first, which was identical to the 

practice sessions and was intended as a 'warmup'. The remaining con- 

ditions of the first experiment were presented in a random order, 

followed by the second experiment. Each subject performed one session 

per day. Attempts were made as far as possible to ensure that the 

subjects performed the task at the same time each day, but the exigences 

of lecture timetables meant that this was not always possible. 

All subjects were final year undergraduates and were paid 50p per 

session, with a 25p bonus if they achieved the target score. 

6.4.3 Statistical design 

Experiment 4 was analysed as a 4-way factorial analysis of variance, 

the factors being blocks of 100 responses, presence or absence of 

feedback, signal probability of 0.5 or 0.1, and subjects. Experiment 

5 was set out as a three way analysis of variance, with blocks of 100 

responses, the three experimental conditions and subjects being the 

factors. 

In both experiments all subjects received all combinations of con- 

ditions. As discussed in Chapter 4, the danger of carry-over effects 

exists in this type of design. In the present experiments, these 

effects were minimized by having a highly trained subject population 

and by including the blocks within the experiment as one of the 

specific factors. In view of the laboratory based nature of the 

experiments, a mixed model was utilized in the analysis of variance, 

with subjects being assumed a random effect and all other factors 

fixed.
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6.4.4 Analysis of the results 

The latency and response data which had been produced on paper tape by 

the PDP-8E computer, were fed into the PDP-15 computer for analysis. 

The responses were compared with the actual signal sequence and a 

number of performance measures produced. 

The use of rating scale data allowed some performance indices to be 

calculated which had not been available for the yes-no experiments 

analysed previously. These indices have been discussed in detail in 

Chapter 2. They were the Altham-Hammerton sensitivity index, and 

P(A), the area under the ROC curve, which provides a sensitivity 

index independent of the underlying variances. The latter index was 

calculated using a simple numerical integration technique (McNicol 

(1972) p.115). Another quantity calculated was the score achieved by 

the subject obtained from the rating responses made and the payoff 

matrix. The remaining performance indices were those employed in 

previous experiments. These were the latencies for the various 

types of response, the false alarm and correct detection probabilities, 

d' and beta, and the corresponding nonparametric indices. The rating 

scale approach allowed the Grey-Morgan program to be utilized to fit 

ROC curves to each block of data. This in turn allowed correction of 

the beta values to take into account the ratio of the variances, and 

the calculation of de, the corrected value of d' discussed in 

Chapter 2. In most cases the unequal variance SDT model produced an 

acceptable fit to the rating data. Ina small proportion of cases, 

an ROC curve could not be fitted because the subjects had used only 

the extreme response categories, effectively producing a single point 

on the ROC curve. In these instances, the slope for the ROC curve
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fitted to the whole 500 points for the entire session was utilized. 

The mean ratio of signal to noise variance was 2.564, and there were 

no significant differences in the sigma ratio between experimental 

conditions. 

6.5 Results - experiment 4 

The analyses of variance are given in Appendix A and the raw data 

and condition means in Appendix B. 

625.1. Signal detection results 

The correct detection and false alarm probabilities for the five blocks 

of responses within the four experimental conditions of P = 0.5 and 

P = 0.1, feedback present or absent, are given in Figures 6.2 to 6.5. 

The analysis of variance for the arcsine transforms of the two pro- 

babilities indicates significant differences between blocks and 

between probability conditions for the false alarm probability 

(p < 0.05 in each case) and significant differences between feedback 

conditions for the correct detection probability. Applying the 

Tukey multiple comparison test to the false alarm probability block 

means, indicates that this is significantly higher for the first 

block compared with the remaining four blocks (p< 0.05). With regard 

to the probability condition means the false alarm rate is sig- 

nificantly higher for the P = 0.5 condition than the P = 0.1 condition. 

The analysis further indicates that correct detection probability is 

significantly higher under the feedback condition compared with the 

non-feedback situation (p < 0.05).
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Considering the SDT measures, no significant differences are found for 

any of the sensitivity indices AH, P(A), d', de, or the Pollack-Norman 

index, under any of the experimental conditions. There are significant 

differences in bias as measured by log beta, between blocks wd 0.01) 

and a significant feedback by probability condition interaction 

(p < 0.05). A similar pattern of results is observed for the 

Hodos-Grier bias index, the corresponding significance levels being 

p € 0.05 in each case. 

Comparison of means for blocks shows that log beta increases signif- 

icantly between the first and fourth (p < 0.01) and first and fifth 

(p < 0.05) blocks. This result accounts for the high false alarm 

rate observed during the first block. The correct detection pro- 

bability was also highest during this block, as would be expected 

from the low log beta during this block. 

The significant feedback condition x probability condition interaction 

is analysed in Table 6.1 below: 

probability feedback conditions 
conditions £/b no f/b 

P = 0.5 0.15 0.41 

P=0.1 1.35 0.87 

Table 6.1 Comparison of probability and feedback 

condition means for log beta 

A simple main effects analysis shows that log beta is significantly 

greater under the p = 0.1 condition, but only if knowledge of results 

is available.
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The next variable analysed, the subjects’ points score, is not strictly 

speaking a signal detection index, but is related to signal detection 

performance. It can be regarded as representing the value of the 

inspectors' performance to the inspection system, given the particular 

payoffs specified for the various degrees of response category which 

were described earlier. 

There are highly significant differences between the probability con- 

ditions, the mean score for the low probability condition being very 

much greater than for the P = 0.5 condition (p< 0.01). 

6.5.2 Latency data 

The log transform of the total latency indicates significant differences 

between blocks. Multiple comparisons show that the first three blocks 

have a longer total latency than the last two (p <0.05). The total 

latency is also significantly shorter (p < 0.05) under the P = 0.1 

condition that the P = 0.5 condition. Analogous results are found 

with the correct rejection latencies, the significances being p < 0.01 

and p < 0.05 in this case. 

No significant effects are obtained for the correct detection and 

omission latencies. The false alarm latency however is very sig- 

nificantly longer for the P = 0.5 condition that the P = 0.1 

condition (p < 0.001). 

6.6 Discussion 

The variables of particular interest in this experiment are the SDT 

measures of sensitivity and bias. The lack of any significant
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effects for any of the sensitivity measures was not surprising, since 

none of the experimental factors was expected to affect sensitivity. 

The significant increase in beta found over blocks is unexpected, and 

closely resembles that found in vigilance tasks. In fact, some form 

of time related performance decrement is the only obvious explanation 

for this effect. If it occurred only with the P = 0.1 condition we 

could explain it in terms of the subjects attempting to adjust their 

criteria from the unbiased one appropriate to the P = 0.5 condition 

to a more stringent one for the lower probability condition. There 

is no obvious reason why vigilance effects should occur in view of 

the fact that frequent rests were provided. The effect also occurs 

in conditions where feedback is provided, which is contrary to almost 

all vigilance studies in which KR has been given. Additionally the 

subjects gave no verbal intimation that they found the experiment 

particularly boring. A possible explanation is in terms of the 

particular circumstances of the experiment. 

The subjects were aware that the experiments were concerned with 

their ability to adjust to changes in defect probability, and may 

therefore have suspected that a change in defect density would occur 

within the session. There is some support for this notion in that 

the criterion, after reaching a maximum in session 4, declines again 

during session 5. Possibly the subjects had decided by that point 

that no change was going to take place. 

The analysis of the feedback x probability interaction is of part- 

icular interest. It suggests that subjects are able to adjust their 

criteria in the optimum direction predicted by SDT, but only if they 

are provided with knowledge of results. The result suggests that in
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this experiment, external sources of information were more important 

than evidence gained from the task itself, in shaping the criterion. 

It is difficult to compare this result directly with the Sims study, 

because no measurement of the criterion was obtained in that situation. 

In the current experiment we have no direct estimate of the subjective 

probability that the subject was employing. If we make the assumption 

that a change in subjective probability was translated directly into 

a change in criterion, in the present study, then the result is in 

direct contrast to the Sims study. The difference can be accounted 

for by the relative difficulty of discrimination of defects in the two 

studies. Although no measure of discrimination performance was given 

by Sims, it is clear from her description of the task, that it was 

considerably easier than the one under consideration. It is likely 

that Sims' task would provide far more intrinsic feedback for the 

subject than the present one. 

These considerations lend support to the idea that the ability of a 

subject to adjust his criterion to the optimum for a particular 

defect probability is a function of the amount of information 

available on the defect density, whether it be from within the task 

or from external sources. Where the implicit task information is 

highly reliable, i.e. the signals are readily discriminable, the 

Sims study suggests that external evidence on the defect density is 

redundant. 

The fact that the subjects obtained a higher net score under the 

P = 0.1 condition can be accounted for by the fact that in spite of 

extensive training, it was easier for the subjects to recognize a 

non-signal than a signal, as indicated by the greater variance of the
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the signal distribution obtained from most of the ROC fits. This 

allowed them to make a high proportion of 'definite' (i.e. extreme 

rating category) responses when most of the trials were known to be non- 

signals. It is also possible that the subjects were adopting a nearly 

pure strategy with the low probability signal condition, as proposed by 

the Siegel-Goldstein probability learning hypothesis discussed earlier. 

Most of the subjects were aware that they could obtain a high payoff by 

responding 'definitely non-signal' on a high proportion of the trials, 

regardless of the evidence from the task. It seems possible that in a 

difficult discrimination task, with no a priori information as to 

defect probability, the criterion will be set according to the sub- 

jective probability generated by considerations discussed in the 

probability learning literature. 

Most of the latency results can be accounted for by the SDT model. 

If the situation is as set out in Figure 6.6 below, with the signal 

variance greater than the noise variance, then with the assumptions 

set out in Chapter 4, the following predictions can be made. 
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If the criterion moves from position Cl to a more stringent position C2, 

we would expect NO response latencies to decrease, since these would on 

average be distributed further from the criterion. In the equal 

variance situation, YES latencies would increase, because they would be 

distributed closer to the criterion and hence represent more difficult 

decisions. However, with the large signal variance situation 

illustrated above, the changes in both correct detection and omission 

latencies might be expected to be non-significant. 

The results generally bear out these predictions. The criterion 

increases significantly with time on task and is overall greater for 

the P = 0.1 condition than the P = 0.5 condition. The correct 

rejection (i.e. correct 'no signal’ decision) latency decreases sig- 

nificantly with both increases in criterion. The omission and correct 

detection latencies show no significant changes. The false alarm 

latencies are anamalous, since they should increase with the increase 

in log beta for the P = 0.1 condition, whereas they actually show a 

significant decrease compared with the P = 0.5 condition. This result 

can be seen as a consequence of the subjects habituating to a part- 

icular mode of response. In the P = 0.1 condition, since most of the 

responses were 'non signal' and the non-signal stimuli were more 

recognizable as such than the signal trials, the rapid high confidence 

responses made to non-signals probably tended to spread to other 

categories of response. This effect would be likely to dominate the 

effects of the greater bias. In the P = 0.5 condition, the equi- 

probable signal occurrence would prevent a style of response develop- 

ing which was dominated by one type of trial.
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The total response latency results are simply a reflection of their pre- 

dominant component, the correct rejection response latencies. 

6.7 Results - Experiment 5 

The correct detection and false alarm probabilities for the blocks and 

experimental conditions are set out in Figures 6.7 to 6.9. The trans- 

formed correct detection probability showed significant differences 

between blocks (p < 0.05), the first two blocks differing significantly 

from the remainder. The transformed false alarm probability showed 

significant effects between blocks, with a highly significant blocks x 

conditions interaction, (p< 0.001). This interaction will not be 

analysed in detail at this point, since it is a direct consequence of 

the criterion effects to be discussed subsequently. 

Considering the sensitivity indices, the results are somewhat 

ambiguous. The analysis for the Altham-Hammerton, Pollack-Norman 

indices and d' all indicate a significant blocks x conditions inter- 

action, whereas de, and P(A) show no significant effects. This 

anomaly will be discussed in more detail subsequently. Log beta gives 

significant effects for blocks, conditions, and a highly significant cadi- 

tion by blocks interaction (p< 0.001). The simple main effects 

analysis is set out in Table 6.2 below: 

Source ss. daft MS. i Significance 

B at Cl, no warning feedback 0.094 4 0.0235 0.28 ns 

B at C2, warning, feedback 1.55 4% 0,39 4.59 p<0.05 

B at C3, warning, no feedback 8.09 & 2,022 23.79 -p< 0.01 

error 1.355 16 0.0847 

Table 6.2 Simple main effects analysis of BxC interaction for log beta
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The simple main effects analysis indicates that there are significant 

differences between blocks for the two conditions in which warnings of 

change were given, but not for the no warning condition. Tukey 

multiple comparisons tests for C2 and C3 indicate that there are sig- 

nificant differences between blocks 1 and 2 combined together, and 

blocks 4, 5 and 6 combined, (p { 0.05, p < 0.01). 

The latency results will not be considered in this experiment, since 

they do not provide any additional insights into the variables of 

interest. 

6.8 Discussion 

The first question to consider is whether any changes in sensitivity 

have occurred as a result of the within session change in probability. 

In view of the fact that both P(A) and de, which are known to be 

independent of the nature of the underlying variances in SDT, show no 

significant changes, the validity of the changes suggested by the 

other indices must be viewed with scepticism. This is particularly 

the case in view of the fact that sensitivity measures are not 

normally affected by signal probability changes. It seems likely, 

therefore, that the apparent change in sensitivity is an artefact in 

this instance. 

The detailed results for the effects of the within session changes in 

probability on log beta provide very interesting insights. It appears 

that prior warning of a probability change is more effective in pro- 

ducing an appropriate criterion change than the provision of full 

feedback from the task. Also, when a warning is given, the subjects
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are able to adjust their criterion in the appropriate direction, even 

in the absence of feedback. An interesting feature of the no feedback, 

warning condition is that the criterion continues to increase to the 

end of the session, whereas with feedback it remains fairly stable. 

The KR information can be regarded as encouraging a stable, moderately 

high criterion after the probability change, because even given a 

precise knowledge of the signal probability, from the KR, the subjects 

will always adjust their criteria in a conservative manner. Where KR 

is not provided, the subjects are likely to assume that the defect 

probability has changed to an even lower level than is actually the 

case. Adopting a more stringent criterion will lead to fewer defects 

being detected which will in turn produce an even higher criterion, as 

a consequence of the perceived signal probability. 

6.9 Conclusions 

These experiments have provided general support for the hypothesis 

that the degree of criterial change produced by a subject ina 

changing defect probability situation depends on the amount of infor- 

mation available on the probability from external sources, and from 

the task itself. The relative weighting of the internal and external 

sources of information would appear to be a function of the 

reliability of these sources. For between session changes in defect 

probability, even when the subject was aware that a reduced incidence 

significant 

of defects could be expected,/criterion changes only occurred when 

knowledge of results was available. This could be explained by the 

fact that although the subject knew that the defect incidence was 

less, he did not know to what degree he needed to alter his criterion. 

The precise evidence obtained via feedback provided this information 

and encouraged the appropriate criterion change. In a situation of
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high uncertainty, as with the within session probability change experi- 

ment, the importance of prior information is seen in enabling a 

criterion change to occur. Even when the subjects had full KR, they 

were unable to modify their criteria unless they had been alerted to 

the possibility of change. The fact that warning of change seems to 

be a more important factor in criterion adjustment, than feedback from 

the task, where within session probability changes occur, suggests 

further investigation is needed in this area. In both experiments the 

importance of external evidence of some form can be explained by the 

difficult nature of the discrimination task, and hence the unreliab- 

ility of evidence from this source. 

No attempt has been made to analyse the degree to which the subjects 

were able to achieve the actual optimum beta predicted by SDT. This is 

because, as shown by Green and Swets (1966) p. 92, there are a range 

of beta values about the optimum which will achieve a high proportion 

of the theoretical payoffs. This does not however, invalidate the 

practical importance of the inspector at least being able to modify 

his criterion in the direction appropriate to the current defect 

probability. As discussed earlier, an inability to do this can pro- 

duce a very inefficient quality control system, if defect pro- 

babilities are liable to fluctuation. 

Although these experiments were exploratory in nature and utilized a 

laboratory situation and a limited number of subjects, the results 

seem sufficiently interesting to suggest further work in an 

industrial context.



CHAPTER 7 TRAINING AND SELECTION FOR INSPECTION
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7.0 INTRODUCTION 

In this chapter experimental work arising from some of the issues dis- 

cussed in the review of perceptual training techniques and selection 

methods in Chapter 3 will be presented. In the final phase of the 

study, two experiments were performed in which various types of training 

for perceptual skills were investigated. The performance measures from 

these experiments were used in conjunction with a number of tests of 

various cognitive skills, in order to establish the usefulness of such 

tests for the purposes of selecting individuals for inspection work. 

Theoretical considerations in perceptual learning 

It is useful at this point to briefly recapitulate the conclusions of 

the earlier review in the area of perceptual training. 

The two basic methods of training that had been used to train for 

perceptual skills were cuing and knowledge of results (KR). Enhance- 

ment of signal detection ability by cuing was seen as a result of the 

simple paired contiguity in time of a signal and its name. This form 

of training promotes perceptual learning because it provides the 

subject with the maximum information concerning both the character- 

istics of the signal and its distribution in time. 

It was suggested that the other form of perceptual training, KR, trains 

recognition skills primarily via the reinforcement of a simple S-R 

link. An important aspect of KR is its motivational effect in main- 

taining arousal during prolonged sessions. Improvements in performance 

using both techniques can be ascribed partly motivational effects,
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partly to learning the characteristics of the signal, and partly to an 

increased knowledge of the statistical distribution of the signals. 

The applicability of the SDT approach to these latter two areas is clear. 

Increased knowledge of the signal characteristics implies an increase 

in d', whereas knowledge of the signal distribution produces an 

appropriate expectancy. This has been analysed in previous chapters as 

an accurate subjective estimate of the signal probability, leading to 

an optimization of the response bias, as measured by beta. 

Early work by Annett and Wiener suggested that cuing enhanced d', 

whereas KR improved detection performance at the expense of increased 

false alarms mainly by producing a more lax criterion. Subsequently 

it was found that the latter result was to some extent an artefact of 

a free response situation, in that subjects appear to make a higher 

number of affirmative responses, and hence produce an apparently 

lowered criterion, in an attempt to gain more information about the 

signals and their distribution. Recent studies, e.g. Annett (1971) 

have suggested that in a situation where a subject has to respond to 

a series of successive trials, the differences between the two train- 

ing techniques are slight, because they both provide essentially the 

same information. 

Another aspect of perceptual skills training that was discussed was 

Wallis' (1963) suggestion that learning to recognize complex signals 

was best accomplished using an analytic-synthetic approach where the 

salient features of the stimulus are first learnt separately and 

then synthesized into a wholistic 'Gestalt'. The importance of the 

withdrawal of cues at an appropriate time was mentioned in this 

study, and the whole question of the dangers of a subject becoming 

dependent on cues or KR, to the detriment of learning, was further
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emphasized by Abrams and Cook (1971). These workers employed a 

gradual reduction in the amount of KR to reduce dependence on feedback, 

and suggested that this technique facilitated the development of the 

internal referents necessary for identification skills. 

From the point of view of its applicability to inspection, much of the 

existing work on perceptual skills training suffers from several 

disadvantages. The stimuli employed have usually been unrepresentative 

of those found in inspection tasks, and much of the work has been in 

areas such as sonar where auditory signals are employed. These 

factors were considered in the design of the experiments described in 

the following sections. 

Experimental work - general 

In view of the points discussed earlier it was decided to attempt to 

simulate the critical features of a real inspection task in both 

experimental studies. The task chosen was one that had already been 

analysed in some detail, the Ilford film inspection task described 

in Chapter 5. It will be recalled that considerable problems had 

been experienced in scoring experiments with the task in its 

original form, because of the difficulty in resolving the position 

of the defects on the film with a sufficient degree of accuracy to 

prevent ambiguity. It was therefore decided to alter the task in 

the following manner. A particular type of defect, known as 

‘insensitive spots' was chosen as being representative of those 

encountered by the inspectors in their everyday work. This defect 

type consists of a number of tiny spots on the film where the coating 

has not adhered adequately to the base. Because the film coating is
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not darkened at these points, the appearance of the defects when the 

film is projected is that of a number of small points of light on the 

otherwise grey background of the correctly exposed film. Actual 

samples of defects were cut from films and turned into a series of 

slides. Similarly samples of 'perfect' film from other parts of the 

same roll were made into 'non defect' slides. This was done to ensure 

that the background density for both types of slide was of the same 

apparent brightness in both cases. These slides were then used in 

conjunction with the equipment described in Chapter 6, to simulate 

the appearance on the screen during film examination of a single 

frame containing insensitive spot defects. The speed of the shutter 

was adjusted to give a viewing time for each slide of 1/15th of a 

second. This was the closest speed available to the 1/18th second 

employed in the actual task. 

A continuous overall background illumination of the screen was pro- 

vided by a second Kodak carousel projector and was -0.4 log foot 

lamberts as measured by an SEI photometer. When a slide was pro- 

jected on to the screen, the brightness increased to 0.2 foot lamberts, 

which approximated to that found in the actual inspection situation. 

The basic operation of the equipment was similar to that described in 

Chapter 6. At the start of the session the computer operated the 

slide projector magazine to load the first slide, and then the Compur 

magnetic shutter to provide a presentation on the screen of 0.06 

seconds. A software clock within the computer was started at the 

same time and this enabled the subjects response latency to be 

measured. The response arrangements were as in previous experiments. 

A series of six buttons was provided to enable the subject to make
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the rating responses described previously. As before, a symmetrical 

payoff scheme was assigned to the responses such that 1, 2 or 3 points 

were gained for correct responses of increasing certainty anda 

similar number of points were subtracted for the corresponding 

incorrect responses. The computer outpy tted the response type and 

time on paper tape after each response. 

The detailed arrangements for each experiment will be described 

separately in the following sections. 

Experiment 6 - comparison of cuing and feedback techniques 

The first experiment was designed to investigate the effectiveness of 

cuing versus knowledge of results in the simulated inspection task. 

To do this, three conditions were investigated. These were cuing, 

feedback and a control condition. All three groups were given a 

short practice session to familiarize them with the equipment and the 

method of response. The scoring scheme was carefully explained to 

them and twenty practice trials were given, at the end of which the 

individual slides were discussed to indicate what were the character- 

istics of the defective as compared with the non-defective slides. 

It was pointed out that even the 'perfect' slides contained many con- 

figurations which were confusable with defects and that they were 

only to categorize as defective those slides which contained 

‘insensitive spots’. 

The subjects were assigned at random to one of the three experimental 

groups and all subjects first received five hundred trials as the 

pre-training phase. As in experiment 5, attempts were made to
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minimize vigilance effects by providing the subjects with a three 

minute rest after each 100 trials. Low level white noise was played 

through headphones throughout the experimental sessions, but subjects 

were allowed to remove these and converse with the experimenter 

during the breaks. 

For the training sessions, the control group received a further 100 

trials similar to the pre-training session. Before each slide was 

presented to the cuing group, the computer typed a message on the 

teletype, which was visible to the subject, of the form: 'the next 

trial will be a defect' or 'the next trial will be a signal'. The 

subjects were told to read the message,and to use it to ready them- 

selves to observe the characteristic features of the defect or non- 

defect. They were also told to make an appropriate response after 

the slide had been presented. For the KR group, a message was typed 

by the computer after each response and consisted of one of the 

following four types: 

1. You have just missed a defect. 

2. That was a false alarm. 

3. That was a correct detection of a defect. 

4, That was a correct detection of a non-defect. 

The final post training session was a repeat of the first session, in 

which five hundred trials were given. 

Twenty one subjects were employed in the experiment, seven being 

assigned randomly to each condition, They were all undergraduate 

students from various disciplines and were paid 50 pence per session. 

The pre-session and training session were administered on the same
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day, and the post session, as far as practicable, at the same time on 

the following day. The probability of a defect remained constant within 

blocks of a hundred trials throughout the experiment and was 0.2. 

Analysis of the results 

As described for experiment 5, the paper tape output from the PDP-8 was 

transformed into magnetic tape files on the PDP-15 computer and the 

various performance measures employed in experiments up to this point 

calculated. The statistical design employed was a 'split plot' experi- 

ment (Keppel (1973) p.433). The between subjects factor was the 

training conditions, and there were repeated measurements on blocks of 

100 responses within the 500 blocks for each subject. The quantity 

entered into the analysis of variance was the difference between the 

pre and post training sessions for the various performance measures. 

This method of analysis is generally regarded as being superior to 

including before and after training as a separate factor, because it 

compensates for the differing initial performances of the subjects. 

Where the summary data for all 500 responses were used in the analysis, 

the design becomes a simple one-way completely randomized analysis of 

variance. 

The rating data from the performance summaries for all 500 responses 

of the pre and post training data were run through the Grey-Morgan ROC 

curve fitting program to obtain the variance ratio, the sensitivity 

index Ce and the five beta values employed corresponding to the six 

rating categories utilized by the subjects. A fit was obtained for 41 

of the 42 sets of data, although in some cases signal to noise
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variance ratios of 23 had to be assumed by the program to carry out the 

fitting procedure. This is not surprising in view of the fact that the 

first 500 responses the subjects were unfamiliar with the characteristics 

of the signal. The results in general suggest that the SDT model 

applies, however. 

Results 

All analyses of variance will be found in Appendix A, together with 

summary data. 

The first analysis was conducted on the SDT information output from 

the Grey-Morgan program. Only the summary data for all 500 responses 

in the pre and post training sessions was considered. The sigma 

ratio was first analysed as an index of sensitivity change, because one 

might expect the variance of the signal distribution to decrease as 

the subject learns the characteristics of the signal. Such a 

decrease was only found for the cuing condition, but the differences 

between the conditions were non-significant. A similar result was 

obtained for das the correctedsensitivity index. The next variables 

considered were the log beta values for each cutoff corresponding to 

the rating categories employed by the subjects. The only significant 

effect was a significant difference between subjects for cutoff 4 

(p < 0.05). 

For the remaining analysis, the separate blocks of 100 responses were 

considered as repeated levels of the same factor for each subject. 

No significant effects for any of the sensitivity measures were found 

apart from d', which indicated a significant change between blocks.
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In view of the unreliability of d' in the unequal variance situation, 

and the lack of corroboration from any of the other sensitivity 

measures, this result must be regarded as artefact. 

Considering the bias indices, a significant difference between training 

conditions was obtained for beta (p ¢ 0.05). Tukey's test indicates a 

significant difference from the control, but not from the other 

training condition. The Hodos-Grier bias index indicates significant 

differences between blocks, (p< 0.05) the change in bias as a result 

of training being significantly greater for block 1 compared with 

blocks 3 and 5 (Tukey test, P< 0.05). The only other significant 

effect obtained was significant differences between blocks in the 

changes in false alarm probability due to training. The false alarm 

probability declined significantly for block 1 compared with blocks 3, 

4 and 5. 

Discussion 

The overall absence of significant changes in sensitivity produced by 

either of the training conditions could be due to the relatively small 

number of training trials employed. The increases in bias observed as 

a result of training are in the opposite direction to those found 

with KR in free responding situations. The direction of change was in 

the correct direction in this experiment, since the final value of 

beta was closer to the optimum than the original. We can conclude 

therefore, that cuing seems to promote a greater change in bias in 

the correct direction than KR, although the difference is not stat- 

istically significant in this experiment.
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The changes in bias indicated by the Hodos-Grier index, and reflected by 

the false alarm probability changes, probably occur because during the 

earlier blocks of the pre-training session, the subjects were utilizing 

a more inappropriately low criterion than during the later blocks, as a 

result of their initially limited knowledge of the signal distribution. 

The effects of the training in increasing bias would therefore be more 

marked for the earlier than for the later blocks. 

Experiment 7 - further training techniques 

Although the last experiment yielded some interesting results it was 

felt that a wider variety of training techniques should be investigated, 

particularly from the point of view of improving performance in 

situations where the probability of a defect occurring varied within 

sessions. It was also felt that a greater amount of training might 

produce changes in sensitivity which had not been revealed by the 

first experiment. 

The first two conditions that were used in the final experiment were 

feedback alone and cuing alone. These conditions were included to 

replicate the first experiment, but to provide a greater number of 

training trials. The next condition was a combination of cuing and 

feedback, in which alternate training trials were either cued or KR 

was supplied after the response. The object of this technique was to 

investigate whether cuing and KR utilized together were more effective 

than either used alone. The fourth condition provided an even 

greater amount of information to the subject by giving him alternate 

cuing and KR as in condition 3, and also supplying him with a 

summary of his performance in terms of correct detections, false alarms
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etc. at the end of each block of 100 responses. The final condition was 

similar to condition 1, the feedback only situation, but in addition to 

the feedback information, the subject was provided with the points 

score he had obtained as a result of his responses, at the end of each 

block of 100 trials. This condition was included to establish if the 

provision of information concerning the payoffs associated with the 

subject's response strategy would enable him to optimize this strategy 

more effectively than if feedback alone were provided. 

In addition to the five training conditions, two other factors were 

included in the experiment. As described in the introductory section 

of this chapter, and in the full review in Chapter 3, one of the 

difficulties associated with training for perceptual skills is that 

subjects may become dependent on the presence of the particular 

training aid to maintain performance. This may prevent the perform- 

ance improvement obtained during training being transferred to post 

training sessions. Abrams and Cook (op. cit.), had found that 

gradually reducing the amount of feedback during training improved 

the retention of any detection skills acquired. It seemed worth 

investigating if this effect was also obtained with cuing. All the 

training conditions described earlier were therefore performed under 

two levels of this factor. In the one case, feedback and/or cuing 

was provided on every trial. At the other level of this factor, the 

amount of information provided by cuing or feedback was gradually 

reduced throughout the session. 

The other question of interest which was investigated in the experi- 

ment was whether the experience of a varying probability of defect 

occurrence during training would facilitate performance in post
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training sessions where the within session defect probability also 

varied. It was hypothesized that the ability to adjust the criterion 

optimally in a changing defect probability situation would be enhanced if 

the subject had prior experience of a range of defect probabilities. 

The training conditions were therefore performed both with a constant 

level of defects and also with a defect incidence that varied from block 

to block during the training sessions. 

Procedural details 

The equipment utilized was essentially the same as for experiment 6. 

Certain changes were made, however, in the way that the feedback and 

cuing information was conveyed to the subject. It was found that 

during the first training experiment, the use of the teletype to type 

messages to the subjects had considerably slowed down the experiment. 

Also, subjects become irritated at having to read a long message before 

or after each response. An alternative means of conveying information 

was therefore designed and built. This consisted of four coloured 

lights on a block painted panel. The lights were operated by the 

computer to provide the appropriate cuing or feedback information. 

For the cuing conditions a red light was illuminated prior to the 

presentation of a defect, and a green light before each non-defect 

slide. For the KR condition four lights were employed. A green light 

was used to indicate a correct detection, and white, red and yellow 

lights were illuminated following correct rejections, false alarms, 

and missed signals respectively. 

Each subject performed six sessions, each of 500 responses in blocks 

of a 100 with rest periods between each block, as in experiment 6.
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Prior to session 1, a short familiarization session was given as before. 

Session one was the pre-training session, in which the defect pro- 

bability remained constant at 0.2 within blocks of 100 responses. 

The second session, which was performed on the same day as the first 

session, was designed to investigate detection performance in a varying 

probability environment. The defect probabilities for blocks 1 to 5 

respectively were : 0.15, 0.15, 0.40, 0.20, 0.10. The subjects 

received prior warning that the probabilities would vary from session 

to session. The next two sessions, which occurred the following day, 

were both training sessions. The training sessions were separated by 

a break of at least 45 minutes to minimize any effects of fatigue. 

In the variable probability training sessions, the subjects were told 

the probability prior to each block of 100 responses. The pro- 

babilities were chosen to be representative of those found in the test 

sessions. 

On the day following the training the two final sessions were 

administered. The first of these was identical to session one, and 

the second similar to session 2, but with a different sequence of 

defect probabilities for each block, i.e. 0.25, 0.15, 0.20, 0.10 and 

0.30. The differing sequence was chosen because the event pro- 

babilities employed in session one had also been utilized during the 

training period, and there was some possibility that the subjects 

would learn the sequence of probabilities. It will be noted that the 

probabilities used for each block of 100 responses,in both the pre 

and post training variable probability sessions, summed to give the 

same overall probability of 0.2 as in the fixed probability sessions. 

This was done to ensure that any performance differences between the 

fixed and varying probability sessions was a result of the varia- 

bility itself rather than because of an overall difference in defect
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probability. Prior to session 6, the subjects were told that the 

defect probability would vary, but that it would be different than 

during the training sessions. 

The subjects were recruited from advertisements in schools and their 

ages ranged from 16 to 19. All had normal or corrected vision. 

Statistical design 

The basic structure of the experiment is set out in Figure 7.1 below. 

  

training conditions constant KR and cuing fading KR and cuing 
  

  

varying 
fixed defect |varying defect |fixed defect defect 
probability [probability probability | probability 
  

feedback alone IB1 B2 B3 BY BS 

cuing alone 

feedback + cuing 

feedback + cuing + 

summary 

feedback + score         
  

Figure 7.1 Experimental design 

The results were intended to be analysed as a four-way analysis of 

variance. The factors were training conditions, constant or fading 

cuing or KR, fixed or varying defect probability, and a repeated 

factor for each subject of 5 blocks of a hundred responses within 

sessions. The scores to be entered in the analysis of variance were 

the differences between pre and post training in the case of sessions 

land 5. Sessions 2 and 6 were to be analysed separately to assess 

the degree to which the subject was able to modify his criterion to 

take into account the changing probabilities. It was originally 
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intended to use at least two subjects within each cell of the analysis. 

Unfortunately circumstances beyond the control of the author meant that 

the original design had to be modified. There was a delay of six 

months in obtaining essential interface circuitry from the computer 

manufacturers and this, together with other unforeseen delays, meant 

that the design had to be changed after the experiment had begun. 

It was decided to use a strategy discussed in Kirk (1968) p.227 and 

Winer (1962) p.216 and p.267. These authors suggest that by assigning 

one subject only to each cell of a completely randomized analysis of 

variance, an estimate of the error mean squares necessary to conduct 

the analysis of variance can be obtained from the highest order inter- 

action, by making certain assumptions which will be discussed in the 

next section. 

The use of the additive model in the analysis of variance 

If we consider the summary data for each session and do not analyse 

the within subject variable of blocks within sessions, the experi- 

ment can be regarded as a three-way analysis of variance, with 

training types, fixed or varying probability and fixed or fading 

feedback or cuing as the factors. 

There are two alternative models for the analysis of variance that 

can be postulated. Using the usual notation for factorial experi- 

ments, these are: 

= Xe, Le X35, BS +A; +B, +855 eee yt P%x + €s5, 

= x ay x 
Qo Kya, Mt, +P, +¥, 6B 15 ty AE +P tase
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Model 1 assumes that all sources of variation other than the main 

effects and first order interactions are part of the experimental error 

€i5xK° In model 2 a second order interaction is assumed to occur. 

This interaction term may be considered as a measure of the non- 

additivity of the main effects and first order interactions, i.e. the 

extent to which the observation cannot be predicted from a knowledge of 

three main effects and interactions, and the experimental error. Model 

1 is known as the additive model and model 2 the nonadditive model, 

using Winer's terminology. 

On a priori grounds, in the present experiment, there did not seem to 

be any reason to suppose that the $&Gon# order interaction would be 

significant. A test is available, however, due to Tukey (1949) which 

enables one to decide which of the models is appropriate. If the 

first model is applicable, the variation due to sources other than 

main effects and first order interactions can be regarded as con- 

sisting of two components. The first of these is that due to the 

linear X linear component of the ABC interaction, and measures the 

degree of nonadditivity. The remainder is known as the balance. If 

the additivity component is significantly larger than the balance, 

model 1 is rejected. 

An F test that will test this hypothesis is given by: 

F = mS nonadditive 
MS balance 

The computational procedures necessary to obtain this quantity for 

a three way analysis of variance are given in Winer (1962) p.267. 

The F test is usually made at a high critical value (p € 0.25) in
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order to reduce the probability of a type 2 error. If the F value 

obtained does not exceed the critical value, then the additive model is 

appropriate for the analysis, and the error term used is the ABC inter- 

action. A program was written to perform the calculations, and used to 

provide a nonadditive F test for each block of data prior to performing 

the analysis of variance. Twenty student subjects were assigned 

randomly to the experimental conditions. 

Results - fixed probability sessions 

The assumption of the additive model was upheld with most of the data 

analysed. In the cases where the additive model was rejected it was 

sometimes possible to obtain a transformation of the variable concerned 

which did fit the model. 

The first data analysed were the differences between sessions 1 and 5, 

the fixed probability sessions, for a range of variables. The 

Grey Morgan programme was used to check the validity of the SDT 

assumptions and to produce the first variables to be analysed, the 

sigma ratios, the sensitivity index a and the beta values correspond- 

ing to the rating categories employed. 

The only significant effects obtained were for the beta value corres- 

ponding to cutoff 2, Unfortunately, this was one of the cases for 

which the nonadditive hypothesis was rejected, and hence no conclusions 

regarding these effects could be drawn. 

The analysis was then carried out on the range of variables considered 

in previous experiments, including the latency measures, the
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parametric and nonparametric indices of bias and the net changes in pay- 

offs obtained by the subjects as a result of the training given. The 

actual inputs to the analysis of variance were the differences between 

these quantities for the summary data for the whole of sessions 1 and 5. 

No significant effects were obtained for any of the resulting 22 

analyses of variance. 

It was therefore decided to repeat these analyses for each separate 

block of 100 responses. The latency data were not included in these 

analyses. For the first block of data significant effects were 

obtained for the changes in payoffs and for d'. In both of these 

cases however, the additive model was rejected by the F test. A sig- 

nificant interaction was obtained for the arcsine transformation of 

the false alarm latency, between the fixed or variable probability 

during training factor and the training conditions (p < 0.05). 

Simple main effects analysis of this interaction indicated that the 

feedback alone training condition produced a significant reduction in 

false alarms, but only when a varying defect probability was 

employed during the training period. A significant effect was 

obtained in block 4 for beta, which indicated that the increase in 

beta due to training differed significantly between conditions in 

which fixed and varying probability was employed. Examination of the 

means indicated that the fixed probability conditions produced an 

increase in beta whereas the varying probability conditions showed a 

slight decrease, the changes being +349 and -0.88 respectively. This 

effect was not, however, reflected by significant changes in the 

correct detection or false alarm probabilities, or the nonparametric 

bias measure. In block 5 there was again a significant effect of 

the use of fixed or varying probability in the training session, this
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time on the sensitivity as measured by the Altham-Hammerton index. The 

means suggested that the decline in sensitivity as measured by this 

index was greater for the fixed than for the varying probability 

conditions. 

Considering the results in general, for the fixed probability sessions, 

the overall pattern that emerged was that the criterion increased 

slightly to a value closer to the optimum. This was reflected in a 

slight increase in the overall payoffs obtained. An anomalous result 

was that all the sensitivity indices indicated a slight decline in 

sensitivity between the pre and post training sessions. 

Varying probability sessions 

With the modified experimental design which was adopted, it was not 

possible to make direct statistical tests on the ability of the 

subjects to modify their criteria to match the changing within 

session probabilities. By considering the overall changes between 

sessions 2 and 6, however, indirect evidence could be obtained 

regarding this question. 

Considering the results in general terms, there was an overall slight 

increase in all the sensitivity indices and in beta, after the 

training sessions. There was some evidence that the subjects were 

generally adopting a more optimal strategy, as evidenced by the 

increase in payoffs obtained. 

There was a significant interaction between the fixed or varying pro- 

bability during training factor and the fixed or fading factor for <



268 

(p< 0.05). Although none of the other sensitivity indices reached 

significance, high F ratios of 4.58 and 3.25 were obtained for the same 

interaction for the Altham-Hammerton and Pollack-Norman indices, which 

suggested that effect was a genuine one. Examination of the inter- 

action in detail indicated that a combination of fixed probability 

with fading feedback or cuing produced the greatest increase in sens- 

itivity. 

Both the false alarm probability and the correct detection probability 

showed significant decreases for the fixed or varying probability 

during training factor (p < 0.05). In the case of the false alarm 

probability, this factor interacted significantly with the training 

conditions, (p 40.05). The simple effects analysis for this inter- 

action is given below: 

Source ss df Ss F’ Significance 

C at Al 0.083 4 0.02075 11.99 p< 0.05 

Cc at A2 0.029 4 0.00715 4.085 N.S. 

error 0.00693 4 0.00173 

Table 7.1 Simple effects analysis for AxC interaction for false 

alarm probability. 

The analysis indicated that the false alarm probability decreased 

significantly after certain types of training, but only when a fixed 

probability was employed during the training session. The comparison 

of means for the training conditions indicated that there were sig- 

nificant differences between training condition 4 and conditions 1, 3 

and 5, Training condition 4 is the maximum information session, 

where feedback, cuing and a summary were all provided. Similar
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results were obtained when the data for the correct detection probability 

was considered in detail. The decrease in correct detections were more 

marked in the fixed probability condition. As with the false alarms, 

the greatest decrease in correct detection probability was found with a 

combination of training condition 5 and a fixed probability during 

training. 

Discussion 

Considering the fixed probability sessions, the overall picture is of 

an increase in the criterion, but a slight decline in sensitivity. 

This latter finding is very difficult to account for. With the con- 

siderable amount of experience that the subjects had received of 

examples of both defective and non-defective slides, it is very 

difficult to understand why at least some improvement in sensitivity 

did not occur. 

The fact that the significant effects which did emerge from the 

analysis appeared in separate blocks, and were usually unsupported 

by changes in other related variables, leads one to suspect their 

validity. By performing separate analyses of variance on each block 

of data, a total number of 360 F tests were performed. It seems 

likely that at least some of these would achieve significance by 

chance, and this may account for the absence of any coherent pattern. 

The varying probability session results produced more definite con- 

clusions, which were more in accord with previous work. An overall 

increase in sensitivity occurred between the pre and post training 

sessions. Certain combinations of conditions seemed to promote a
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greater increase in criterion than others. In particular the fixed 

probability version of the feedback + cuing + summary training condition 

promoted a greater degree of change towards the optimum than the other 

training methods. This was corroborated by the significant changes in 

false alarm and correct detection probabilities. 

The finding that the training condition which gave the maximum amount 

of information about the signal distribution, also produced the 

greatest criterion change towards the optimum is in accord with the 

previous work on perceptual training reviewed earlier. Why this 

change should be greater when a fixed probability was utilized during 

the training session is not clear. Support for the suggestion that 

this combination of training variables enables the subject to optimize 

his criterion most effectively comes from a consideration of the 

analysis of variance for the total score obtained. (Appendix A). 

Although it does not achieve significance, an F of 3.53 for the inter- 

action of training conditions x probability type used during training 

was obtained. Consideration of the summary table for this inter- 

action shows that the magnitude of the increase in payoff for the 

fixed probability, feedback + cuing + score training condition was 

considerably greater than for any other combination. Since the pay- 

off obtained is strongly influenced by the response bias of the 

subject, this provides reasonable indirect evidence that this form 

of training enables the criterion to be adjusted effectively to the 

changing probabilities. 

The result that d' appears to be increased by fading the cuing or 

feedback employed during the training sessions confirms the finding 

of Abrams and Cook (op.cit.) and Wallis' suggestion that supplementary
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cues and information must be withdrawn during training in order to 

promote effective learning of the signal characteristics. 

If we consider the results in general, the most difficult aspect to 

account for is the relative absence of significant effects for the 

fixed probability sessions. This can be partly ascribed to the 

insensitivity of the design employed. Only 4 degrees of freedom are 

available for the error estimate, and an F value of at least 6.91 is 

required to achieve significance at the 5% level. On the other hand 

significant effects were obtained for the variable probability 

conditions. There seems to be no obvious reason for this effect. 

In summary, the results have the following implications for training 

inspection and other perceptual skills. Where a variable signal 

probability situation occurs, the form of training which appears to 

produce the most effective optimization of the criterion is one in 

which KR, cuing, and knowledge of the payoffs resulting from the 

responses is given, in conjunction with a fixed signal probability. 

Sensitivity appears to be enhanced when the feedback or cuing 

employed in the training technique is gradually reduced. 

The use of tests of cognitive skills in the selection of inspectors 

In Chapter 3 it was proposed that various tests of cognitive skills 

might be suitable as selection tests for industrial inspectors. 

Three types of cognitive skills were proposed as having relevance to 

the inspection situation. The first of these was known as field 

independence, the ability of a subject to selectively disembed 

wanted items from a confusing background. In view of the fact that
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most inspection situations involve the recognition of the characteristics 

of a defect in a perceptually ambiguous background, it was proposed that 

some of the embedded figure tests which measure field independence 

might prove suitable for selecting inspectors. 

The next type of perceptual skill which seemed to be relevant to the 

inspector situation was the ability of the individual to resist dis- 

traction, where a distracting context may be regarded as one which 

tends to obscure a wanted signal without changing its nature. This 

cognitive skill was regarded as being related to, but distinct from, 

the dimension of field independence measured by embedded figure tests. 

The final cognitive skill of interest was known as shifting, and 

could be described as the ability to change one's attentional focus 

at will. In an inspection context, this ability would be important 

in allowing the inspector to readily shift attention as each item 

was presented, 

In the study to be described in this section, an attempt was made to 

investigate the extent to which performance on the detection task 

described in the earlier sections of this chapter correlated with 

various pencil and paper tests designed to measure individual 

differences in terms of these three dimensions of perceptual skill. 

If sufficiently high correlations were obtained between the tests 

and the various performance measures, this would suggest that they 

could, after suitable validation, be employed for selection purposes. 

Procedure 

The first groups of subjects consisted of the 20 participants in 

experiment 7, the last training experiment described. For various
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reasons, three of these subjects were unable to take the tests, and 

hence the final number of subjects employed was 17, It was felt that 

the subjects used in experiment 7 were, however, unrepresentative of a 

real inspector population. For this reason, a number of inspectors 

from the Quality Control Department of Ilford Ltd., which was analysed 

in detail in Chapter 5, were invited to take part in the study. 

Fifteen inspectors agreed to participate, which constituted nearly the 

whole of the examiner population. These subjects travelled to 

Birmingham on successive days, and took part in sessions 1 and 2, the 

fixed and variable probability conditions of experiment 7. 

Subsequently, each group of subjects were administered the tests 

described in the next section. 

Description of tests 

The tests fell into three broad categories, corresponding to the three 

dimensions of cognitive skills discussed earlier, 

The first two tests were designed to measure selectivity of attention, 

or field independence. The Group Embedded Figure Test (Witkin et al., 

(1971)) is an adaptation of Witkin's original Embedded Figures Test 

for group administration. The test consists of 18 complex figures, 

within which are embedded simpler figures. The complex figures are 

shaded, to emphasize large, organized Gestalts which serve to 

increase the difficulty of the disembedding task, The subject is 

prevented from simultaneously viewing the simple form and the complex 

figure containing it, by printing the simple forms on the back of the 

test booklet, and the complex figures on the booklet pages. The test
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is divided into three sections, the first containing 7 very easy items 

for practice and each of the remaining two sections containing 9 more 

difficult items. Three minutes were allowed for the practice session 

and 5 for each of the remaining sections. The other test employed was 

the Closure Flexibility test, Thurstone and Jeffrey (1965), This is 

an adaptation of the Gottschaldt Figures from which most of the 

embedded figure test work originated. The test measures the ability 

of a subject to form a closure in the face of some distraction and was 

developed as a result of factor analytic studies by Thurstone (1944) 

and Pemberton (1951). Each item in the test consists of a figure, 

presented to the left of the page, followed by a row of four more 

complex drawings to the right. Some of the more complex drawings 

contain the given figure in its original size and orientation, and 

subjects are required to check the appropriate drawings. Ten minutes 

were allowed for this test. For both tests the subject's score was 

the number of correct answers given in the allotted time. 

To assess distraction, five tests from Karp's Kit of Selected 

Distraction Tests (1962) were used. The Distracting Contexts Test I 

(DCTL) involves the subject locating a simple geometric figure within 

a matrix of extraneous lines and figures. In the distracting con- 

texts test 2A (DCT 2A) the subject is required to locate a series of 

simple geometric figures within a large matrix of such figures. In 

the second version of this test (DCT 2B) as an added source of dis- 

traction, coloured overlays were superimposed over the simple figures. 

Two minutes were allowed for each of these tests. The arithmetic 

operations test consisted of 24 simple arithmetic problems spaced 

evenly on horizontal rows, interspersed with a series of irrelevant 

jokes, instructions and pictures. The subjects were given one



275 

minute to complete as many of the problems as possible. The final dis- 

traction test was a cancellation task in which subjects were required 

to cross out the letters a, t and c each time they appeared on a page 

of randomly arranged single spaced letters. Three minutes were allowed 

for this test. 

Two tests were employed to assess the shifting variable. The first of 

these had been employed in a study by Sack and Rice (op.cit.) and con- 

sisted of the first and last pages of an anagram test developed by 

Gardner, Lohrenz and Schoen (1968). After a practice list of 

anagrams, the subjects were given two minutes to solve as many of the 

20 anagrams as possible. Their score was the number correct in this 

time. Mendelsohn et al., (1966) amongst others have postulated that 

anagrams require voluntary shifting in attention, The second test 

alleged to measure the shifting variable is the Reversed Triangles 

Test, Sanguiliano (1951). In this test the subject is given one 

minute to draw as many triangles as he can, each separate and with the 

apex upwards. This is then repeated with the apex downwards, and in 

the final one minute session he is required to alternate the triangles 

with points upwards and downwards. The score is the total number of 

triangles drawn during the last session. 

In the test session the tests were presented in the order described, 

i.e.: 

1. Group embedded figures test 

2. Closure flexibility 

3. peT 1 

4 DCT 2A 

5. DCT 2B
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6. Arithmetic operations 

7. Cancellation 

8. Triangles 

9. Anagrams 

Results 

The raw scores for the various tests are in Appendix B. A multiple 

regression analysis was first performed using all 9 test scores as 

independent predictor variables, for the first fixed probability and 

the first variable probability session for all 36 subjects. The dep- 

endent variables considered were those that had been utilized in 

previous analyses i.e. the parametric and nonparametric measures of 

sensitivity and bias, the overall score obtained by the subjects and 

the false alarm and correct detection probabilities. An analysis of 

variance was performed on each multiple regression equation to test 

its significance. 

For the first analysis, high multiple correlation coefficients were 

obtained, but because of the large number of predictor variables 

utilized, relative to the number of subjects, none of the regression 

analyses reached significance, although significant correlations 

were obtained for some of the individual tests. The analyses were 

therefore repeated, but prior to each multiple regression, those 

independent variables which did not account for a significant degree 

of the total variance were deleted. This procedure, which is a 

standard one for multiple regression analyses, produced a consider- 

able improvement in the fit of the regression equations, virtually 

all of which were now significant. The results for the fixed pro- 

bability session are shown below in Table 7.2. All the multiple
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correlation coefficients are significant at p < 0.05. 

A similar procedure was carried out for the variable probability 

session, and the best combination of predictor variables found as 

before. Again, all the multiple correlation coefficients are signif- 

icant at p< 0.05. These results are given in Table 7.3. In both 

tables, the independent variables used in the regression are set out, 

and any significant correlations of those variables with the dependent 

variable are indicated. The significance test employed was a two- 

tailed t test in this case. The independent variables referred to 

by number in the tables are the following tests: 

2. Group Embedded Figures Test 

3. Closure Flexibility 

4, Distracting contexts test 1 

5. Distracting contexts test 2A 

6. Distracting contexts test 2B 

7.  Avithmetic operations 

8. Cancellation 

9. Triangles 

10. Anagrams 

It will be recalled that tests 2 and 3 are related to the field 

independence variable, tests 4 - 8 to the ability to resist distrac- 

tion variable, and tests 9 and 10 to the shifting of attention 

variable. 

Discussion 

In general the results are encouraging in that they provide reasonable 

support for the assumption that at least some of the cognitive skills
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independent variables multiple 
included in the regression correlation 

3, 4, 5, 7%, 8% 0.636 

2,5, 7, 8 0.516 

3, 4, 8, -10 0,554 

2, 5, 8 0.481 

2k*, -3, -4, 5 0.550 

2%, -3, -4 0.503 

2%, -7%, 8%, 10 0.500 

2%, -3, -8 0.486 

2, 3%; 4, 8, -10 0.596 

p < 0.05 

p< 0.01 

negative correlation 

Summary of multiple regression results for fixed probab- 

  

independent variables multiple 
included in the regression correlation 

2%, 5, -7, 8 0.555 

Que, 5, -7% 0.571 

2m, 5 0.557 

2%, 5, -7* 0.525 

2k, -3, -4e, -7, 9 0.587 

2%, -3, -4, -7%, -9, 10 0.630 

2, -7%*, 9, 10% 0.625 

-2%, 7%, -10 0.639 

3%, 5, 9, 10 0.550 

p < 0.05 

p< 0.01 

negative correlation 

probability session. 

Summary of multiple regression results for varying
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measured by the tests utilized in this study are related to performance 

on the simulated inspection task. 

If we consider the sensitivity indices for both fixed and varying pro- 

bability tasks certain general patterns emerge. 

In both situations, sensitivity seems to be consistently related to 

the field independence dimension, as measured by tests 2 and 3 in the 

first session and test 2 in the second. Some of the tests of dis- 

tractability also show clear relationships with the various sensitivity 

indices, tests 5 and 8 being positively related in both fixed and 

variable probability sessions. However, test 7, the Arithmetic 

Operations test, shows a positive correlation for the fixed probability 

session and a negative correlation for the variable probability 

situation. This will be discussed subsequently (n.b. a high score in 

the distractibility tests indicates low distractibility). The indices 

of distractibility apart from variable 7, show the expected relation- 

ship, i.e. the less distracted the inspector is by non-signal stimuli, 

the higher his apparent sensitivity is likely to be. 

Examination of the bias measures indicates a negative correlation 

between the dependent variable and measures of distractibility, this 

time tests 3 and 4 in the fixed probability session and 3, 4 and 7 

in the variable session. Since subjects who have a low criterion 

will be those who have not raised it to the level appropriate to the 

overall defect density in both sessions of 0.2, we can infer that 

the ability to modify the criterion in the appropriate direction seems 

to be negatively correlated with distractibility as measured by 

tests 3, 4 and 7. The results for test 7 for the sensitivity indices
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can now be explained. In the fixed probability session, the ability 

to ignore irrelevent stimuli that is characterized by high scores on 

distractibility measures, leads to the positive correlation of 

variable 7 with sensitivity. It could be hypothesized that another 

aspect of low distractibility, at least as measured by test 7, might 

be an inability to readily change strategies in the light of a change 

in defect density. This would give rise to the negative correlation 

with apparent sensitivity in the variable session. 

These conclusions are complicated by the intercorrelations that can be 

expected between the bias and sensitivity measures in the unequal 

variance case, and it is probably better to concentrate on the per- 

formance measures which do not exhibit these complications. 

Considering the overall score, this can be regarded as a function of 

both the sensitivity of a subject and the appropriateness of his 

response strategy. The significant correlations obtained with the 

Embedded figures test are clearly related to the strong relationship 

of the field independence measures to sensitivity. The negative 

correlation of test 7 with the score, confirms the earlier suggestion 

that a high score on this test implies a lack of flexibility of 

strategy. This could be due to an inability of the subject to observe 

the 'irrelevant' evidence of a change in defect probability. The 

presence of the shifting variables in connection with the score is 

also presumably related to the ability of the inspector to shift his 

attention from the primary focus of the task, to the secondary aspect 

of the defect density, and its possible changes. 

The final dependent variables of interest are the correct detection 

and false alarm probabilities. In both fixed and varying probability
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sessions the correct detection probability shows a significant 

correlation with field independence as measured by the Closure 

Flexibility Test. In view of the earlier correlation of this cognitive 

dimension with sensitivity, this result is not surprising. This also 

accounts for the negative correlation of variable 2 with the false 

alarm probability. Significantly, the false alarm probability shows 

a strong positive correlation with the arithmetic operations test 7, 

which lends weight to the earlier suggestion that a high score on this 

test is associated with an inflexible strategy. 

To summarize these findings, it appears that sensitivity for defects 

on tasks similar to the one utilized in this study, is predicted 

fairly well by performance on field independence tests. The ability 

to modify the criterion optimally seems to be associated with a low 

score on the arithmetic operations test. 

It should be emphasized at this point that the analytical techniques 

employed in this study have been somewhat crude. For example the 

selection of variables to include in the multiple regression may not 

have been optimal, since it was based primarily on the significance 

of these variables in the first analysis. A better procedure is to 

use a step-wise multiple regression, which includes variables in the 

regression in the order that they reduce the sum of squares of the 

variability. Work is continuing along these lines, but the results 

could not be included in this thesis. Finally, a much more 

sophisticated approach such as a factor analysis might have been 

appropriate. This was considered, but the limited sample size of 36 

meant that this technique could not be meaningfully employed.
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In spite of the crudity of the methods the degree of significant 

correlation found in this essentially exploratory study suggest that 

the approach is a fruitful one, particularly in comparison with the 

other attempts at predicting inspection performance, as discussed in 

Chapter 3. The next step involves testing the validity of these find- 

ings in a large scale industrial study. 

7.4 Conclusions 

The overall conclusions that emerge from experiments 6 and 7 are in 

line with the perceptual learning principles that have been established 

in laboratory tasks using simple signals. To this extent, the studies 

have performed a useful function in extending the results to a sit- 

uation more typical of a real inspection task. Certain previously 

unreported findings have, however, emerged. 

In terms of training an inspector to modify his criterion optimally 

in a changing defect density situation, the use of a fixed probability 

during the training session appears to produce the best results. A 

possible explanation for this is that the fixed defect density gives 

the trainee sufficient experience of a single probability that he is 

able to utilize this as an anchor point on the subjective probability 

continuum. A particular defect density would then be recognized as 

being greater or less than the anchor probability, and this would 

presumably facilitate the modification of the criterion in the appro- 

priate direction. This model suggests that the appropriate training 

technique changes the recognition of the prevailing probability from 

an absolute to a comparative judgement task. All the available 

evidence suggests that the latter form of judgement is performed more
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effectively than the former, e.g. Guilford (1954) 

The finding that the most effective criterial adjustment occurred after 

training with the feedback + cuing + score condition is a logical con- 

sequence of regarding effective training as providing as much 

experience as possible of an anchor probability. The provision of the 

score information would in addition enable the trainee to develop 

appropriate strategies to maximize his payoffs. Such strategies are 

identical to those which optimize the criterion setting. 

The general conclusions from the existing literature, that there is 

little to choose between cuing and KR as a means of enhancing sens- 

itivity, where these two techniques produce the same information, is 

generally confirmed by the results. Sensitivity was increased sig- 

nificantly by training in which the cuing or KR was gradually reduced, 

as found by Abrams and Cook (op.cit.) and predicted by Wallis (op.cit.). 

The finding that a fixed probability during training is also necessary 

for an increase in sensitivity is at first sight difficult to account 

for, since the subject receives the same number of signal and noise 

samples under both fixed and varying probability conditions. One 

possibility is that the fixed probability sessions allow a more evenly 

spaced occurrence of the defect samples, and learning theory in 

general suggests that spaced practice is preferable to the massed 

practice that would be represented by the high defect probability 

blocks during the training sessions. 

The results of the correlational study between cognitive skills as 

measured by certain pencil and paper tests and performance on the 

inspection task, suggest that this is a promising approach to the
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question of selecting inspectors. Overall, the results suggest that 

sensitivity for defects can be predicted to some extent by tests which 

measure field independence, the ability to be able to perceive wanted 

configurations embedded in background noise which contains perceptual 

elements similar to the signal. This result is in accord with the 

predictions of SDT, that sensitivity is a function of the distance 

apart of the signal + noise and the noise distributions, whether this 

separation is due to external attributes of the signal, or to internal 

characteristics of the perceiver. 

The finding of a consistent negative correlation between a test 

measuring the dimension of distractibility and the ability to maximize 

the payoffs in the inspection task was unexpected. If distractibility 

is regarded as the ability or otherwise to maintain a fixed focus of 

attention, however, the results become more comprehensible. It seems 

reasonable that such a quality might correlate negatively with the 

flexibility of strategy required to change the criterion to match 

the prevailing defect probability. The rigidity of attention that 

would be an asset in a situation where many external distractions 

are present, could be a disadvantage where more subtle aspects of the 

task needed to be noted, such as changes in defect density. 

Although the present results are of considerable interest, they need 

to be replicated with a larger sample size, and with an industrial 

task, before the tests could be utilized as part of a selection pro- 

eédure for inspectors.



CHAPTER 8 GENERAL CONCLUSIONS
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8.0 INTRODUCTION 

In this chapter the findings from the previous chapters will be 

presented and overall conclusions drawn. Finally, directions for 

further research will be discussed. 

8.1 The literature review and its application to the analysis of 
  

inspection tasks 

Chapter 2 provided a general overview of the SDT literature and 

established basic guidelines for applying SDT to inspection studies. 

Consideration of the studies that had utilized SDT suggested that the 

usefulness of SDT in the context of inspection tasks needed to be 

further investigated. The possibility of using SDT to examine the 

ability of inspectors to change their strategies emerged as a further 

experimental goal. 

Problems were encountered when attempting to classify the inspection 

literature as a whole. Originally it had been hoped that the informal 

inspection model proposed in Chapter 1 would provide the basis for a 

classification scheme. It was found, however, that although this 

model provided a useful conceptual summary of the psychological and 

other areas relevant to inspection, it did not allow the major 

external factors influencing performance to be readily included. 

Although the number of studies on inspection as such was limited, a 

very large number of theoretical areas were relevant to analysing 

such tasks. The review was, therefore, divided into two parts. The 

first part considered the major theoretical areas apart from SDT,
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i.e. vigilance and visual search, and the second part utilized a simple 

classification scheme. This consisted of four main headings, i.e. task 

characteristics, environmental factors, organizational factors and 

individual factors. These main categories were divided into sub- 

categories as indicated below: 

1. Task characteristics 

a. Pacing and movement of the item being inspected 

b. Magnification, lighting and other aids to enhance defect discrim- 

inability 

c. Complexity 

d. Display organization 

e. Signal rate 

f. Number of inspectors 

g- Repeated inspection 

2. Environmental factors 

a. Heating 

b. Lighting 

c. Noise 

ids. Workplace layout 

3. Organizational factors 

a. Management and social aspects 

b. Motivational variables 

4, Individual factors 

a. Selection 

b. Visual abilities
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c. Age 

d. Sex 

Although this scheme was somewhat ad hoc in nature, it encompassed most 

of the available literature and provided a means of structuring the 

subsequent analysis of the inspection tasks considered in the case 

studies. 

8.2 The case studies 

8.2.1 The data analysis group 

The first case study was a re-analysis of an inspection system 

described by the author in an earlier study. The much broader range 

of literature available, and the insights obtained from the use of SDT 

enabled a much more sophisticated analysis of this task to be per- 

formed. The first goal of the study was to investigate if the SDT 

model applied to the data, and to examine the interrelationships 

between the parametric and non-parametric measures of sensitivity and 

bias. A number of tests of the SDT model were applied, most of them 

employing the detection and false alarm data. In general, the model, 

in its unequal variance form, fitted the results reasonably well. 

Corroborative evidence was obtained, from a consideration of the 

latency data, that the inspectors were employing a likelihood ratio 

criterion. 

The parametric and non-parametric sensitivity and bias indices showed 

a high correlation, although it was demonstrated that they did not 

produce equivalent results if utilized in statistical analysis. It
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was shownthat other commonly used inspection measures were correlated 

with both sensitivity and bias. 

There were very few significant effects of the experimental variables 

on the SDT indices, apart from log beta, which showed a significant 

decline with time on task. This effect, which was in the opposite 

direction to that generally found in vigilance tasks, was explained in 

terms of the subject's perception of the experiment as a 'risky' 

situation, inducing an initially abnormally high criterion. With hab- 

ituation to the experimental situation, the criterion declined to its 

usual level. No significant main effects were found for the noise 

variable, although some interactions with subjects occurred. 

Analysis of the latency data was not attempted in detail, because 

scanning and decision times could not be separated. The mean 

latencies for the various categories of response were however, in 

accord with a simple extension of the SDT model to the latency 

situation. The unexpected lack of any significant differences in dis- 

criminability between the two types of signal employed, was explained 

as being due to the self-paced nature of the task. The inspectors 

were able to take longer to sample more attributes of the inherently 

less discriminable signals. 

In general it was felt that the use of SDT in the analysis of this 

task provided insights which could not have been obtained by con- 

ventional measures.
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8.2.2 The Ilford quality control system 

The other case study, although it was also concerned with targets on 

film, presented completely different problems from the first. The 

difficulty of obtaining accurate estimates of the correct detection 

and false alarm probabilities limited the application of SDT in this 

study. A further difficulty was the highly subjective nature of the 

standards of product acceptability. A decision making model was pro- 

posed for the task, which suggested that SDT principles operated at 

two levels. The first of these determined the quality of the 

evidence that was obtained from the film in terms of the number of 

defects that were observed. Although the number of defects occurring 

was not usually precisely noted, the particular sensitivity and bias 

being employed by an inspector would determine his subjective 

estimate of the incidence of defects, which would in turn be used as 

evidence at the second stage of decision making. It was hypothesized 

that the inspector utilized a criterion at this stage which deter- 

mined whether or not the film was acceptable as a whole. This 

eriterion could be set at a different position than that employed at 

the first stage. 

Two experiments were performed in an attempt to apply SDT to the task. 

In both cases considerable difficulty was experienced for the 

reasons discussed earlier, and the SDT parameters could only be 

obtained for the second experiment. Even in this case, the estimation 

of these quantities involved a number of untested assumptions. The 

most obvious characteristic of the results were the relatively low 

detection scores for defects which occurred, particularly in view of 

the considerable experience of the examiner subjects. This was felt
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to be because the examiners normally made global estimates of the 

acceptability or otherwise of a film sample, rather than noting the 

incidence of individual defects. No statistically significant effects 

were obtained from the experiments, apart from subject differences, 

although a decline in log beta over time in experiment 3 similar to 

that observed in experiment 1, was noted. 

Although the SDT parameters could not be easily determined in this 

situation, it was felt that the general principles of the SDT model 

provided useful insights into ways of improving the system. In part- 

icular, it was proposed that a form of training which would enable 

the examiners to modify their criteria in the optimal direction, in 

the event of a change in defect incidence, was desirable. The 

indications from management, that the ability to detect a change in 

quality was important, provided a spur for experimental investigations 

in this area in Chapter 5. Various suggestions of improvements were 

made to management as a result of the investigation. In order to 

facilitate the stabilization and standardization of the definitions 

of acceptable quality, it was proposed that a library of reference 

samples of defects be provided, together with examples of entire films 

that illustrated the required standards of quality. Regular 

‘calibration sessions' were also suggested to ensure homogeneous 

standards between different inspectors. It was felt that the relation-. 

ship between the quality standards utilized by the inspectors and the 

criteria of acceptability of the customers should also be investigated.



291 

8.3 The laboratory studies 

8.3.1 The effects of between and within session defect 

probability changes 

The first group of laboratory studies, comprising experiments 4 and 5, 

were concerned with the reaction of subjects to changes in the incidence 

of defects, both within and between sessions. 

In the first experiment, performance was compared under four conditions. 

In the first two conditions, the subjects were required to detect 

signals which occurred at the same probability as they had been 

accustomed to during extensive practice sessions. In one case feedback 

in the form of a summary of performance was provided every hundred 

trials, whilst feedback was absent under the second condition. The 

other experimental conditions were similar to the first two, except 

that a much lower probability of signal was utilized. The results 

indicated that subjects were able to increase their criterion in the 

correct direction for the changed probability, but that this increase 

was only significant where feedback was provided. These results were 

considered from the standpoint of the amount of information available 

to the subject concerning the defect density. It was suggested that 

there were two sources of information available, which allowed the 

subject to revise his subjective probability estimates of the actual 

defect probability. These were information from the task and 

information from external sources. Where the defects were of low dis- 

criminability, as in this task, the subjective probability estimate, 

and hence the ability of the subject to modify the criterion, was pri- 

marily dependent on the external evidence available. There was some 

evidence that under the low probability conditions the subjects were
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attempting to maximize their score by adopting a more nearly pure 

strategy in game theory terms. The latency data were in agreement with 

the unequal variance SDT model which had been found to fit the data as 

awhole. The extension of SDT to the latency scores which had been 

utilized in experiment 1 seemed to provide a reasonable description of 

the results. 

Experiment 5 considered the subjects' reaction to within session changes 

in defect probability, with and without the provision of prior warning 

and feedback. It was found that prior warning that a change in defect 

probability would occur ,Was more effective in producing a criterion 

change in the required direction, than feedback from the task. Even in 

the absence of feedback, the subjects were able to modify their 

criteria appropriately. Without feedback, the degree of adjustment was 

more extreme than when feedback was provided. 

Both experiments provided general support for the hypothesis that the 

degree of criterial change produced by a subject in a changing defect 

density situation was primarily a function of the amount of evidence 
concerning 

available, from both within and outside the task, / the actual defect 

probability. Comparison of this study with others suggested that the 

greater the difficulty of the discrimination required, the more 

important external evidence became. In industrial situations, the 

provision of 'feedforward' information, giving the inspector prior 

warning of defect changes, was emphasized.
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8.3.2 Training techniques for inspection 

In experiments 6 and 7 two main questions were investigated. The first 

of these was concerned with testing the applicability of existing 

research on perceptual training, to tasks employing stimuli more rep- 

resentative of those found in real inspection tasks, than had hitherto 

been employed. The second objective was to investigate the possibility 

of devising training techniques which would both enhance the sens- 

itivity of the inspector and also enable him to modify his criterion in 

a changing defect probability situation. 

Both experiments 6 and 7 utilized stimulus material obtained from the 

Ilford inspection task described in Chapter 5, and the experiments were 

designed to simulate the critical features of this task. 

Experiment 6 was a straightforward comparison between cuing and KR as 

training techniques, and a control condition. There were no signif- 

icant changes in sensitivity as measured by the SDT indices, but the 

cuing training produced a significantly greater increase in the 

eriterion towards the optimum, compared with the control condition. 

It was not, however, significantly different from the KR condition. 

The reason for the absence of a change in sensitivity was thought to 

be due to the complex nature of the signals employed, compared with 

those utilized in most perceptual training experiments. It seemed 

likely that many more training trials would be necessary to produce a 

significant change in sensitivity. The adjustment of the criterion 

in the appropriate direction after training sessions can be regarded 

as being due to the additional information on the signal distribution 

that these sessions provided.
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The final experiment was designed to provide more evidence concerning 

the effectiveness of various types of training, and utilized a con- 

siderably greater number of training trials than experiment 6, in the 

light of the non-significant results obtained in that experiment. Two 

of the training conditions investigated were identical to those in the 

previous experiment, and the remainder utilized combinations of cuing, 

KR and/or the provision of the score information which indicated the 

subjects overall payoff from the task, given the payoff matrix assigned 

to the various response possibilities. Two further factors were 

included in the experimental design. These were the use of a fixed or 

varying defect probability during the training sessions, and either 

gradually reducing or keeping constant the amount of cuing or KR being 

provided. The variable probability factor was included to test the 

hypothesis that the inspector would be better able to adjust his 

criterion to a variable defect probability situation if he had pre- 

viously experienced a range of known probabilities. The inclusion of 

the fading or otherwise condition was intended to establish whether 

the previous findings of Abrams and Cook (op.cit.), and Wallis (op.cit.), 

that cues or KR needed to be removed during training to produce a 

sensitivity increase, applied in this situation. The experiment 

employed two pre and two post training sessions, one with a fixed and 

the other with a varying defect probability. 

Very few significant effects of training were found with the fixed 

probability session. No obvious reason was apparent for this finding, 

apart from the fact that the post training session may have been 

affected by the absence of the training aids that had been present 

during the immediately preceding two sessions.
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With the variable probability sessions, a number of interesting effects 

were obtained. The combination of a fixed probability during training, 

with the training condition that provided both feedback, cuing, and the 

score information, appeared to produce the most optimal performance in 

a situation of changing defect density. It was suggested that the 

fixed probability condition enabled the inspector to build up an 

accurate perception of a particular defect incidence. This then pro- 

vided an anchor point on the scale of subjective probabilities, that 

allowed him to accurately assign other observed probabilities as being 

greater or less than this probability. Consequently the inspector was 

able to modify his criterion more accurately in accord with the changing 

probabilities of defects. The particular training condition found to be 

most effective, provided the maximum information on the defect density, 

and also the score information that would allow the inspector to 

develop the response strategies that would maximize his payoffs. 

Considering the sensitivity changes, it was found that, as predicted 

by the workers cited earlier, significant sensitivity changes were 

obtained in training sessions where the cuing or feedback was gradually 

reduced. It was also found that a fixed probability during the 

training session promoted the greatest increase in sensitivity. A 

possible explanation for this effect was the more even spacing of the 

defect samples that would occur during the fixed probability trials. 

8.4 Cognitive skills as factors in the selection of inspectors 

The scores from experiment 7 were used in conjunction with a number 

of tests of cognitive skills to determine if such tests could be 

used in selection procedures for inspectors. In order to make the
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subject population more representative of those employed in inspection 

work, 16 inspectors from the Ilford quality control system performed 

the first two sessions of experiment 7 and their scores were included 

in the correlation analysis. 

It was found that sensitivity, as measured by a number of parametric 

and non-parametric indices, seemed to be significantly related to per- 

formance on tests of the field independence dimension of cognitive 

skills. There was some indication that the ability of the subject to 

modify his strategy in a changing defect density situation was neg- 

atively correlated with performance on one of the distractibility 

tests, the arithmetic operations test. It was emphasized that the 

correlational study as it stood was exploratory in nature, and that 

further analysis could be performed on the data. The findings did 

indicate however, that with proper validation in an industrial con- 

text, this particular approach shows promise as a potential selection 

aid. 

8.5 General conclusions 

Both the industrial and the laboratory based studies have shown that 

SDT, as a general conceptual standpoint, offers unique advantages 

in suggesting ways in which industrial inspection systems can be 

optimized. It is suggested that a basic initial step in the analysis 

of any ongoing system is to perform an experimental study of its 

effectiveness which can be subsequently analysed in SDT terms, as 

shown in the industrial case studies. A particular strength of the 

SDT approach is that even where, as in the Ilford situation, precise 

measurements of the SDT parameters cannot be made, the insights that
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can be gained by considering the system from this standpoint are still 

valuable. SDT has often been applied in a rather casual manner in many 

previous studies. An attempt has been made to show that the simple 

equal variance form of the model cannot be applied to any situation 

without initial tests to ensure that its underlying assumptions are 

fulfilled. The procedures that need to be observed in applying SDT to 

industrial situations have been spelt out in some detail. The use of 

the non-parametric indices of bias and sensitivity using real 

inspection data, has allowed some assessment of their usefulness. In 

general it is felt that their main application is in adding weight to 

conventional measures, provided these have been obtained using the 

appropriate model. 

The survey of the literature produced a simple classification scheme 

which provides at least an initial approach to structuring the analysis 

of an inspection system. Used in conjunction with the SDT paradigm, 

it should provide a useful source of data in the design of new quality 

control systems. It is hoped, in the long run, to produce a more 

comprehensive handbook and classification scheme which should prove to 

be a useful aid to ergonomists working in this area. 

The first laboratory experiments emphasized the importance of prior 

warning that changes were going to occur in the incidence of defects, 

in allowing the inspectors to adjust their criteria to maintain 

optimal performance. It could be argued that the function of a 

quality control system is to monitor sudden changes of this type and 

that prior warning does not usually occur. Although this is true in 

some situations, there is very often some indication at the production 

stage, that a higher incidence of defects can be expected. If this
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information is effectively communicated to the inspection system, a far 

higher detection efficiency can be expected. The existence of 

'feedforward' links of this type is of course a function of the 

organizational structure of which the quality control system is a part. 

The other result from the first two laboratory experiments was that 

feedback during the task was an effective means of maintaining an 

optimal criterion. Although most inspection systems do not provide 

such knowledge of results, in a direct way, there seems to be good 

grounds for recommending that re-inspection be carried out far more 

frequently, by senior inspectors, in order to provide such feedback. 

An additional advantage of this procedure would be that a greater 

degree of consensus would be produced between all the inspectors, as 

to what the appropriate criterion should be for a particular product. 

This is particularly important in a system such as at Ilford, where 

the levels of acceptability are essentially subjective, and are deter- 

mined by a complex combination of factors, such as product, customer, 

and market conditions. 

In the analysis of the experiments under discussion, the possibility 

that insights from probability learning theory might explain per- 

formance in changing defect density situations was put forward. 

Although the approach in this study has largely been from the stance 

of SDT, this should not lead us to ignore other relevant viewpoints. 

There seems to be many common areas between the two orientations that 

could usefully be explored in an inspection context. 

The final experiments confirmed the general principle from previous 

studies of perceptual learning, that up to a point, the greater the 

information presented to the subject concerning the characteristics
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of the defect and its distribution in time, the more effectively he was 

able to increase his sensitivity and adapt his criterion to the pre- 

vailing defect density situation. The experiments were limited in size 

and scope and therefore care needs to be taken in generalizing from 

them to other situations. Nevertheless the suggestion that subjects 

detect changes in defect probabilities by comparing them with a 

previously established single subjective probability, seems to be a 

reasonable one which fits the experimental data. Further work is 

needed to establish its validity more generally. The same consider- 

ations apply to the finding that a gradual reduction in the amount of 

cuing and feedback during training enhances sensitivity. This result 

apparently conflicts with the earlier finding concerning the import- 

ance of information in enhancing sensitivity. It seems clear that 

the provision of feedback or cuing is only effective up to a point in 

increasing sensitivity. Beyond that point, further information is 

counter productive, because it hinders the development of the internal 

referents necessary for true learning. The exact point at which the 

supplementary information should be reduced is probably a function of 

the individual task concerned, and the provision of general guidelines 

on this point would require more detailed research. 

8.6 Directions for further research 

As indicated in the introduction to the thesis, the research 

philosophy adopted has been to approach the area of quality controm 

from a number of directions, which were unified by the general 

orientation of SDT. The outcome of this research has been that a 

number of results of direct practical applicability have been 

obtained. The practical utility of the approach has to be weighed
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against the fact that some degree of speculation has been necessary, 

and the size of the experiments has been smaller than might be found in 

the traditional academic investigation of a single clearly defined 

research hypothesis. It is argued that the orientation adopted has 

generated testable hypotheses that have relevance to real 

world problems and can therefore be verified in an industrial environ- 

ment. Most of the recommendations for further research are concerned 

with the validation of these findings. 

8.6.1 Validation of the two stage inspection model 

In Chapter 5 a model was proposed which postulated two distinct 

decision making phases which might be expected to occur in inspection 

situations involving the aggregation of information over time. It is 

proposed that this model be validated both at Ilford and in other 

similar inspection systems. 

8.6.2 Factors affecting the modification of the criterion 

The discussion of Chapter 6 considered the sources of information 

that the inspector might utilize in modifying his subjective pro- 

bability estimates, and the degree to which his response strategy 

actually changed, given that he perceived the on-going defect density 

accurately. Two experimental investigations are required to clarify 

these points. The first would involve changing the amount of 

evidence available Pee sources of information and manipulating 

its reliability. Studies of this type have been carried out by 

Ingleby (1974) in the context of auditory detection, but no corres- 

ponding studies have been performed for inspection. The second study
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would involve performing an experiment similar to that described by 

Sims (1972) and discussed in detail in Chapter 6. In that experiment 

subjects were required to give their subjective probability that an 

item would be defective before inspecting it. It would be of consid- 

erable interest to investigate the relationship between this subjective 

probability, the value of the criterion adopted, and the actual defect 

density. 

8.6.3 Verification of the perceptual training findings 

As mentioned earlier, the findings from experiments 6 and 7 although 

intuitively reasonable, require further validation, using both 

laboratory simulation and real-life inspection tasks. In this case, 

it would be necessary to utilize a task which would allow the unam- 

biguous calculation of the SDT parameters, and which would allow 

extensive trials to be taken. 

Ilford have already expressed their willingness to incorporate the 

results of work on the perceptual training problem in their standard 

inspector training procedures. This would allow a longitudinal study 

of their usefulness to be performed, 

8.6.4 Further work on the cognitive skills approach to 

selection 

As discussed earlier, the current analyses of the cognitive skills 

tests and the inspection data must be regarded as provisional. 

Further analysis is under way, and additional correlational studies 

using industrial performance data are planned.
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8.7 Concluding remarks 

Although it is clear that we are only just beginning to be able to 

specify all the human factors requirements of an optimal inspection 

system, it is hoped that the data and techniques reported in this 

research will be of direct applicability in the design and analysis of 

quality control systems. 

In addition to this objective, an attempt has been made to achieve a 

more general goal. This is to show that given an appropriate research 

strategy, the theoretical models of experimental psychology, exemplified 

in this case by SDT, can make a significant contribution to solving 

practical industrial problems. The approach adopted in this study, of 

combining field work with simulation and laboratory studies, unified 

by a common theoretical orientation, seems to be of potentially wide 

application. 

There seems to be a considerable need at the present time for a bridge 

building operation between the concerns of much research in the 

behavioural sciences and the practical problems of society and 

industry. It is hoped that the research methodology presented in this 

study, whilst far from being a blueprint, will at least suggest some 

ways in which the construction of such bridges might begin.
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k
 

o
s
 

SUMS OF 
SGUARES 

o ree
 Oo nm fh
 

bad
 

        
2. a7S5s9 

on
 

fo lal a
 Al
 

DEGREES 
FREEDOM 

4 

a 

o
n
 

oO 
fy 

po
 

an
 

o 

OF 

PROBABILITY 

MEAN F-RATIO 
SQUARES 

8. B4906 1.9955 4, 

6. 34817 37.5505 4, 

x 

a. B4374 0.2799 4, 

  

= Py o a an
 

nm
 

rey oS
 

& o = 2 
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th 
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he



ANALYSIS OF ¥ 

LEVELS OF FAC 

w
a
h
 

GRAND MEAN 

SOURCE OF 
VARIATION 

. 

F 

TF 

TP 

FP 

TFP 

HFRS 

TOTAL 

AR TANCE....F.AL PROBABILITY 

T 

te 
o wy
 Re 

DEGREES OF MEAN 
FREEDOM * SGUARES 

> 

  

4 

   

  

a. a4457 4 

a. 4 

4 4 

a. 4 

@, 04157 1 . 84457 

a, ga927 4 4. B22 

4. B4283 2 4 

8. az45a & a 

a. 20605 2 4 

a. a2749 8 4 

a, a2206 2 %, B1403 
a. z 4, gazH2 

a, 2 a a2d4z 

4 oza48 8 4. a0376 

= % td fo it ree i 

F-RATIO 

  

4. 

ie 

we 
Fc 

oo 

  

oo 

f
m
.
 

& 
oO
 

oO
 

fe 
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ANALYSIS OF VARIANCE.... LOG BETA 

LEVELS OF FACTORS 

  

    

    

T 5 
F 2 
P 2 
S e 

GRAND MEAN a. 69509 

SOURCE OF SUMS OF DEGREES OF MEAN F-RATIO. DFP 
VARIATION SQUARES FREEDOM  SGUARES 

T 3. 10849 4 a. 7.1302 4, 8 8. aagg74 

F @. 15828 a a. : 4.0600 4, 26 

TF 8. 94028 4 4.23507 1.6606 4. 54 

F 18. 48656 1 10.4056 9.0236 4, 2 0 

TF A 4 6.39093 2.1261 4, 34 

FP 2. 6 4 2.46128 42.9989 4, 2 4, g1895% 

TFP a. 4 4.83334 8.24125 4, & oO. 46190 

s 4 2 8.77734 1.4000 2, 2 o. SoonG 

TS a 8 6.19899 1.4000 8, & 4. Saaoa 

FS S.2rare 2 2.63633 1.0080 2, 2 4. Sagan 

TFS 4. 13248 8 414456 1.0000 & @ o. Sagoa 

PS 2. 30652 2 1.45326 1.4000 2, 2 o. Soaoa 

TPS 1. 47428 8 8 1.0000 8. 8 o. Saoe0 

FPS a. assga 2 4.04795 1.0000 2, 2 4. Saada 

TFPS 4. 25505 5 4. 156s3 1.9466 8. 2 & Saaan 

TOTAL 32.3 32"4 a2



ANALYSIS OF VARIANCE... . SCORE 

  

LEVELS OF FACTORS 
iT 5 
F: 2 
P 2 
Si 3 

GRAND MEAN 174, 98333 

SOURCE OF SUMS OF DEGREES OF MEAN F-RATIO DF P 
VARIATION SQUARES FREECOM SQUARES 

T 6213. a6665 4 1553. 26666 2.2969 4, 8 4.14726 

F 13771. 356168 4. iAs¢?d. 35016 4 7566 4, 2 o. 42384 

TE 2266. 4ana2 4 S16. 64001 a 9977 4. 8 4. 461908 

P Seabaoa oka Doo bdekdok dota 156. ead 4. 2 8. Bo445ee 

TP 4696. 4ona2 4 1174, 1aga4 1.7897 4, & @ 22378 

FP 1118. G1666 a 1145. B1666 @1s6o 4, 2 4 42384 

TEP 293, 6667 4 73. 26667 6.8715 4. 8 4. 46198 

S 21165, 73348 2 18552. s6670 1.9006 2 2 &. Saaoo 

TS 5469. 93335 8 876. 24167 41 6000 8 & B. Sanao 

FS 36433, 20019 2 1.4040 2, 2 4. Saaaa 

TES 6547. sa0a5 & $13.47501 1.9008 8 % B. 5Sanon 

PS 1.9406 2, 2 & SHooe 

TPS, 1.4908 3 & 6. Sooon 

Fes 1.4606 2. 2 4. 5Soane 

TERS 1.4684 % 8 4 54a0% 
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ANALYSIS OF ¥YARIANCE.... ASIN 0.0. PROBABILITY 

    

   

LEVELS OF FACTORS 

T 3 , 
c = 
> 3 

GRAND MEAN ok 

SOURCE OF SUMS OF CEGREES OF MEAN F-RATIO OF P 
VARIATION SQUARES FREEDOM SGUARES. ' 

el 4. 25675 4 4. e716 5.9032 4. 

C 2 %. B1456 0709 2, 4 

Te 2 4, B2628 1.5576 &.16 @ 

S = a. 1.6444 2, 24 

TS S 4. 1.6464 3. 8 @ 

cs 4 @. 20374 1.9004 4, 44 

TCS 16 4. 41416 1.4848 16,46 4. Sanae 

  

TOTAL 2. B2062 44



ANALYSIS OF YARIANCE....ASIN F. A. PROBABILITY 

LEVELS OF FACTORS 

  

   

< = 
r = 
4 ms 

GRAND MEAN a. 7Ba90 

SOURCE OF SUMS OF DEGREES OF MEAN ERAT IOe Dr cle 
VARIATION SQUARES FREEDOM SQUARES 

T a 4 6.415692 7.0379 4, 8 6. aLaz4e 

c 3 2 4.63455 45,5388 2, 4 a, a14a7% 

Tc 8. Pee18 & 4.09202 7.5428 8.16 o, aaossHw 

5 8, 34964 2 6.17482 4.0000 2 2 o. SBaan 

TS a & w 1.0000 8. 2 4. Sanaa 

ee a 4 0.49519 1.9008 4, 4 5, Sanaa 

Tes a 46 6.01225 4.0000 16.16 0. Saaoa 

TOTAL 5 44 

 



ANALYSIS OF WARIANCE....LOG BETA 

    

    

    
    

LEVELS OF FACTORS 
T 5 
i 3 

5 + 

GRAND MEAN a. 

SOURCE OF SUMS OF DEGREES OF MEAN F-RATIO DF F 
VARIATION SQUARES FREEDOM SOWARES 

7 4 1.564646 12.2851 4. 

C 1s 2 gs B6.1785 2. 4 B. OBlsr+s 

Te a a. 9. 9151 

5 fg, 2 41, 50735 1.4480 2. 2 6 Sagan 

vs 4. 12736 1. gana 8, 

cs 4 8, 10529 1.9086 4, 4 4, Sanaa 

ToS te a 41.4000 16.46 a. Soaoa   


