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Summary

Program design is one of the many processes involved
in program development and is considered to be essential
to the development of structured programs. Consequently
this research has been concerned with the analysis of
program design since it is considered to be of equal
importance to other areas of Artificial Intelligence (AI)
research, which analyse the program code. Because a
rigorous program design results in a program containing
few errors, a system capable of analysing program designs
should assist these other related areas of Al,

This research has developed the Framework for
Analysing Program Designs (or FAPD) in order to analyse
the kinds of program design produced by programmers
using the principles of structured programming. The
praocess of analysis is viewed as comprising four
distinct phases, which are referred to as pre-semantic
analysis, semantic analysis, generation of comments and
code generation. The results of analysis take the form
of a coded version of the program design together with
any comments about the code. Analysis is based on a
set of structures which have been developed in order to
represent phrases and statements often used in a program
design. Attached to each structure is a procedure,
referred to as a class instance, which translates its
structure into a particular programming language.

FAPD has been implemented and tested within a system
called DACE (which is a Design Analysing and Commenting
Environment). FAPD is discussed within the context of
the system and the results from testing it are discussed
in detail. The conclusions are drawn that FAPD represents
a viable approach to the computer analysis of program
designs, the system has some influence on those who use
it and that class instances are a useful acquisition to
the set of tools currently available to researchers in Al.

Keywords : design, program, structure, class instance.
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é ey INTRODUCTTON

1.1 Aims and Objectives

The motivation behind this work was derived from
studying the topic of program understanding which is
an area of research in Artificial Intelligence (AT).
The objective of program understanding is to determine
whether or not a program performs as intended, by
matching a program's actual performance with a
specification of what it is intended to achieve. Any
discrepancies between the two will indicate the
departure of the proaram from its specification and
then an attempt can be made either to correct the
program or to provide some useful debugging information.

Program design is one of the many processes
involved in program development of which coding is the
final part. The importance of program design is well
established and is considered to be essential to the
development of structured programs. In our opinion,
research concerned with the analysis of program design
should be of equal importance to that given to the
related area of program understanding. This $s not
the case at the present time. Thus in an attempt to
rectify this situation, a system for analysina program
designs was investiqgated. It is hoped fhat such a
system could be used to impress upon a programmer the
importance of the design process and the level of

detail required in a proaram desian.
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In the remaining sections of this chapter we define
the term "program design" and then consider how, in
general terms, a program design may be analysed.

Sections 1.2 and 1.3 are concerned with the principles of
program design. Section l.4 concludes the Introduction
by discussing how the results from analysing a program
design can be suitably represented.

1.2 Program Design

To-day we live in a society which places considerable
reliance on the computer. Recent progress in the area of
hardware technology, together with ever-reducing costs,
have led to computers being used in a larger number of
applications. Consequently software has increased in
complexity with a concomitant increase in the need for
software clarity, modifiability and efficiency. These
requirements can only be achieved if programmers adopt a
disciplined approach to the process of program development.

Early attempts at imposing discipline led to the
development of the principles of structured programming
[Dijkstra 1968, wirth lB?l]. These principles propaose
that a program should be successively refined into a
series of sub-problems, each of which needs to be solved
in order to solve the original problem. This has the
benefit that each sub-problem produced is easier to solve
than the original. Furthermore, each sub-problem can be
considered separately and decomposed further until as Wirth
[wirth 1871] states:

"this successive decomposition or refinement

of specifications terminates when all

instructions are expressed in terms of an

underlying computer or programming language ..."
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A solution to the original problem, namely a program
design, can be expressed using suitable combinations of:

a) a sequence of actions;

b) a selection of actions according to the results

of some condition; and

c) a repetition of actions,
where an action is defined to be either a single instruc-
tion, such as the addition of two numbers, or an instruc-
tion which is itself comprised of a set of simpler actions.
The latter is often referred to as a compound statement.
Consequently at each stage of the decomposition the
programmer must decide how his solution can be expressed
using a combination of the three programming options
described above.

Let us consider how this method might be used in
order to design an ALGOL 68C program for the following
problem specification:

"A company has a number of weekly paid employees
who receive their wages in cashe. The company operates
a plecework scheme which means the wage bill can vary
considerably from week to week. The number of employees
together with their individual earnings (in pence) are
recorded weekly in a data file. Calculate the number of
£€5 and £1 notes, together with the number of 50p, 10p,
5p, 2p and lp coins the cashier will need in any given
week to pay out the wages"

A solution to this problem is shown in diagrams
1l to 4 inclusive. The first stage in the solution is
to decide how the problem can best be solved using a
combination of the three options outlined above.

12



Typically a programmer can use the target language, chosen
here to be ALGOL 68C, to express the solution to those
sub-problems which are easily solved. Less tractable
sub-problems can be left until a later stage in the design
process., A typical first attempt at the program design is
shown in diagram 1l. This illustrates that in terms of the
programming options given earlier (see section 1.2) the
initial design is described in terms of a single or direct
action, the read statement in line 2 followed by "n" repeti-
tions of the single activity in line 4 and a second direct
action, the print statement in line 5.

The solution in diagram 1 is now defined in terms of
the two sub-problems in lines 4 and S, namely the
processing of an employee's data and the printing of the
results.,. The programmer can now concentrate attention on
the first of these two sub=-problems. Since the process
for analysing an employee's data involves several calcula-
tions, a compound statement is chosen, The result is
shown in diagram 2 which illustrates how the processing of
an employee's data has been broken down into the eight sub-
problems shown in lines 4 to 1l inclusive. Collectively
these form a compound statement delimited by the ALGOL B8C
reserved words DO and 0D. The solution is now defined in
terms of these eight sub-problems together with the sub-
problem in line 13 which still remains to be considered.

Each of the steps contained within the loopbody may
be considered in turn and diagram 3 illustrates how the
first two steps may be made more explicit. At this stage

the solution has been reduced from nine to seven sub-

problems, (shown in lines 10 to 15 and line 17 of
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beqgin it ng
read (n):
for 1 6. n
~ do process data for emnloyee od;
output the number of coins and the
number of notes needed

end

Diagram 1

The First Stage of a Program Desian

beain int nj
read (n);
for 3 to ‘o
" do input the value of wage ;
T calculate the number of fivepounds
needed so far ;
calculate the number of poundnotes
needed so far ;
calculate the number of fiftypences
needed so far ;
calculate the number of tenpences
needed so far ;
calculate the number of fivepences
needed so far ;
calculate the number of twopences
needed so far ;
calculate the number of onepences
needed so far

og 3
output the number of coins and the
number of notes needed
end

Niagram 2

The Second Stage of a Proaram Design
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int n, wage, fivepounds ;
read (n) ;
fivepounds := 0 ;
fox i to n
~ do read
T while
92

begin

(wage) ;

wage >= 500

fivepounds :=
wage := wage -
od ;
calculate the number
needed
number
needed
number
needed
number
needed
number
needed
number

needed

calculate the

calculate the

calculate the

calculate the

calculate the

od
tput the number of coins
number of notes

ou

end

NDiagram 3

The Third Staage of a Program Desian
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diagram 3), and a moment's thought at this stage shouws
that each of the remaining calculations in the loopbody
will involve similar design decisions to those taken for
the first calculation. Hence because similar processing
is required the programmer may decide to implement each
calculation in the form of a procedure. The final
program would then be similar to that shown in diagram 4.

By using the principles of structured programming, a
concise and efficient implementation has been achieved
without any subsequent loss of clarity. The decomposition
has not followed any practical guidelines and each decision
has been based largely on a knowledge of the use of certain
programming constructs and schema to achieve a desired
result, Recent work in the area of structured programming
has been directed towards imposing some criteria on which
to base this decision-making process. Current programming
methodologies such as those of Jackson [JackSOn 1875] and
Warnier [warnier 19?4] propose structuring programs on the
basis of the logical structure of the data, whereas
Constantine [Yourdon and Constantine 1975] and Myers
[Myers 1975) propose programs should be structured according
to the functional decomposition of the problem.

An analysis conducted at the University of Aston
amongst 85 students attempted to guage programmer's
behaviour and attitudes to the design stage of program
development. Each student was asked to complete a
questionnaire and this together with the results obtained
are given in Appendix F. The students represented a
considerable variation in programming experience and

knowledge, from novice programmers to those with several

16
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int n, waae, fivepo
fiftypences, te
twopences, onep
denominations

beain

Droc

while
do

beain

od
end ;
read (n) ;
fivepounds := poun
:= tenpences := f
:= onepences := 0O
fore i to h
do read (wage) ;
denominations
denominations
denominations
denominations
denominations
denominations
denominations
od ;
print (fivepounds, "
poundnotes, '
fiftypences,
tenpences, 't
fivepences, "
twopbences, 't
”0

onepences,

end

Diagram 4

The Coded Version of a Progr

poundnotes,
fivepences,

unds,
nnences,
ences ;
= (ref int numberof,
int value) void

———

wage >= value
wage := wage - value ;
numberof := npumberof

o+ 'l
dnotes := fiftypences
ivepences := twopences

(fivepounds, 500)
(poundnotes, 1N0N)
(fiftypences, 50)
(tenpences, 10) ;
(fivepences, 5) ;
(twopences, 2) ;
(onepences, 1)

- an aw

fivepound notes are
required", newline,
onepound notes are
required'", newline,
"fiftypence coins are
required', newline,
enpence coins are
required'", newline,
fivepence coins are
required'", newline,
wopence coins are
required'", newline,
nepence coins are
required'", newline)

am Desian

)



years programming experience. The novice programmers,

that is those currently learning programming, formed the

dominant group (62 students). The main conclusions drawn
from an analysis of the questionnaires are:

a) 42 of the 62 novices do not write out a program
design every time a program is developed;

b) 37 out of 61 students stated that for problems
considered to be simple, program designs were not
developed;

c) 53 students thought the time spent teaching them
program design was adequate but 55 felt they would
benefit from extra tuition. Furthermore 72 said
they would take advantage of a system capable of
analysing program designs;

d) 39 students found the program design stage more
difficult than coding. Only 18 students thought
coding was the more difficult and the remainder felt
they were both equally difficult.

This latter result indicates that students find the formula-

tion of program designs difficult and that they would benefit

from any support that could be given to them during this
stage. Such support would be important because a rigorous

program design facilitates program development. Hence a

system such as that proposed should prove beneficial

because deficient program designs will be highlighted.
This thesis proposes a framework for analysing

examples of program design which is referred to hereafter

as the Framework for Analysing Program Designs (or FAPD).

Since none of the criteria for decomposition, which are out-

18



lined above, have been universally accepted, examples of
program design are often of widely differing forms.
Because of this and because of time constraints, it has
not been possible to investigate methods for analysing
all of the different approaches to program design.
Consequently before proposing a method, a decision is
needed concerning the kind of program design which should
be studied, The choice of this form is the subject of

the following sectione

1.3 Scope of Program Design for this Project

It was decided that attention should be concentrated
on analysing program designs which have been written
using an informal method similar to that used in section
l.2 & It was also decided that FAPD should aim to
analyse program designs which use only a limited set of
basic programming constructs. The reason for this is
that because of time constraints it has not been possible
to analyse program designs whose solution requires the use
of a wide range of programming constructs. Consequently
it was decided to concentrate on those designs which can
be coded using suitable combinations of assignment, read
and print statements, loops and conditionals and to omit
more advanced programming concepts such as procedures.
The implications of this omission are discussed in the
final chapter.

In order to define more clearly the kinds of program
design which this project should concentrate on, let us
now consider how these basic programming constructs can be

introduced to students who do not have prior knowledge of

13



computing. At the University of Aston, first-year
computer science students initially learn that programming
consists of two related activities. The first of these
involves understanding a problem and formulating a program
design to solve the given problem. The second involves
converting the design into a particular programming
language. Students are taught to formulate a design in
a manner suitable for conversion intoc a target language
and consequently they are introduced to structures for
denoting repetition and choice. These structures are
identified as having the same format as those used in the
target language. If ALGOL 68C was the programming
language, then the structures would be identified as
WHILE - D0 - 0D for repetition and IF - THEN -
[ELSE -] FI for choice, where [ELSE -] represents an
optional item. At each stage of the design process, the
decisions available to the novice may be summarised as:
a) a sequence of actions
b) a selection of actions which is achieved using
a conditional structure of the same format as
that used in the target language; and
C) a repetition of actions which is achieved using
a loop structure of the same format as that used
in the target language,
where an action could be either a single instruction or
a compound statement. Examples of single instructions
are the arithmetic expression, the read, print or
assignment statement.
After being taught how to formulate a design the

student is then taught the coding details of ALGOL 68C

20



such as the exact forms of the assignment, print and read
statements together with other syntactic details such as
the declaration of variables and the placement of semi-
colons. With time and experience the student also
becomes familiar with other constructs such as the CASE
clause for denoting a special form of selection, the FOR
loop as an alternative to the WHILE construct and data
structures such as the array.

The program design in diagram 3 has been generated in
order to illustrate how an experienced programmer might
tackle the problem. Similarly the design in diagram 5
has been generated in order to illustrate the kind of
program design which FAPD, described later in this thesis,
can analyse, The latter diagram contains statements
such as:

initialise fivepounds to O f)
whereas the design in diagram 3 has specified the same
instruction in terms of the target language, viz:
fivepounds 1= 0 { 1e2)
Statement (l.l) can be used instead of (l.2) when the
programmer is inexperienced in using the syntactic features
of the target language. Once the program design has been
written in sufficient detail then the programmer need only
concentrate on the coding details.

If we compare diagrams 3 and 4, the differences
between the two can be described in terms of the
decomposition. It has been determined that each of
the calculations enclosed in the loopbody requires a loop

structure and so the procedure facility of ALGOL G68C has

21
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13
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read the first number into n
initialise fivepounds to 0
initialise i to 1

while

do

od

i is less than or equal to n

read the next number into wage

while wage is greater than or equal to 500

do increment the value of fivenounds

by 1
decrease the value of wage by 50N

od

calculate the number of poundnotes
needed so far

calculate the number of fiftypences
needed so far

calculate the number of tenpences
needed so far

calculate the number of fivepences
needed so far

calculate the number of twopences
needed so far

calculate the number of onepences
needed fo far

increment i

output the number of coins and the number

of notes needed

NDiagram 5

An Alternative Program Desian
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been used to collectively describe these calculations.
Consequently this decomposition has resulted in a somewhat
simple and efficient solution. However, if the programmer
has no comprehension of advanced programming concepts such
as a procedure, the stage following that shown in diagram 3
might merely show each of the remaining calculations decom-
posed into the appropriate loop structure. If the
programmer has learnt the coding details of the target
language then the design is now converted into code,
otherwise the solution has been expressed as explicitly as
his limited knowledge of programming has allowed.

This section is concluded by stating that the term
"program design" is used throughout the remainder of this
thesis to mean designing programs using the principles of
structured programming in the manner already described.
Also for the reason outlined at the beginning of this
section, the Framework for Analysing Program Designs is
aimed at analysing examples such as that shown in diagram 5
which can be coded using a limited set of target langquage
constructs.,. By accepting designs similar to that shown
in diagram 5 FAPD should be of benefit to programmers of
varying experience. It is interesting to note from the
questionnaire that 67 out of 84 students thought that the
program design stage was necessary for all programmers
whatever their experience. Nevertheless it is expected

that novice programmers will derive the greatest benefit.

l.4 Analysing a Program Design

The concluding remarks of the previous section

defined the term "program design" to be the process of

designing a program according to the principles of
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structured programming. Having defined this term and
shown how a program design can be produced according to
these principles (see diagram 5) we must now consider how
program designs of this type can be analysed. This project
has taken the view that analysing a program design is a
process of translating a design into an alternative format
which can then be manipulated more easily than the original
designe. This format does not contain any of the ambi-
guities or inferences which may have existed in the
original design because they will have been removed during
the translation process. If any comments are generated
during translation then the programmer can use them as a
basis for revising the solution before finally submitting

a coded version of the design to a computer for compilation
and execution.

In terms of this project, a series of assertions has
been chosen as the format into which a program design is
translated. These assertions represent a coded version of
the design and can then be used to produce a program
together with any comments about its content. There are
several reasons why this representation has been chosene.

Firstly, it provides a convenient format for showing a
user if the process of designing the program is complete.
If the process is not complete then the results show those
statements in the design which have not been analysed and
which require further refinement. Statements that have
been analysed successfully are now expressed in terms of
the target programming language and therefore need no

further refinement. The design process is complete when
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all statements have been successfully analysed. The
programmer then knows the design process is complete and
any final modifications can be made before running the
program on the computer. It is interesting to note that
36 out of 84 students who completed the questionnaire on
program design usually wrote out a single program design
before converting it into a programming language. This
indicates that a process of stepwise refinement has not
been followed and consequently the resulting program design
could lack structure and detail. In this case, high-
lighting those statements which should be refined further
will encourage students to spend more time on designing
programs.

Secondly, this representation could prove particularly
useful for novice programmers. Typically, a novice might
have been taught the principles of program design prior to
learning the coding details of the particular target
language. FAPD could then be used within a system which
takes the role of an experienced programmer who can shou a
novice how his design could be implemented. Any anomalies
such as using variables without first initialising them,
together with information on how statements in the design
have been converted into code could be noted and commented
upcn.

A third reasan for choosing this definition of
analysing a program design is that FAPD could be used to
act as a front-end to an existing system of program under=-
standing. If FAPD is capable of producing a coded version

of the design, the code could then be tested:
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a) for syntactic correctness by using an existing
compiler for the target programming language; and
b) by using some of the existing theories of program
understanding.
Program understanding attempts to match a program's actual
performance against its specification. Any discrepancies
between the two show that the program, and hence the design
from which it has been derived, is in error.
This section concludes the Introduction to the topic
of program design analysis. Chapter 2 provides a
discussion of some related AI work before the discussion
returns to the Framework for Analysing Program Designs in
Chapter 3. FAPD is described with reference to a system
which is capable of analysing and commenting upon some
simple program designs. Chapter 4 discusses details of
the system's implementation and Chapters S and 6 analyse
some of the results obtained from using the system.
Chapter 7 concludes the thesis with an evaluation of this

research together with some suggestions for further work.
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2 RELATED AREAS OF ARTIFICIAL INTELLIGENCE

2.1 Program Verification

A method for analysing programs to determine whether
or not they perform as intended has been a goal of computer
science for many years., The initial work in this area
came to be known as program verification. Program
verification uses mathematical logic as the basis for
analysis and attempts to prove the correctness of a program
in a similar manner to the way a mathematical theorem is
proved., The deficiencies of this area will now be
discussed in order to illustrate the reasons behind the
development of program understanding as an AI topic. Some
of the approaches to program understanding are then
discussed in Section 2.2.

A prerequisite of proving a program using this method
is a specification of what the program is intended to
achieve., This specification is represented by a series
of assertions which describe the intended values of the
program's output variables in terms of the program's
input variables, Any restrictions on the program's
inputs must also be represented in a similar manner.
Because of its similarity to mathematical theorem proving,
a theory of program verification often represents these
assertions in a form based on first-order predicate logic.

In order to analyse a program other assertions must
also be made to describe the values of variables at various
points in the program. To determine whether a program

performs as intended entails proving the truth of these
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assertions together with those describing the intended
output values. Successive assertions are proved true
by showing that a previous assertion together with the
intervening code, imply the truth of the current
assertions. If all assertions are proved true then
the program has been successfully matched against its
specification. The disadvantage of program verification
is that it only proves whether or not a program nperforms
as intended. It does not attempt to diaanose the cause
of an error. This limitation has led to the growth of
a related area of research which throughout this thesis
is referred to as program understanding.

gt Proagram .IInderstandinag

The topic of program understanding will be described
in terms of those research workers considered to have
made major contributions to the topic.

2.2,1 Katz and Manna

As we stated in the previous section many systems
which attempt to verify a program are inadequate since
they do not diagnose the cause of errors in incorrect
programs. However a further disadvantage is that the
system user must provide not only those assertions
describing the program's output values, but also the
intermediate inductive assertions. Katz and Manna
[Katz and Manna 1Q7é]hav9 suggested a unified solution
to these problems and have proposed that the analysis

of a program should be based on what is actually
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occurring in the program rather than some theoretical
specification. Whenever a system of program verification
fails to prove a program it is unclear whether the code is
bugged or the system is unable to produce a correct proof.
Hence Katz and Manna have suggested that program analysis
should be based on, what they call, invariant assertions.
These are used to express the actual relationshins amonag
the variables of the nrogram and are derived directly
from the program text rather than from a separate
definition given by the programmer. Consequently these
invariants are independent of the program's output
specification and can be used either to verify that the
program performs as intended or that it is bugged. TIn
the latter case, the same invariant assertions can then
be used to locate the errors and modify the program.

To eliminate erroneous code two approaches have
been advocated. The first has been termed a conservative
approach and means that the program must be proved
incorrect before it can be modified. The second
approach which is more radical modifies the program
regardless of its state of correctness. This means a
correct program is often modified and its efficiency may
be reduced as a result. However this approach is of
merit since modification guarantees a proof of correctness.

Whichever anproach is chosen, the basic technique of
debugging is the same. This technique modifies a
program systematically by using the invariants together

with information about how they were generated. This
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information is stored in the form of an invariant table
which contains everything used to establish each variant
such as the rule applied and nrecisely how the Droaram
statements and/or other variants were used in its
derivation. Debugging nroceeds by walking through this
invariant table, pronosing and testing new variants which
have been generated as candidates that could lead to the
nrogram being vroved correct.,

Although the discussion above is based on a set of
proposals which have not been implemented, this work is
of significance since it demonstrates the inadequacies of
program verification and has put forward some pronosals
for overcoming them. Many of the other theories,
outlined in this section, stress the importance of building
a rich description of how the proaram can be analysed.
This description often nerforms a similar function to the
invariant table discussed above and is used in a similar
way to aid the debugging process.

2.2.2 Goldstein

Goldstein [@oldstein 1975] discusses a system called
MYCROFT for debugging simple LOGO programs. The input to
MYCROFT is a bugged LOGO program together with a model
which uses pre-defined geometric nredicates to describe
the intended outcome of that program. MYCROFT analyses
the program and builds a description of the picture
actually drawn and a plan explaining the relationship

between the program and model. This plan allows MYCROFT
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to bind sub-pictures to model parts and to produce a list

of violated model statements. The debugger then attempts

to repair each violation in the list in order to bproduce
an edited program which satisfies the model.

The first operation that MYCROFT undertakes is to
document how the nrogram performs. This documentation
is organised as sets of assertions in a database bound
together with sequences representing what happened and
why. There are three kinds of documentation which may
be summarised as:

a) process annotation which records the effects of
executing each program statement. This annotation
is generated by imperative semantics associated with
each LOGO primitive;

b) planning advice which tries to find clues on how
the program can be segmented. In this respect
MYCROFT views a program as comprising main stens
(which are represented by the code required to
achieve a particular goal) and prepatory stens (which
are the interfaces between main steps);

c) debugging advice which describes suspicious code
within the program such as sequences of contiguous
uses of the same primitive.

The second operation within MYCROFT is to find the
plan. The plan finder assumes a linear structure to
the user's plan and attempts to match model parts with

modular main steps and relations between model parts with
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nrepatory steps. The result of this matchinag operation
is a list of violated model predicates.

The final operation is a debugging operation and
involves correcting these violations. To achieve this
the debugger uses two types of procedural knowledge.

The first of these is a collection of general debuaaing
strateagies which use a linear attack as they try to
repair a program, The first sten in debuggina is to
fix each main sten independently. Following this the
main steps are treated as inviolate and the relations
between model parts are fixed by debuaging prepatory
steps. MYCROFT will also use comments generated by the
nplan finder to suggest the location of revairs and it
will compare alternative debugging strategies in an
attempt to choose those which will cause minimal change
to the user's code. The second type of procedural
knowledge used by the debugger is concerned with giving
directions for fixing particular geometric and logical
predicates.

Goldstein's work is of significance for showing how
the concept of linearity together with rich program
descriptions facilitate understanding and debuaaing.
However the two main criticisms of his theory are:

a) the subset of LNOGO used is too restrictive; and
b) the model used to snecify the intended effect of
a proagram is very detailed and often more complex

than the program it describes.
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The Framework for Analysing Program Designs is
similar to Goldstein's work since they both represent
some of the results of analysis in the form of assertions
stored in the database. Goldstein's work is also of
relevance to the author's since MYCROFT does not use the
model of intended outcome in order to document how a
program performs. This illustrates that some useful
information about a program can be derived without
necessarily knowing what that program is intended to
achieve.

2.2.3 Ruth

Ruth [Ruth 1976] was concerned with various
implementations of a known algorithm. His theory of
intelligent program analysis is based on a knowledge of
what must be accomplished and how code is used to express
intentions. This theory has been implemented in a
system, written in the AI programming language CONNIVER,
which analyses a program by using a description of the
task the program is to accomplish (c.f. Goldstein's
model of intended outcome), which the user provides,
together with a built-in body of knowledge of how
intentions can be realised in code. The system's
knowledge is in the form of programming experts which
know how actions can be coded and organised and what the
common sources of errors in program writing are.

The user provided description of the program task
must be pre-defined using constructs and mechanisms

(i.e. loops and conditionals) in a form which the
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analyser can recognise. The analyser knows how these
constructs and mechanisms can be re-arranaged and
reorganised to produce equivalent variations and how they
can be coded. The user can then type in a proqgram,
which must be written in a simple LISP-like lanquage, for
analysis. If the program is correct but the system
cannot match it against the pre-defined description, it
will be either misunderstood or not understood at all.
The pre-defined description and the program both
comprise a list of actions and analysis is concerned
with matching the two lists. This analysis is under-
taken by an action list matcher(ALM) which will continue
operating until there is a failure or the list of actions
in the pre-defined description has been exhausted. For
an action in the description to be matched with an action
in the program they must be equivalent not only in terms
of their values but also in terms of the constructs they
use. To do this the system has an expert for each
action that can be used in the predefined description.
An expert checks whether the current action that the ALM

is trying to match is present and properly implemented at

the current point in the code. It 1t is not, then an
error is reported. Errors are classified as either
recoverable or non-recoverable. The analvser has

specific knowledge of a few common programming errors
which it can recognise and fix. These are termed
recoverable errors because they can be fixed without

substantial chanae to the observed code. Generally
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speaking, non-recoverable errors are those where something
vital is missing or something unwanted is present.

Although Ruth's work is impressive, an important
drawback is that analysis concentrates on a description
of the values of the variables. Later research [Lukey 1380]
has shown that other types of description can provide
useful aids to understanding. However Ruth's work is of
relevance because it shows how recognition of various
schema can contribute to program understanding.

The framework described in this thesis proposes that
the translation of a program design statement into a
target language can be achieved using a procedure called
a class instance. In this respect class instances are
similar to Ruth's experts except that an expert is called
on the basis of the actions contained in the predefined
description of a program task, whereas a class instance
is called on the basis of what appears in a program
design. It should also be noted how they are used for
different purposes. An expert is used to determine
whether or not an action has an equivalent form in the
program, whereas a class instance is used to create a
coded version of a statement or phrase.
2.2.4 Lukey

Lukey [Lukey 1980] has developed a system, called
PUDSY, which can understand and debug some simple
PASCAL (sub=-) programs, He distinguishes between tuwo

types of debugging. The first is based on recognising



ageneral constraints on correct and rational pbrograms.
An error tynical of this kind is a loop which will never
terminate. The second tvpe is based on a comparison of
a program's intended and actual oneration. The input to
PUDSY is a PASCAL program together with a formal
specification of its intended outcome. The system will
then build un a description of how the program actually
operates and matches this acainst its specification.
Any discrepancy between the two indicates the nrogram is
bugged. The code is then edited by identifying and
generating a specification for the piece of code
responsible.
lLukey emphasises how the success of his debuagaging

strategy depends to a large extent on the availability of
a rich program descrintion. In this respect the process
of understanding a program involves:

a) segmenting a program;

b) describing its flow of information;

c) describing the values of variables; and

d) recognising debugging clues.
The first step in this process is to seament the nrogram
into distinct units, which Lukey calls chunks. Once
this has been achieved PIUDSY will then specify how these
chunks communicate with each other. This involves
identifvinag those variables whose values have been used
in, but which were determined prior to, the current chunk.

These are known as a chunk's inputs. Similarly, a
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chunk's outputs are those variables whose values are

used by subsequent chunks or which are returned to the main
body of a program as either the value of the subprogram

or the value of a parameter. The second type of proaram
description is based on the analysis of the inputs and
outputs and is a high-level description of how information
flows from one chunk to another,

The segmentation of a proagram together with the
description of information flow provides a framework for
the third type of program description which describes the
values of a program's variables. FEach chunk may now be
described by making assertions about its output variables.
These assertions describe the values held by the output
variables, in terms of the input variables, when control
leaves the chunk. To do this two methods are used. The
first method involves the recognition of a particular
series of statements followed by their description. The
second method uses a technique of symbolic evaluation in
order to derive the necessary assertions.

The fourth type of program description involves a
recognition of debugging clues. For instance, the way
in which a variable is intended to be used in a program
could possibly be determined from its name. For example
PUNDSY makes a note of a variable named COUNT if it is not
used to count anvthing. By comparing a program's
specification with its description, a list of mismatches

can also be produced and by tracing a path back through
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the assertions which it has produced, PIUNSY identifies
the code source of a mismatch. Once this has been done
a series of edits are proposed and tested and the most
successful of these is chosen. Finally the consequences
of an edit are tested to ensure that it has removed

the bug.

Lukey's work is impressive because he has demonstrated
that to understand a program, other types of description,
in addition to the values of variables are useful. He has
also shown the importance of these different types
interacting. However, he does noint out that to a large
extent this method of descrintion is also inadequate
since it does not make use of some potentially useful
sources of information such as, for example, input and
output pairs, information derived from execution errors
or traces of a program's execution.

2.2.5 Rich and Shrobe

Rich and Shrobe [?ich and Shrobe 1973] have developed
a system which plays the role of a programmer's
apprentice for expert programmers who are writing LISP
programs to manipulate hash tables. These programs are
described by the system in terms of the hash tables on
which they operate, the input and output specifications
of the segments which comprise the program and the
hierarchical renresentation of the program's internal
structure. The latter of these descriptions is referred

to as the nplan.
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The first tyme of description is concerned with hash
tables which in effect form the data for a nrogram and
which the user must describe in terms of the abstract
definition known to the system. The second form of
descrintion is represented bv the input and output
specifications of the program's segments and is supnlied
by the nrogrammer. In terms of code, a nrogram segment
could be, for instance, a function definition, the body
of a conditional or several lines of open code. A
segment is described by a series of specifications which
contain information about the data flowing into and out
of the segment. These snecifications are a formal
statement of the conditions acting upon or the relation-
ships between, values of the data at the time the segment
is entered. A segment's output values are also described
in a similar manner.

One of the most interesting aspects of this work is
the third form of program description, known as the plan.
Rich and Shrobe have devised a method of representing
plans which allows them to be used not only for describing
a user's program but also for describing the system's
programming knowledge. The programmer and apprentice
first work at this plan level and interact in order to
develop an abstract representation of the proagram's
intended structure. To do this the apprentice must know
some of the basic techniques for manipulating hash tables
such as deleting elements from a linked list. The

apprentice can now compare the segment snpecifications
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with the plan and the user can modify it if any errors
are found. When the segment specifications are found
to be consistent, the user can type in the code and the
apprentice ensures that it conforms to the predefined plan.
I'n order to describe the structure of a program the
apprentice uses two kinds of plan. The first is ‘called
a surface nlan and describes the flow of control and of
data between various parts of the program. The second
is referred to as the deep plan which shows how a program
operates and whereas the surface plan is explicitly
stated in a program, the deep plan is not. In order to
understand a program the apprentice makes use of the code,
the surface plan and the deep plan. To establish whether
or not the code fits the plan, the apprentice first uses
the program to derive the surface plan and then conpares
it with the deep plan by using its general programming
knowledge. A deep plan is expressed in terms of purpose
links which describe the logical structure of a program.
Consequently if a programmer attempts to modify a program,
it is the purpose links that denote which of the other
segments will be affected and in what wavs, These links
are also used when a surface nlan segment is matched
against a deep nlan segment. The apprentice declares
the two forms of plan are equal, only if the data and
control flow links surrounding the surface plan seagment
are consistent with the data flow and purpose links

surrounding the deep plan segment.
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In conclusion we can say that the work of Rich and
Shrobe has made a significant contribution to automatic
program understanding. Their work is significant not
only because certain aspects of it have been implemented
in a system, whereas some other studies have not, but
also because their notion of a deep plan shows how they
have confronted the problem of finding a suitable
representation for programming knowledge. However a
disadvantage of their proposals is that the user must
still supply some of the information required for analysis.
The user's task would be simplified if information about
the deep plan or about the input and output values of the
program segments, at the level of detail required by the
present system, did not have to be supplied.

2.2,6 Waters

The work of Waters [@aters 1976, Waters 1978,

Waters 1979, Waters 1982] has close links with that
described in the previous section. Rich and Shrobe have
laid out the initial design for a programmer's apprentice
and have developed the concept of a plan for representing
programming knowledge. Waters Edaters lQ?é] has designed
a limited system aimed at the area of mathematical FORTRAN
programs and has extended the notion of a plan by
proposing how it could be segmented. Recently Waters
Edaters 1082] has also produced an initial implementation
of this programmer's apprentice. The following
discussion will concentrate only on this implementation

because, in terms of this study, it is the most relevant
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aspect of his work.

The programmer's apprentice (PA) which has been
implemented is comprised of five parts. These are an
analyser which constructs the plans relating to a nrogram,
a coder which converts a plan into a program, a drawer
which converts a plan into a graphical representation, a
library of plans and a special plan editor which allows
the plan rather than the program to be edited. From
this we can see that the concept of a plan is central to
this implementation. Indeed, one of the most significant
aspects of this work has been the use of plans to
represent not only programs but also programming
knowledge.

The implementation of the PA is in the form of an
editor which allows a user to build up a program and
then edit its plan. To build a program the user types
in commands requesting the PA to undertake operations
such as the definition of a procedure for which the user
has provided an appropriate name. The procedure body
can then be filled in by using phrases such as "successive
refinement' to indicate that the result is calculated
using a loop construct. In terms of the PA's components
described above, the plan relating to this phrase is
stored in the library and the coder knows how this plan
can be renresented in a programmina lanquage.

Having built up a nroagram by usinag library plans
together with actual pieces of code, the user can then
edit his program by modifvinag its structure. To do this

A nroagrammer must use the system provided vocabularv to
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refer to plans and narts of a plan. Mnce a nlan is
modified the coder can then be called to translate the
plan into code. However a user may sometimes use the
normal text editor instead of the pnlan editor. In this
situation the PA is used in the opnosite sense and the
analyser 1is called to determine the form of the
resulting plan.

So far the discussion has concentrated on what the
PA is capable of analysinag, however as Waters noints out,
there are three areas of which it has no comprehension.
Firstly, the PA uses no descrintion to aid analysis,
unlike the amprentice of Rich and Shrobe which uses a
description of a hash table to aid analysis. Secondly it
does not have any knowledge of the program specification
and thirdly it is not capbable of recoanising that library
plans may be inter-related.

There are two aspects of the PA which are relevant
to the research described in this thesis. Firstly, both
areas of research are concerned with analysing statements
in terms of a programming language. However, there is
considerable difference in the way this knowledge is used.
Waters is concerned with creating and modifving an abstract
specification of a program whereas our studv is concerned
with producing a coded version of the desian. In this
respect, the work of Waters is more ambitious since it
directly attacks how programming knowledge can be

represented, independently of the target lanauage. Also
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this research is concerned with automatically detecting

any anomalies in a program, whereas the PA leaves this
task to the programmer. Secondly, when editing a plan,
the PA allows the programmer to use the pronoun "it" to
refer to the object which is the current focus of the
system's attention, This research uses a similar
approach to deal with any pronominal references found in
a program designe

The work of Waters, together with that of Rich and
Shrobe represents some of the most significant research
in this area at the present time. Their objective of
finding a suitable representation for programs and
programming knowledge and the implementation of that
representation dictates that the project is long=-term.
Nevertheless their work provides some justification for
believing that future systems will be capable of providing
some sinificant programming support.
2.2.7 QOthers

Let us now conclude the discussion of program
understanding by referring to the research undertaken by
Smith and Hewitt [Smith and Hewitt 1874], miller [Miller
1878 , Ramsay [Ramsay 1980] and Eisenstadt and Laubsch
[Eisenstadt and Laubsch 1980]. These are discussed in
chronological order.

Smith and Hewitt have put forward proposals for a
programmer's apprentice which are designed to work within
the area of Hewitt's ACTORS formalism [Hewitt, Bishop and

Steiger 1973]. Their aim is to develop an apprentice
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which can assist the programmer in tasks such as
formulating and maintaining the consistency of specifi-
cations and ensuring that the modules which comprise a
program perform as intended. It is also envisaged that
the apprentice will be able to answer questions about
the relationships between modules.

In order to verify a program, Smith and Hewitt have
developed a technigue which they have called meta-
evaluation. This technique is based on the process
which a programmer goes through when he symbolically
executes his program to see if it works. These proposals
have the disadvantage that analysis of a program depends,
to a large extent, on the specifications provided by the
user, and analysis does not produce any detailed descrip-
tions of its own.

Miller's work is worth mentioning since it aims to
understand both the planning and debugging processes.,
This work is discussed by Miller within the context of a
system, called SPADE-0, which interacts with programmers
who are planning and debugging programs written in the
LOGC programming language. SPADE-0 leads a programmer
through a hierarchical planning process by providing a
vocabulary of concepts for describing plans, bugs and
debugging techniques. The system represents the planning
process in terms of a tree-like structure. The system
user is shown this structure so that he can identify the
alternative paths that can be followed in order to produce
a program, SPADE-0 will then lead its user through these

paths by choosing the next likely goal. As the tree is
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traversed, the system leaves messages on the various
paths which may be used later on to guide the debugging
process.

Some of the bugs which Miller has identified are
based on his adopted theory of planning. Thus, a
pragmatic bug is defined as an incorrect choice of path
in the planning tree. Conversely, a semantic bug is
where the picture produced by the LOGO program is not the
intended one. Most of the other research studies into
program understanding have derived the information
necessary for debugging from the program. Consequently
Miller's work is of interest since some of the information
used by SPADE-0 is derived from another source, namely its
record of those decisions taken by the programmer during
the planning process.

Eisenstadt and Laubsch have discussed their work on
a debugging assistant. The assistant is intended to
help students who are using the programming language SOLO,
which has primitives similar to MICRO-PLANNER, for
operating on assertions in a data base. Students use
the assistant when problems arise which need to be solved,
The assistant is comprised of four modules which are
referred to as the intent-specifier, the instantiator,
the coder and the translator.

The intent-specifier is used to determine what the
code is supposed to achieve. To produce these intentions
the intent-specifier uses a plan library which is comprised

of high and low level plans. Low level plans denote houw

a general operation, such as an assignment, can be achieved
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whereas a higher level plan is used to denote operations
which are relevant to the particular problem the student
is working on. The intentions produced by the intent-
specifier are then used by the instantiator in order to
propose several possible plans for execution. How these
plans can be implemented in SOLO is known to the coder.
However the results of its analysis are not in the actual
form required by the S0OL0O syntax, but instead they are
expressed in a conceptual form suitable for execution by
a S0L0 virtual machine. The fourth module is the
translator which takes the student's code and translates
it into a form which can be compared directly with the
abstract plan. This comparison is based on symbolic
evaluation and shows why a piece of code has failed. If
the assistant has a model of what the code is intended to
achieve then the student can be shown examples of a correct
implementation.

The work of Eisenstadt and Laubsch is of interest
since it is concerned with using both domain independent
program understanders as used by Rich and Shrobe and Lukey
(see sections 2.2.5 and 2.2.4) as well as expert debuggers
such as those used by Ruth (see section 2.2.3)s. A third
aspect which has also been emphasised is that the assistant
should provide a friendly user interface. Since the
research described in this thesis has also been implemented
in an interactive system, this third aspect is also a goal
in developing the Framework for Analysing Program Designs.

Finally, let us consider the work of Ramsay, who has

developed a system, called SH4, which matches a LISP
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program against an English description of what it is
supposed to achieve. SH4 has two sets of data to
analyse - the description and the program. Each is
analysed and the two sets of records which are produced
can then be matched against each other to see if the
program performs as expected. The system then makes a
copy of the program and uses the English description to
insert comments into that program,. A set of flow charts
representing the procedures which have been described,
together with fragments of code showing how these proce-
dures have been implemented, is also produced.

Using a piece of English text to describe the program
means that after producing the two sets of records neither
the normal techniques of program verification, nor symbolic
evaluation can be used, since it is unclear which parts of
the program fit which specification. Ramsay has tackled
this problem by using hypothesisers to suggest links between
the program and its text. Once these links have been
established symbolic evaluation can be used to verify the
program.

Many of the existing theories of program under-
standing rely on proving assertions at various points
throughout the program. However, these theories require
that the intended outcome of a program should be specified
in a formal manner. Consequently this specification is
awkward to define and error-prone. Ramsay's work is
important since it has shown how a less formal program
specification can be used which, from a system user's

point of view, is the preferred approach. However as
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Ramsay admits, the descriptions on which SH4 operates are
too detailed for the system to be a practical tool at
present.

203 Automatic Programming

The area of automatic programming is concerned with
developing a system which can generate a program from a
formal specification of what the program is intended to
achieve. Within this area, the work of Sussman [Sussman
18975] and his system HACKER, have received a great deal
of attention in the AI literature. HACKER inhabits the
same world as Winograd's SHROLU [Winograd 1972] and writes
programs containing instructions which undertake primitive
operations such as picking up a block.

If the first program, which has been produced to
solve a given problem, is not totally correct then an
iterative procedure, aimed at locating and eliminating all
bugs, is entered. Whenever a bug is found, HACKER tries
to classify it, so that a similar error can be avoided in
the future. For instance, if HACKER is asked to pick up
a block which is currently supporting another, it is not
able to determine that the uppermost block must be removed
before the lower one can be accessed and as a result the
program which it produces to undertake this operation will
be bugged. However this error is then analysed in general
terms so that in the future, a similar or identical situa-
tion will not lead to the same error being committed again.

The debugging process is based on a detailed purposive
commentary which HACKER uses to denote the intended outcome

of each section of code. The first time a program is run,
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this commentary is used to check if the code performs as
specified and any bugs are classified according to the
five categories of error defined for HACKER. The work of
Sussman is significant, not only for its contribution to
the area of automatic programming, but also because it is
relevant to AI theories of program understanding and
debugging and skill-learning.

In recent years an automatic programming system,
called PSI [C. Green 1876, C. Green 1977] has been
developed by a research team at Stanford University.

Green and Barstow [Green and Barstow 1978] who are part

of this team, have emphasised how their work is concerned
primarily with the organisation and structure of
programming knowledge which can be used by a computer to
write programse. The PSI system contains knowledge in the
form of approximately 400 rules and is comprised of two
phases: an acquisition phase and a synthesis phase. The
acquisition phase is concerned with finding out, from the
user, what the program is intended to achieve and building
a high level model of this intention. The synthesis
phase uses a coder, written by Barstow, and an effeciency
expert written by Kant [Kant 1977] which combine in order
to produce an efficient program. The rules which the
coder uses are sufficiently general for them to be used in
various domains such as symbolic programming, sorting,
graph theory and simple number theory. The coder writes
programs in LISP and although some of the rules are
specific to this language, approximately three-quarters of

them are independent of any programming language.
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Manna and Waldinger [Manna and Waldinger 1975] have
claimed that an automatic program synthesis system must
combine reasoning and programming ability with a good deal
of knowledge about the subject matter of the program,

This approach towards program synthesis is the method on
which HACKER and PSI are based. Despite the claims of
Manna and Waldinger, Bauer [Bauer 1973] has attempted to
show that some useful analysis can still be undertaken
without knowing the subject matter of the program. Bauer
has developed a program which can synthesise procedures
for computations such as, for example, multiplying two
numbers using repeated addition or sorting the values held
in an array. Since it does not use a problem specifi-
cation its analysis is based upon a knowledge of variables
and parameters and their general use.

Finally let us briefly consider the work of Koffman
and Blount [Koffman and Blount 1975] who have embodied a
method of automatic programming within a teaching system,
This system teaches machine language programming and
represents all problems given to a user in terms of an
AND/OR goal tree, This tree represents a complex problem
in terms of three sub-problems which are referred to as the
input, processing and output phases. The system represents
each sub-problem as a sequence of primitive tasks for which
it can generate alternative forms of machine code. This
means that either a user can be supplied with the code for
the simpler sub-problems so that attention can be diverted
to more difficult areas or, each of a user's statements can

be checked against those produced by the system.
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Unfortunately the power of the system is limited since it
can produce code only for the primitive tasks and although
there may be more ways of solving a problem the user must
follow a similar solution to that defined by the system.

In terms of the research discussed in this section
the work on the PS5I system would seem to hold the best
prospects for the future. It is interesting to note how
long term projects such as this and the programmer's
apprentice of Waters (see section 2.2.6) are both
concerned with finding a suitable representation for
programming knowledge. Since PSI is an automatic
programming system and the programmer's apprentice is
concerned with program understanding and debugging it
would seem that research into the representation of
programming knowledge could benefit those areas of AI
which are concerned with understanding different aspects
of the programming process.

2.4 Intelligent Teaching Systems

Because the Framework for Analysing Program Designs
has been incorporated within an interactive system, a
discussion of how AI techniques can be applied to the area
of computer assisted instruction (CAI) is relevant to this
chapter. Embedded within an intelligent teaching system
is a coach which may perform all, or a subset of the
following:

a) checking a student's answer;

b) generating meaningful error messages;

c) providing "hints" on how to solve a problem

when the student requests help;
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d) providing a model solution to a problem; and/or

e) wupdating a model of a student's knowledge.
At the present time systems have been developed which
incorporate coaching to teach basic mathematical skills
[Burton and Brown 19?9], basic reasoning techniques
[Goldstein 1879], electronic trouble shooting [Brown,
Burton and Bell 1975, Brown, Burton and de Kleer 1982 ]
the solution of quadratic equations [0'Shea 1978] and
medical diagnosis [Clancey 1979]. There are four
principal features of these systems.

Firstly they have an expert embedded within the
system which can solve problems in the given domain. As
a result there is no need to store a data base of model
solutions. Secondly, all problems given to the student,
together with the answers to these problems and the
student's state of knowledge are all defined in terms of
a fundamental set of skills, Hence if the expert is
asked to solve the same problem as the student, then the
two answers can be analysed in terms of the same skills.
A comparison of the two will now show which skills the
expert used and the student did not. Such an analysis
highlights those techniques in which the student is
deficient and since the problems are also defined in terms
of the same skills, the next problem can be chosen in order
to give practice in the areas of weakness. Goldstein
[Coldstein 1878] not only analyses his subject area into
an underlying set of skills but he also sees each skill
going through five phases of development and refinement

as the student becomes more competent.
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A third feature of an intelligent teaching system
is that answers are not assessed for correctness but are
analysed in terms of whether the appropriate skills have
been used. Consequently error messages can emphasise
the techniques which an expert would have used in the
same situation. The fourth feature is that any hints
given to the student can be based on an expert's approach
to solving the problem. This highlights one of the main
disadvantages of the expert known as SOPHIE [Broun, Burton
and Bell 1975] which has been called a "black box" because
it does not solve a problem in the same way a student is
expected to. Because the underlying mechanisms which the
expert used were not passed on to the student, subsequent
versions of SOPHIE [Brown, Burton and de Kleer 1982] have
aimed to use inference techniques similar to those used
by students.

In terms of the research described in this thesis, one
objective has been to develop a system which possesses the
first of these four features, that is a system which displays
expertise in the subject area of analysing and commenting
upon a program design. The form of analysis which FAPD
undertakes allows the generation of some meaningful error
messages and in this respect FAPD does not mark any program
designs as merely right or wrong but instead undertakes a
deeper analysis. However, FAPD does not analyse a program
design in terms of a fundamental set of skills.

Barr et al [Barr, Beard and Atkinson 1976] have
developed a system for teaching introductory programming

techniques in BASIC. The curriculum used by their system
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has one hundred different programming problems which are
defined in terms of skills such as printing a literal
string or using a counter variable in a loop. The student
is also modelled in terms of the skills he has acquired
and consequently a problem can be selected on the basis of
how that student has performed on earlier problems. Once
the program has been written, data can then be used to test
the program. The program is also checked for the BASIC
statements that should have been used. For example =a
problem might have been chosen to teach the FOR statement,
and so the checker analyses the answer to determine if
this has been included. If it has not then a suitable
BrTOor message is printed. In common with the attributes
of an intelligent coach described earlier in this section,
this system can also provide the student with useful hints
on how to solve a problem.

Generally speaking, defining the programming process
in terms of a fundamental set of skills is a research topic
which is growing in importance. Consequently the work of
experimental psychologists such as Green [T.R.Green 1977]
who has investigated techniques for measuring how well a
program has been understood, could be used in intelligent
CAI systems which teach programming. The growing interest
in applying AI techniques to CAI systems together with
experimental work such as that just described indicate
that research into these systems could increase signifi-
cantly in the future.

28 Computational Linguistics

There has been a considerable amount of research into
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computational linguistics. Although numerous natural
language question answering systems have been developed
(for a review of the entire field see Bruce [Bruce 19?5]),
this discussion will concentrate on the work of Burton
[Burton 1876] since it is considered most relevant to the
problems with which we are concerned.

Burton discusses a paradigm for constructing efficient,
friendly man-machine interface systems using subsets of
natural language in limited domains. The primary purpose
of his work was to develop a set of techniques for
embedding semantic and pragmatic information into a natural
language interface module. The techniques were implemented
in the "intelligent" CAI system SOPHIE [Brown et al 1875,
Brown et al 1982], which is a reactive learning environment
concerned with electronic troubleshooting. In a typical
troubleshooting session the student is confronted with an
electronic circuit containing a fault. The student can
then interrogate SOPHIE in an effort to locate the fault,

The natural language subset which SOPHIE accepts is
described by a "semantic grammar', A semantic grammar is
so-called because it specifies relationships in both
semantic/conceptual and syntactic terms. It has two
advantages over syntactic grammars. Firstly, semantic
constraints can be used to make predictions during the
parsing process which reduces both the number of alter-
natives which must be checked and the amount of syntactic
(grammatical) ambiguity. It also allows the parser to
skip words at controlled places in the input and ellipsed

or deleted phrases to be recognised. Secondly, a
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semantic grammar can be used to characterise those
sentences which the system should try to handle.

Because the grammar is based on conceptual entities,
semantic interpretation can proceed in parallel with
parsing. Each rule in the grammar characterises all of
the ways of expressing a concept or relationship in terms
of other constituent concepts. Thus the rule for

<MEASUREMENT> is:
<MEASUREMENT> := <MEASURABLE/QUANTITY><PREP> <PART>
which defines all the ways a student can express a
measurable quantity. Rules of this type allow similar
concepts to be generalised and so voltage, current,
resistance and power for example would each be termed a
<MEASURABLE/QUANTITY>. This is similar to the method
adopted in this research whereby words such as ASSIGN,
CALCULATE, DECREASE and FIND are all defined as
<assignment command word>'s. They all have the same
definition because their occurrence in a design statement
indicates the statement can be implemented as an assign-
ment statement.

One use of a semantic grammar is to predict possible
alternatives that must be checked. The <MEASUREMENT>
rule for example, can be used in conjunction with the
phrase '"the voltage at it" to restrict the possible
interpretations of "it" to locations such as nodes and
terminals. A second use of the semantic grammar is to
recognise simple deletions. When the grammar finds the
phrase "the collector" it uses the fact that the concept

of a TERMINAL has constituent concepts of TERMINAL=-TYPE
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and a PART to deduce that a PART has been deleted.
Because the dependencies between the constituent parts
determine that the deleted PART must be a transistor, the
meaning of the phrase is then "the collector of some
transistor". Which transistor is determined when the
meaning is evaluated in the present dialogue context.
Thirdly, the semantic grammar can be used to overcome the

problem of ellipsis. In the following example:

What is the voltage at node 5 ? {2e1)
At node 1 ? (2.2)
At node 2 ? (2+3)
What about between nodes 7 and 8 ? (2.4)

(2+2), (243) and (2.4) are elliptic utterances because
they do not express complete thoughts but only give
differences between the intended thought and (2.1). The
appropriate grammar rule can be used with these examples
to identify which concept is possible given the current
context.

Once the parser has determined the existence and class
of a pronoun/deleted object, the context mechanism is
invoked. This mechanism uses the meaning of the student's
previous statements and the response calculated by the
system to determine the proper referent. The context
mechanism also knows how each procedural specialist
appearing in the parse uses its arguments. For example,
the specialist MEASURE's first argument must be a guantity
and the second argument a part, junction, section, terminal
or node. Thus when the context mechanism looks for a

referent which can be either a PART or a JUNCTION it will
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look at the second argument only of MEASURE.

The problem of ellipsis is concerned with finding a
previously mentioned use for a currently specified object.
In the example:

What is the base current of Q4 ? (245)

In 05 9 (2.6)
the given object is "Q5" and the earlier function is "base
current", Since 05 is recognised by the non-terminal
<TRANSISTOR/SPEC>, the context mechanism searches for a
specialist in a previous parse which accepted the given
class as an argument., When one is found, the new phrase
is substituted into the proper argument position and the
substituted meaning is used as the meaning of the ellipsis.
This research has also been concerned with how the context
of a statement or phrase can help to determine its meaning.
Section 5,3 discusses how the word RESULT for example,
cannot be analysed in isolation but must be considered in
its wider context.

Burton's work is important because it shows how a
semantic grammar provides a paradigm for organising know-
ledge required for understanding. If a system does not
encompass a useable subset of the language a student must
expend problem solving energies discovering how to formulate
guestions. A semantic grammar helps to overcome this
problem by providing insights into a useful class of
dialogue constructs. Burton has also shown that it can
permit efficient handling of pronomalisations and ellipsis.
However the work does have limitations. Firstly, the

context mechanism works well in the given domain but does
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not solve all the problems of reference since Charniak
[Charniak 1972] has shown how much real world knowledge

is sometimes required. The major limitation of the

current technique is its inability to return more than

one possible referent. At present it considers each in
turn until it finds one satisfactory. Secondly, as Burton
admits, the primary goal was to develop a useful system and
as such the research doss not advance our theoretical under-
standing of natural language.

2.6 Programming Languages for Novice Programmers

Kreitsberg and Swanson [Kreitsberg and Swanson 1974]
describe the "computer shock" which novice programmers may
encounter when faced with the problem of planning an
algorithm, Novices have problems in understanding what a
program can do for them and its relation to the problem
which they are trying to solve. Miller [miller 1975]
found that when specifying a plan to a human being the
specification was "qualificational" rather than "conditional".
Thus to a human being we might say "PUT RED THINGS IN
BOX 1" whereas a computer program must specify "IF THING
IS RED THEN PUT IN BOX 1", In this respect a programming
language such as PROLOG [Pereira, Pereira and Warren 19?9]
might have advantages for novices. This is because PROLOG
specifies plans in terms of goals rather than in terms of
an algorithm.

Novices find specifying the flow of control very
difficult [du Boulay and 0'Shea 1980]. Because this is
central to programming in algorithmic languages it may be

beneficial to implement programming languages so that
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certain hidden actions are accompanied by external changes.
Flow of control within the BIP system [Barr et al 1876] is
made visible by showing pointers which move around the
program text as it is executed. Similarly Mayer [Mayer
1979] represents the workings of a BASIC machine in terms
of a small set of "transactions" where a transaction con-
sists of an "operation", an "object" and a "location".

The transactions explain the sequence of events while a
BASIC program is running and are simple enough to be
understood by a novice.

Du Boulay and 0'Shea also describe three languages
designed specifically for novices. The first is SOLO
[Eisenstadt 1978] « which is a language for manipulating
a relational database. User defined procedures can invoke
primitives which add, remove, print etc database structures.
Because the students had no prior knowledge of computing,
the software enviroment had to be non-threatening
[Eisenstadt 1983]. To achieve this SOLO was designed so
that students could quickly use it to undertake powerful
operations. Hence, although the language has only ten
primitives, these are sufficiently powerful for beginners
to do interesting projects. The English meanings of
primitive names such as NOTE, FORGET and DESCRIBE corres=—
pond closely to the actual jobs they perform within the
SOLO virtual machine. This is similar to the way in which
words such as GET, OUTPUT and INCREMENT are used to specify
actions within a program design (see Chapter 3). Functional
simplicity was achieved in SOLO by restricting the scope of
the database searching mechanism and by delaying the

introduction of certain language features until the novice
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had progressed to a given point. Syntactic simplicity

was increased by arranging that whenever a student typed
the IF part of a conditional, the system would issue
prompts for both the THEN and the ELSE part. Sime et al
[sime, Arblaster and Green 1977] has shown that this is

a successful method of reducing errors in conditionals.

The visibility of the language is enhanced by presenting
database items at the terminal in a form that both suggests
the meaning of the item and is in agreement with the teach-
ing material.

The second language is a microprocessor based assembly
language. The system (based on the Intel 8049) provides
only ten instructions: LOAD, STORE, ADD, DECREMENT, JUMP,
JumP IF ZERO, INPUT, OUTPUT, CALL and EXCLUSIVE OR. The
system also contains a number of predefined subroutines
that can be called by the user's program and whose instruc-
tions can be examined although the code for the interpreter
itself is inaccessible. These subroutines illustrate the
idea of program modularitye. The functional simplicity of
the notional machine is achieved at the expense of having a
complicated program interpreting the user's key presses.
The facility to examine the code of the subroutines is one
step towards language visibility although it is accepted
that visibility could be improved. Despite these
restrictions, the work is important since it allows the
user to be introduced to a wide range of computing ideas
including planning, coding, running and debugging programs
and flow of control.

The third programming language developed for novices is

ELOGO. This is a procedural, interactive language with
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facilities for drawing using a turtle and for symbol
manipulation using integers, words and lists as data
types [McArthur 1974] . A user's initial introduction
to programming is via a buttonbox and a turtle, where
each button represents an instruction. Thus labels on
a button correspond to what the novice must type when a
teletype is used. This simple notional machine implied
by the button box and the turtle provides a foundation to
build the user's understanding of the complete ELOGO
system implemented on the mainframe. The main task for
the system's users is the interactive definition, testing
and debugging of procedures., A novice decomposes a
complex task into simpler sub-tasks which may also need
further decomposition. Because the basic programming
unit is the procedure, the notional machine is functionally
simple. In an effort to increase language visibility
hidden actions such as storing a procedure are concluded
with a written comment from the system.

Languages such as those described above are important
for two reasons:

a) they allow the novice to start writing and running
programs very quickly, which helps to sustain
interest; and

b) they embody facilities for making certain of the
actions of the notional machine open to view.

In terms of the research described in this thesis, the
first of these reasons was a primary consideration in

choosing an appropriate program design language.



3. THE FRAMEWCRK FOR ANALYSING PROGRAM DESIGNS

g General Points

This chapter details a method of analysing a program
design referred to as the Framework for Analysing Program
Designs (or FAPD). FAPD views analysis as the translation
of a program design into a series of assertions which
represent how the design could be implemented in a
particular programming language. These assertions are
then used to produce a coded version of the design together
with any comments concerning its implementation. Broadly
speaking, the process of analysis is viewed as comprising
four distinct phases:

a) pre-semantic analysis which converts a program
design into a form acceptable to the semantic
analyser;

b) semantic analysis which analyses statements often
found within a program design in terms of the
particular programming language in which the
design will be implemented;

c) generation of comments which uses the assertions
produced through semantic analysis to derive the
implications of implementing the design in code.

At this stage these comments are also represented
by a series of assertions; and

d) code generation which uses the results of the
previous two phases to produce a program in the
target language together with any comments
concerning its implementation in this form.

FAPD is directed towards analysing and commenting
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upon the kind of program design produced using a
methodology similar to the one taught to first year
computer science students at the University of Aston

(see section 1.3). At the time research commenced the
primary programming language taught to these students was
ALGOL 68, Consequently this language was chosen as the
target language for this study. The system described in
this thesis analyses a program design by converting it
into an ALGOL 68C program together with any comments
considered pertinent. For this reason examples of coded
statements used in the remainder of this chapter will be
written in ALGOL 68C.

In this respect we can say that the system is an
implementation of FAPD. Since first year students are
now taught the same method of program design but use
PASCAL as the target language, FAPD could also be
implemented within a system which analyses a program
design in terms of the target language PASCAL. In general
FAPD is limited more by the format of the program design
than by the choice of programming language. This chapter
discusses FAPD within the context of the system and atten-
tion will be drawn to those aspects which are dependent on
the choice of implementation.

3.2 Pre=Semantic Analysis

JeZels Intraoduction

The first phase of the analysis process has been
termed pre-semantic analysis. This phase is responsible
for converting the design into a form acceptable to the

semantic analyser. It consists of two processes, the
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first of which undertakes lexical and syntax analysis in
order to determine whether or not the design conforms to

a pre-defined syntax (referred to as the "grammar of a
Program design"). Successful analysis means the design
can be (partially) analysed, but failure means it contains
Programming language constructs and/or design statements
which are outside the scope of FAPD, The second process
amends the syntax tree which has been produced by the first
process. This amendment involves eliminating any insigni=-
ficant words and converting the syntax tree into a series
of structures. The result of this second process is
referred to as an "amended syntax tree" and represents the
data on which the semantic analyser operates.

Throughout this section examples of syntax trees and
amended syntax trees have been illustrated in a format
more helpful to the discussion than the actual format
produced by the system., This latter format is often a
LISP list structure, examples of which are contained in
Appendix A. It should also be noted that all design
statements used in this chapter are shown using upper-case
characters., This is because the system described in
Chapters 4, 5 and 6 requires a program design to be
inputted using this format.

3e2.2 Lexical and Syntax Analysis

342.2.1 Function of Syntax Analysis

Any system which understands natural language must be
limited by the number of words contained in the vocabulary
of that system. Similarly FAPD can only analyse those

examples which use the set of programming language constructs
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which have been considered for inclusion. Thus FAPD is
limited both by the size of its vocabulary and by the
number of target language constructs that have been con-
sidered. However, there is an additional difficulty in
analysing a program design. This arises because of the
unlimited number of variable names that can be used and
which must be recognised by the system if a complete
analysis is to be accomplished. Because of this a
method of keyword analysis such as that used by ELIZA
[weizenbaum 1966, Weizenbaum 1967] is inappropriate to
this research. Simply noting variable names when they
are declared is also not possible in this case, since
program designs do not generally contain variable
declarations.

The recognition of variable names could be simplified
by defining a list of names which a programmer must use.
However, this approach is rejected as too restrictive.
Since meaningful variable names are an important feature
of quality software, a programmer should not be constrained
to a list of variable names which may prove inappropriate
for a particular application. The method adopted in this
study is to define a syntax to which design statements must
adhere. This syntax defines where identifiers are allowed
and in so doing it gives FAPD a criterion for determining
which of the unrecognised words are possible variable names.
Although this approach obviously imposes some limitations on
the variety of statements which can be accepted, it is

hoped these limitations are not too restrictive.




3.242.2 Scope of the Syntax

Although this research has concentrated on analysing
program designs similar to that shown in diagram 5 (see
section l1.2), considerable variations in program design
may exist in practice. Whereas diagram S contains design
statements such as:

INITIALISE FIVEPOUNDS TO O (3.1) and

READ THE NEXT NUMBER INTO WAGE (3.2)
the author has noticed examples where other variations
such as:

FIVEPOUNDS €O (3:3)

READ THE NEXT NUMBER (AND CALL IT WAGE) (3.4)
are used. The observed form of a program design is often
a combination of personal trait and teaching method. Also
the distinction between design statements and code is often
less marked when the programmer has experience of a parti-
cular programming language. In this respect a design
statement such as:

WHILE I IS LESS THAN N (3.5)

DO one or more design statements 00 (3.6)
may sometimes be written as:

WHILE I <N (3.7)

D0 one or more design statements 0D (3.8)

The variety of statements which FAPD aims to encompass
should not be unduly restricted. However in order to
undertake syntax analysis it is necessary to define the
kinds of statements that should be included. Consequently
it was decided to concentrate on defining the syntax of
statements such as (3.1), (3.2) and (3.5) rather than

F3ad); 13:4) 08 (347 )s By doing so it can be stated
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clearly that a program design should not contain operators
such as " <" or symbols such as parentheses. Since target
language constructs such as " <" are also prohibited, this
means that the only features of a programming language a
programmer need know are those used to denote selection and
repetition of actions. In a system which uses ALGOL 68C
as the target language, selection and repetition are
denoted by the constructs IF-THEN-ELSE=-FI and WHILE-DO-0D
respectively.,

The syntactic format of a program design, which FAPD
is capable of analysing is expressed formally as a meta-
language (see Appendix B). Program designs not adhering
to this format are rejected before they are passed to the
semantic analysis routines. Hence the syntax adopted
imposes one of the main limitations on the scope of FAPD.

3e24203 Definition of Recognised Words

Many of the statements within the type of program
design under consideration are in an imperative form.
Statements (3.1) and (3.2) are typical of this form since
they use the verbs INITIALISE and READ in an imperative
context. Because a sentence which uses INITIALISE in
this manner will normally be coded into an assignment
statement, INITIALISE has been defined within FAPD as an
"assignment command word". Other imperatives which are
defined as assignment command words include ASSIGN,
INCREMENT and SET. Similarly, imperatives may be defined
as arithmetic command words, read command words and print
command words since they indicate that the design state-
ments in which they are used are normally coded as arith-

metic expressions and read and print statements respectively.
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Any word that is to be recognised must be entered
into a dictionary. Each entry is of the following form:

[(word > <list of one or more definitions >] (3.9)
where a word unless it is one of the reserved words such as
IF, WHILE or D0 for example, must be described in terms of
one or more of the nineteen different definitions on which
the syntax is based. Hence, the imperative form of a
verb, such as INITIALISE, can be defined as:

[INITIALISE assignment command word ] (3.10)

Within an imperative statement considerable attention must
also be given to prepositions. If we consider the
design statement:

ADD A TO B (Sedl)
the preposition TO is of special significance since in
this instance, it separates the two arguments A and B
relating to the arithmetic command word ADD. Consequently
it is defined in the dictionary as a separator.

Prepositions are important words in the process of
program design analysis, not only for this reason, but

also because they can be used to derive the meaning of a

design statement. For instance the different meanings of:
DIVIDE A B8Y B8 (3.12) and
DIVIDE A INTO B (3.13)

derives purely from the different prepositions used. The
same preposition can also be used for more than one
imperative, as in:

ADD A TO B AND ASSIGN THE RESULT TO ANS (3.14)
where TO denotes the effect and destination of the verbs
ADD and ASSIGWN respectively. In this example each

occurrence of the preposition is used in connection with
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the verb immediately preceding it. Conversely a
preposition may not be compatible with a particular verb.
For instance in statement (3.12) the preposition BY could
not be replaced with the preposition TO. In terms of the
dictionary definitions used by FAPD, TO is determined to
act as a separator for ADD and ASSIGN but not for DIVIDE.
The dictionary definition for the word BY will now appear as:

[BY (separator (INCREASE DECREASE DIVIDE

INCREMENT DECREMENT NULTIPLY))] (3.15)
which denotes that BY can be used as a separator for any
of the verbs INCREASE, DECREASE, DIVIDE, INCREMENT,
DECREMENT and MULTIPLY.

A third form of dictionary entry is where a word can
have multiple definitions, only one of which is applicable
in any given statement. Each definition may be a single
item as in (3.10) or an item containing some additional
information as in (3.15). The possibility of multiple
definitions can be illustrated by comparing the use of SUM
in the following two statements:

Sum A AND B (3.16) and

DIVIDE THE Sum BY 2 (3417)
Statement (3.16) specifies the arithmetic operation which
has to be undertaken. However, if a design contains
(3.16) followed immediately by statement (3.17) we can
surmise the latter use of SUM refers to the arithmetic
expression in the previous line. In this respect SUM
can be used as either a verb, which means it must be
defined within the dictionary as an assignment command

word, Or as a noun. In the latter case it refers to

the result of the preceding arithmetic expression and
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hence it is defined within FAPD's dictionary as a
reference. As a result the dictionary entry for SUM is:

[Sum reference assignment command word ] (3.18)
This use of the term reference means that the word can
be used to reference objects previously defined. Hence
pronouns such as IT and THEM would also fall into this
category.

The fourth and final type of dictionary entry is that
used for reserved words such as IF and WHILE, A typical
definition of a reserved word is:

[1F IF] (3.19)
where the fact that the word and its definition are
identical is used to indicate the occurrence of a reserved
word.

This section has shown how words are defined by
referring to four examples of entries in the dictionary -
(3:ll)s (3:15); (35:18) and (3:19), Although only seven
definitions have been considered in this section, other
definitions include "adjective" for words such as NEXT and
FIRST, "article" for AN and THE and "constant" for a
numerical word such as ONE, Tw0O, or THREE. A comprehensive
list of all words recognised by the system together with
their definitions appears in Appendix B.

3e2e244 The Syntax of a Program Oesign

The previous section stated that many of the state-
ments within the type of program design being considered,
display a similarity to the imperative form of a sentence.
Consequently, a statement such as:

INITIALISE FIVEPOUNDS TO O (3.20)
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can be described by the basic format:
< cammand word> <arguments > (3s21)

In this case INITIALISE is the command word and FIVEPOUNDS
and U are both argquments. The previous section pointed
out that the command word of a statement gives some indica-
tion of how that statement can be implemented in code.
For this reason (3.20) is defined as an "assignment design
statement". Because the syntax of a design statement is
based on the imperative form of a sentence FAPD defines
read, print and arithmetic design statements as those
statements which commence with a read command word, print
command word and arithmetic command word respectively.

This research is concerned with analysing only those
program designs which can be implemented in a programming
language using loops, conditionals, assignment, read and
print statements. Hence in terms of the syntactic
definitions used by FAPD, a program design must consist of
these statements written in their design form together with
arithmetic design statements. The reasons for including
the latter syntactic unit will now be elaborated.

Within a program it is usually the case that the

result of an arithmetic expression will be used by another

statement. In the following example:
INPUT THREE NUMBERS (3.22)
ADD THEM TOGETHER (3:.28)
PRINT THE RESULT (3.24)

the arithmetic expression in line (3.23) can only be
incorporated into the PRINT statement once the meaning

of RESULT has been determined. Consequently the design
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must be nassed as syntactically correct in order for the
semantic analyser to combine lines (73.23) and (3.24) into
a sinale statement. Hence the arammar of a nrogram
desiagn must allow an arithmetic design statement to be
used in the manner illustrated above.

This apnroach to syntax analysis allows an initial
iudaement to be made on whether or not a desian will
result in a svntactically correct nrogram. Thus anv
program design which contains a proaramming lanaquaage
construct such as a loop or a conditional in an incorrect
format would be analysed as svntactically incorrect.
Although a program design comprisina of statements (3,22,
(3.23) and (3.24) annears valid the correctness of each
individual statement cannot be determined at this stage.
For instance, the validity of statement (3.23) can only
be determined when the meaninag of the pronoun THEM is
derived. Conseouently the checking of individual state-
ments must be left until the semantic analysis phase has
derived the meanings of arguments such as THREE NIMRERS,
THEM and RESIILT.

This section has illustrated how the syntactic
definition of a program design has been derived. Recause
of the method used for analysina a proaram desian (see
section 1.4) the syntax is defined in terms of the
nprogramming language statements used in its imnplementation.
Now that the syntax of a program design has been discussed

we can consider the syntax of individual desian statements.
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This is outlined in section 3.3.2.6 which traces how an
assignment design statement is checked for syntactic
correctness.

e T lLexical Analvsis

The primary operation within the first phase of the
analysis is undertaken by the scanner. This is responsible
for reading in a program design and performina lexical
analysis, The scanner searches the dictionary for each
word and if found forms the appropriate token. Tf a word
has a single definition then the token appears as:

DPference (RESUUTU (3.25)
indicating that RESULT is defined within the dictionary
as a reference. Alternatively a word can have multiple
definitions in which case its token has a form similar
to the following:

[%djective (POSITIVE) (adjective referpnce]J (3.26)
which indicates that the word POSITIVE is used as an
adjective within the current context. However in case
this is incorrect a list of the alternative definitions
of POSTTIVE is appended onto the end of the token. Any
unrecognised words are given one of two definitions. TIf
the word is a digital representation of a number (.e. 1, 2
rather than ONE, TWO) it is defined as a constant, other-
wise it is assumed to be a user defined variable name.

The token stream for the following statement:

SET A AND B BOTH TO 1 (3.27)

is of the following form:
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[ﬁssinnmont command word (SRTﬂ (3.28)

[article (A)] (3.20)
[bnniunction {Axrn] (3.30)
[variable name IR\] (3.31)
[variable name {P.m'm)] [35:82)

[( separator (ADD ASSIGN INITIALTSE SET UPDATE))
(TO) [fsenarator (ADD ASSIGN INITIALISE SET
UPDATE)) boolword-3] ] (3.33)
[Eonstant (1)J (3.34)
which shows that SET, A, AND, TO and 1 are all recoanised
words whereas B and BOTH are not. The syntax analyser,
described in the following section, is entered when all
the words in the program design have been described in
terms of the basic syntactic units.

3.2.2.6 Svntax Analysis

Syntax analysis is responsible for recognisina the
syntactic structure of the tokens delivered by the
scanner. Tt checks the structure for correctness and
if valid it produces a parsed representation of the
program desian in the form of a syntax tree. Tf the
structure is incorrect, an error is reported. The
method of syntax analysis used for a nrogram design
relies heavily on backtracking since there is a freauent
need to parse a word with multiple definitions. Indeed,
since a programmer can use any recoanised (but not
reserved) word as a variable name, this means most words

can have at least two definitions., For instance A can
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be used as the indefinite article as shown by the
following statement:

INPUT A VALUE INTO X {3:35)
or as the previous section illustrated, a programmer
could use A as a variable, viz:

SET A AND B BOTH TO 1 (3.38)

Let us consider how FAPD's approach to syntax analysis
uses the grammar of a program design and a backtracking
mechanism in order to successfully parse (3:368), by re-
defining A as a variable name and BOTH as a word that can
be ignored. The syntactic format of a program design is
specified by a grammar (see Appendix B3 The grammar
contains a set of rules which can be described concisely in

a meta-language called Backus Naur Form (BNF). The
grammar of an assignment design statement is defined in
modified BNF as:

<assignment design statement > ::= < assignment

command word > <arguments >

[(separatnr) <separated arguments>

{<cunjunction> <separated arguments > |

<separator > <separated arguments>)}] (3.37)
As parsing continues from left to right SET will be
successfully parsed as the <assignment command word> and
the grammar relating to <arguments> allows A to be parsed
as an article. An article could be used in this position
for statements such as (3.35) and:

SET A COUNTER TO O (3.38)

However this approach to the parsing of statement (3.36)
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is halted once AND is encountered since the definition of
<argumentis> does not allow a conjunction to immediately
follow an article.

At this point the backtracking mechanism is invoked
in order to find an alternative parsing. Because the
current focus of attention is the definition of
<arguments > , the backtracking mechanism will be confined
initially to those tokens successfully parsed within this
part of the grammar. If no alternative is found, then
backtrackina is resumed higher up the tree. The only
token successfully parsed accordina to the definition of
Carguments) 1is that relating to A. Consequently the
token for A is changed from:

[article (a)] (3.39)
to [?ariable name (A) (variable name) articlé] (3.40)
and parsing according to this new definition is attempted.
If the token had been changed to:

[bariable name (A) (variable name article)} (3.41)
then the syntax analyser would have parsed it continually
as an article, since it looks at all possible definitions,
denoted by the list containina variable and article,
rather than confining attention to the current definition,
which is variable name. The form of definition (3.40)
forces A to be parsed as a variable name. At this stage
statement (3.36) has only one token that can be redefined.
However if there had been more then all possible alter-

natives would have been tried before reportinag failure.
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This new definition of A together with the existing
definitions of AND and B are now successfully parsed
according to the definition of <arguments> .

The grammar of (3.37) states that the next token in
the token stream should be a separator. However the
next token in the stream is:

[vari_ahle- name (r%r“m‘{)] (3.42)
which indicates that BOTH is an unrecognised word. Since
its definition is inconsistent with the current context
and because it is an unrecoanised word it can be
discarded for the moment. Consecquently token (3.42)
is altered to:

[ignorabl? word (BOTH)] (3.43)
before it is added to the tree. It is important to
note that it is not discarded entirely but is retained
and may be redefined as a variable name during a future
back-up.

Successful parsing of SET A AND B is sufficient
evidence of an assignment desian statement since (3.37)
indicates anything else is optional, The grammar of an
assignment design statement has been defined in this way

in order to encombass statements such as:

INTTTALISE 4] (3.44)
where no senarator or second arqument appears. Tn
statement (73.36) the next token is a separator. n

order to continue parsing in this part of the tree, we
must be able to connect the senarator TN with the

precedina command word. The token's additional
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information indicates this is allowed and consequently
parsing continues after abbreviating the token by
changing it from:
[(SPnarator (ANDND ASSTGN INTTTALTSE SET UPDATE)) (TN)
[(sonarator (ADD ASSIGN TNTTTALTSE SET UPDATE))
boolword-i]] (3.45)
to [(spnarator (SETY)  {T0) [(Spnarator (SET))
boolword-3] ] (3.46)
After successfully parsing the remainina token, the
syntax tree for (3.36) is complete and is shown in
diagram 6. Once the statement has been parsed success-
fully, syntax analysis is complete and the second nrocess
within the phase of pre-semantic analysis can be entered.

3.2.3 Preparation for Semantic Analysis

Now that the proaram design has been narsed, the
second phase of pre-semantic analysis can be entered. The
prime function of this phase is to convert the syntax

tree into a series of structures which the semantic

analyser can recoanise. This series is referred to as
an "amended syntax tree". The syntax trees produced for:
SET A AND B ROTH TN 1 (32.47)

INTTTALISE SUM TG 3 AND (COINTER ‘TOY 0O (3.48)

INITIALTSE THE FIRST TWw» ELEMENTS OF

THE ARRAY (3.40)
are not identical. The semantic analyser however,
requires that all statements which are implemented usina

the same target language construct should have a similar
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representation. Consequently because statements (3.47),
(3.48) and (3.49) will all be implemented as assignment
statements they will have the same structure. A structure
is used to represent common elements within a program
design. FAPD proposes a set of structures, some of which
are derived from the syntactic format of a design, and
some of which have been specifically developed to aid
semantic analysis. Preparation for semantic analysis is
concerned solely with producing the former of these.

The general form of a structure is defined as:

[<name of structure> <one or more structure

fields>] (3.50)

A typical structure is:

[#ASS <assignment command word> ARGUMENT

<separator> ARGUMENT] (3.51)
which is that used for the representation of an
assignment design statement. Thus the syntax trees
for statements such as (3.47), (3.48) and (3.49) can all
be represented by the structure shown above. This has
been given the structure name #ASS and contains four
structure fields. Diagram 7 shows design statement
(3.36) together with its syntax and amended syntax trees.
The amended tree shows how SET and TO have been entered
into the appropriate fields and how ARGUMENT is used to
denote a general field which can be filled with other
structures.

In order to produce this amended form we need to

know how to treat each non-terminal of the grammar.
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Within the syntax tree all non-terminals are shown in
angled brackets. "t the lowest level of the tree,
non-terminals such as assignment command word, variable
name, conjunction, separator and constant are merely the
dictionary definitions of SET, A and B, AND, TO and 1
respectively. At a higher level non-terminals such as
assianment design statement and arguments are shown to
comprise a series of other non-terminals. The way in
which a non-terminal is treated is derived from its
semantic definition.

A non-terminal which is comprised of other non-
terminals is semantically defined in one of two wavs:

a) it can be defined as a structure with multiple
fields. Thus structure (3.51) is the definition of
an assignment design statement and denotes how each
of the non-terminals, assignment command word,
arguments, separator and constant, shown in
diagram 7 are to be treated; or

b) it may be defined as a non-terminal that can be
ignored. This is used for an element of the
grammar such as <{arguments)> which does not
require its own structure because it is further
defined in terms of other non-terminals. Tn
diagram 7,<{arguments) is analysed as a series of
two structures relating to the variables A and R,

A non-terminal which is a dictionary definition is

defined in one of three ways:

84



a) it can be defined as a structure with a single
field. Thus variable name and constant
are defined as the classes:

[#VAR WORD] (3.52) and

[#consT  WORD] respectively (3.53)
Diagram 7 shows how the WORDs A, B and 1 have
been entered into these classes;

b) a second possibility is when a dictionary
definition is defined as a field within a structure.
Two examples of this are <assignment command word>
and <separator > which are two fields within
structure {3.51). In the amended tree these are
filled by SET and TO respectively;

c) words which do not make a significant contribution
to the semantic context of a sentence can be
eliminated. Thus AND and BOTH in statement (3.36)
are discarded before the semantic analyser is
entered. In this respect we can say that any
words which are defined within FAPD as either
<ignorable word > or <conjunction> can be eliminated.

Appendix B shows how each non-terminal of the grammar is
semantically defined into one of the five classes
described above.

This section has based its discussion on the
analysis of a single statement. In practice however, a
typical program design consists of loop and conditional
constructs along with read, print, assignment and

arithmetic design statements. Consegquently the amended



syntax tree of a complete desian should contain structures
to denote these constructs. The production of an amended
tree marks the end of pre-semantic analysis and the desian
is now in a form suitable for semantic analysis.

3.3 Semantic Analveis

3.3.1 Function of Semantic Analvsis

The primary function of semantic analysis is to
build a series of assertions which represents a coded
form of the program design. Tts secondary function is
to initiate the processes which detect any implications
of forminag this representation. These nrocesses run in
parallel with the semantic analyser, although anv
implications are noted as a side effect and do not
influence anv of the semantic routines. The nrevious
section outlined a set of general structures used for
recoagnisinag design statements. Semantic analysis is
based on the recoanition of specific instances of each
ageneral structure. The general structure for assignment
design statements was shown to be:

E#A%S {assignment command word) ARGUMENT

(semaratord ARGUMENT] (3.54)
and two instances of this general structure are:

[#Ass ASSIGN  <first arqument> T0  <second

arqumpnt>] (3.55)

[ﬁ:nc:c; INTTTALTSE <first argumentd TO

{second arqumpnt)] (3.56)

Attached to each structure is a procedure which

translates its structure into a particular proarammina
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language., Consequently if ALGOL 68C is the target
language then the procedure attached to (3.55) will
produce an assertion which denotes the following
assignment statement:

(second arqument) := <?irst argument)(3.57)
Conversely the procedure attached to (3.56) will produce
an assertion which denotes the statement has been
analysed as havina the following implementation:

<first argument) := <{second argument) (3.58)
Recause (3.55) and (3.56) have the same structure name
(i.e. #ASS) they are defined as both belonging to the
same class. Conseauently the procedures attached to
each of these structures are referred to as class
instances.

The results nroduced by each class instance are
determined, to some extent, by the choice of target
language. For examnle, if ALGOL 68R is the target
language, then the class instance which recognises
the statement:

READ TEN NUMBERS INTO AN ARRAY (3.59)
implements this by using a single READ statement in
the following manner:

READ (ARRO1) (3.60)
where ARRO1 is the name of the arravy. Alternatively
i1f PASCAL is the nrogramming lanquage then the same
class instance would produce the followina implementation:

FOR T:= 1 TO 10 DO READ (ARROL [1]); (3.61)

Thus chanages in the taraet lanauage will require that the
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class instances be re-=programmed. However in order to
keep alterations of this kind to a minimum, a method of
representing a program, irrespective of the target
language, has been devised (see section 30322 By
doing this the only class instances that need to be
re-programmed are those for which the target language
uses different constructs. If the target language is
changed from ALGOL 68C to LISP, say, then class instances
relating to structures (3.55) and (3.56) can be left
unaltered since they are implemented as assignment
statements in both languages.

At this stage it is important to note that class
instances of the type discussed above are incapable of
determining the implications, if any, of their results.
For example the class instance which recognises statements
containing the word INITIALISE cannot differentiate
between the following two statements:

INITISLISE - 4 - ‘7O 4 (3.62)

INITIALISE 4 TO0 1 (3.63)
Consequently there is no guarantee that the program
produced by analysing a program design will be free of
compilation errors. It is felt that the detection of
such errors is the responsibility of a compiler and
therefore need not be duplicated within FAPD.

This section has given an outline of the aims of
semantic analysis and section 3.3.2 now describes the
method used for representing the coded version of a
program design. This is described in preparation for
section 3.3.3 which gives a more detailed account of

how a design statement is converted into its coded form.
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P Representation of a Program

An objective in developing FAPD was to make it, as
far as possible, independent of the choice of programming
language. Consequently, as long as the same method of
program design is used, FAPD should be applicable to
examples that are eventually coded into different
programming languages, such as PASCAL or ALGOL 68C. In
order to achieve this objective, a method of representing
a program has been devised which is independent of the
target language. This representation is called an
assertion language.

FAPD is limited to those examples which, when
implemented in a target language, can be represented by
FAPD's assertion language. The assertion language has
been developed in order to represent the following
features of a programming language:

a) loops of the WHILE rather than the FOR variety;

b) conditionals of the IF = THEN = ELSE variety;

c) assignment statements;

d) read statements;

e) print statements;

f) boolean expressions;

g) arithmetic expressions;

h) variables;

i) numerical values; and

j) arrays and array elements
Any program design which does not use a combination of
these ten features is beyond the scope of FAFD. From
the discussion in section 3.2.2.2 it follows that the
main limitations on the variety of examples which can
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be analysed are the grammar of a program design together
with FAPD's assertion language. At this stage it is
important to note that any design which uses loops of the
FOR variety or special selection statements such as the
CASE construct or references to sub-procedures cannot be
analysed and will not be processed by the semantic
analyser.

In order to represent the ten language features
listed above, seventeen different forms of an assertion
have been developed. The general form of any assertion
is defined as:

[(type of assertion> <one or more assertion fields >

<assertion name>] (3.64)

The <type of assertion> gives some indication of the
kind of information contained in the assertion fields.
Typical of these are #VAR, #CONST and #COND used to
denote assertions containing variable names, numerical
values and conditional statements respectively. An
assertion field can contain either a string of alpha-
numeric characters or a bracketed list of one or more
<assertion name>s. Diagram 8 illustrates a program
design together with the ten assertions which the semantic
analysis routines would use for this particular example.

Because of the hierarchical nature of the assertion
language, assertion (ASl) is referred to as the top-most
assertion and hence an <assertion name > is not required.
It has a single field indicating the design has been
analysed as consisting of the read, assignment and print

statements, which are represented by assertions (AS2),
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The program design is as follows :

The

TNPUT THREE

NUMBERS

ADD THEM TOGETHER AND ASSIGN THE RESULT TO ANSWER
PRINT THE VALUE OF ANSWER

assertions to represent this program design are :

(AS1)
(AS2)
(AS3)
(AS4)
(ASS5)
(AS6)
(AS7)
(AS8)
(AS9)

(AS10

EH:I’)F,STGN (RD1 A1 pP1)]

[HREAD
[#Ass
[HEXPR
[HEXPR
[#PRINT
[#var
Bvar
[#vAR

) [#var

(Vi vz  v3) Rrni
(v4) (E1)  A1]
& (vay  (E2)  Ei]

+  (v2) (v3) E2]

(va)  pi]
NILL V1]
NILL v2]
NILL V3]

ANSWER V4]

Niagram B8

An_ Example of the Results Produced by the

Semantic Analysis Routines
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(AS3) and (AS6) respectively. Assertions (AS4) and
(ASS5) are the results of analysing the statement ADD THEM
TOGETHER These show than an #EXPRession assertion has
three fields, the first of which contains a dyadic arith-
metic operator. The operator's arquments are contained
in the remaining two fields, which for a correctly formed
expression should contain the <assertion name > of either
a #CONSTant, #VARiable, array #ELEMENT or an arithmetic
#EXPRession assertion.

It is important to notice that the assertions do not
contain any information concerning the coding details of
a particular lanquage, for example the exact placement of
semi-colons or the form of variable declaration statements.
Also the assertions are sufficiently general to denote
statements in more than one language. For instance (AS3)
and its related assertions can be used to represent either
the ALGOL 68 statement:

ANSWER := IDROl1 + IDRO2 + IDRO3 (3.65)

or even the LISP statement:

(SETQ ANSWER (PLUS IDRO1 IDR0O2 1IDRD3)) (3.66)
The responsibility of converting it into either of these
forms can be left until the code generation phase (see
section 3.5). Assertions (AS7), (AS8) and (AS9) show
that the variables relating to the THREE NUMBERS have
been given default names of NILL. Since the semantic
analyser uses an <assertion name > rather than an actual
name in order to build the assertions, the task of
generating suitable identifier names such as IDROl, IDRO2

and IDRD3 can also be delegated to the phase of code
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generatione. Further details of the assertion language
can be found in Appendix B which contains a formal defini-
tion of the language showing how it can be used to
represent a coded version of a program design.

34343 Analysis of a Design Statement

In this section we consider how semantic analysis
converts the results of pre-semantic analysis into a
series of assertionse. Semantic analysis will be
discussed by referring to the processes involved in
analysing the following design statement:

INPUT TEN NUMBERS INTO AN ARRAY (3.67)

Six class instances are used to produce the assertions
which represent this statement's implementation in
ALGOL 68C.

Diagram S shows modified forms of the syntax and
amended syntax trees relating to statement (3.67) which,
for it to be analysed, needs a class instance for each of
the four structures labelled (Cl), (C2), (C3) and (C4).
For ease of discussion, this section will refer to the
different class instances by using these labels., The
amended syntax tree is analysed in a depth first, left
to right manner and hence class instance (Cl) is the
first to be considered. This class instance is used to
recognise any design statement containing the read command
word INPUT and to produce the appropriate assertion(s)
which, in this case, is an ALGOL 68C READ statement. The
first operation involves analysing the left hand argument
by searching for class instance (C2). A search is then

made for class instance (C4). If the search is successful,

then the results of these two instances are considered
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together within the overall context of a read design
statement.

Class instance (C2) is concerned with typical
phrases likely to be found within design statements such
as TwWO NUMBERS and FOUR VALUES for example. The first
operation of (C2) like that of (Cl) involves deriving
the meaning of the arguments within the current context.
This is achieved by calling class instance (C3) in order
to derive the meaning of NUMBERS. Within the scope of
FAPD, NUMBERS must refer to a set of numerical values
and in terms of FAPD's programming knowledge, a value
can be stored in either an array element or a variable.
Hence the first attempt at analysis assumes the programmer
has used NUMBERS as a reference to a set of variables, the
size of that set being undefined. In terms of the asser-
tion language we can say that NUMBERS is analysed as
meaning (V1 V2 ... UN) where V1, V2, V3 etc are the

names of variable assertions with the following format:

[#Evar  nNILL vl ] (3.68)

[#var  wnILL  v2]) (3.69)
etc.

[#vAarR  NILL  un ] (3.70)

In general, any class instance attempts to convert its
structure into the appropriate assertions, the names of
which represent the results of its analysis. However
before leaving class instance (C3) it is necessary to
record how NUMBERS has been analysed. This is necessary
in case the word is used again within the same design.

For instance if a design contained statement (3.67)
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followed by:

ADD THE NUMBERS TOGETHER {3.71)
then NUMBERS obviously refers to the same variable names.
In order to detect this we link the assertions to the

design by making an intermediary assertion of the form:

[#REFV  NUMBER (VI V2 o6 uN)] (3472}
An intermediary assertion is defined to be an assertion
which either aids semantic analysis or the generation of
comments but which is not used by any subsequent phase
in the analysis. Consequently intermediary assertion
(3.72) is not required by the code generator in order to
print a coded version of design statements (3.67) or (3.71).
Statement (3.67) has been specifically chosen as an
example because it illustrates how any class instance
attempts to analyse how its structure can be implemented
in a programming language, even though the results of its
analysis are often revised when considered in a wider
context, Thus class instance (C2) can now revise the
list of variable assertion names from one of indeterminate
size to one comprising just ten names. As a side effect
intermediary assertion (3.72) is also amended to:
[#REFV NUMBER (V1 V2 ... Vv10)] (3.23)
and the list (V1 V2 ... V10) now represents the results
of analysing the left hand argument of class instance (Cl).
Class instance (Cl) now attempts to analyse the right
hand argument and search for a class instance which recog=-
Aises the word ARRAY. (C4) is found and an array asser-
tion of the following form is made:
[#ARRAY nNILL (LB1l) (uBl) Al] (3.74)

where NILL is the default name of an array and (LBl) and
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(UBl) are the names of assertions which contain the values
of the array's lower and upper bounds respectively. At
this stage we have no criterion for determining these values
and hence they are assigned default values of 1 and N
respectively. These values are represented by the
following assertions:

[#LwB 1 LB1] (3.75)
[#uPrB N usl ] (3.76)

So far, analysis has used four class instances, all of
which are based on the structures formulated by pre-
semantic analysis. However semantic analysis often needs
to use a series of additional class instances in order to
complete its operation. A comprehensive list of all
structures defined by FAPD is contained in Appendix C.

For the statement under discussion, two additional class
instances are reguired. The first of these has the format:

[#RDARGS <first argument > <second argument>] (3.77)
and it is invoked whenever the first argument of a read
design statement is analysed as a list of variable asser-
tion names and when the second argument is analysed as the
name of an array assertion.

In terms of statement (3.67) this class instance
will perform three operations:

a) Now that the number of values which are to be read
in has been determined, the upper bound of the array
can be re~defined. Consequently the array is
re-defined as one of ten elements by altering
assertion (3.76) to:

[#urB 10 usl ] (3.78)
b) Each of the variable assertions V1 to V10U can be

87



erased and as a result the intermediary assertion
(3.73) is altered to:
[#REFV  NUMBER  (AL) ] (3.79)
which indicates that NUMBER now refers to an array
of ten elements. If the word is used within a
phrase such as FIRST NUMBER, this intermediary
assertion is used by a class instance to infer that
it means the first element of the array.
c) The following assertion is made which denotes a
series of values are to be read into an array:
[#READ (A1) RD1] (3.80)
The second of the additional class instances is called to
determine how an assertion such as this can be incorporated
into the results of analysing previous statements. It has
the following structure:
[DESIGN ARG <assertion names>] (3.81)
and is invoked whenever its argument is the name of a
#READ assertion. This class instance makes the appro-
priate loop and assignment assertions that are necessary
when reading values into an array using the programming
language ALGOL 68C.

Semantic analysis of statement (3.67) is now complete
and diagram 10 summarises the analysis by showing the
original design statement together with the results
produced by the six class instances. The ALGOL 68C code,
also shown, can be derived from knowing that the result of
analysing statement (3.67) is represented by a list of
just two assertion names - (AS1l LPl). This shows that
the design statement has been analysed as comprising an
assignment statement (AS1l), followed by a loop (LPl).
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[#Ass (V1) (1LR1) As1]

[#vAr  NTLIL V1]

[#1.000 (R1) (PN AG2) 1.71]
[(#ROOLOP <= (V1) (11R1) R1]
[#RFEAD (F1.1) RN ]

[#ELEMENT (A1) (V1) EL1]
[#Aas (V1) (E1) \52]

fexeR + . vy (@) B
[#coNsST 1 1]

[#ARRAY  NTLL  (LR1)  (URl1)  A1]
[#1.wR 1 LR1]

[(#UPR 10 uR1]

[#REFV  NUMRER (A1)]

A coded form of the statement is

INDROY := 1 3
"WHITLE  TRROI <= 1D
PO READ  (ARRM  [TORN1] ) 'op

Niagram 10

The Assertions and Proaram Code Which Represent

the Statement "TNPUT TEN NIMBERS TNTO AN ARRAYY
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Because of the hierarchical nature of the assertion
language all other information needed to produce the code
can be obtained via each of these assertions.

Diadied Scope of Semantic Analysis

The phrase "program design analysis" is used through-
out this thesis to mean the conversion of a program design
into a series of assertions which represent a coded version
of that design. Consequently this research has aimed to
develop a series of class instances capable of implement-
ing a design in a programming language. The knowledge
contained within a class instance has been confined to
common programming techniques in much the same way that
knowledge is confined to the blocks world in Winograd's
system [Winograd 1972].

The kind of examples which FAPD aims to analyse are
those which require elementary programming skills in order
to be implemented. Hence a typical statement within such
a program design could be:

CALCULATE THE TOTAL OF THe VALUES
OF THE ELEMENTS OF THE ARRAY (3.82)
The implementation of this statement is important since it
demonstrates how a loop structure is often used to index
consecutive elements of an arraye. In terms of FAPD's
assertion language, statement (3.82) is represented by:
[#PRED  TOTAL  (Al) P1] (3.83)
[#ARRAY wnILL  (LBl) (uBl) Al] (3.84)
where assertion (3.83) is an intermediary assertion
denoting that the operation TOTAL is to be applied to

an arraye Thus statements such as:
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FIND THE AVERAGE OF THE ELEMENTS OF
THE ARRAY (3.85) and
FIND THE MAXIMUM VALUE OF A AND B AND C (3.86)
can also be represented by similar intermediary assertions
such as:
[#PRED  AVERAGE (Al) P2] (3.87) and
[#PRED  MmAXIMUM (vl v2 v3) P3 ] (3.88)
where (Al) is the assertion name of an array and V1, U2 and
V3 are assertion names relating to the variables A, B and C.
Hence, because statements (3.82), (3.85) and (3.86) can all
be represented in this manner they are considered to be
within the scope of FAPD's semantic analysis.

Generally speaking, a statement is within this scope
if all the information required for its implementation can
be derived from the following two sources:

a) from a class instance which is capable of translating

a common design statement or phrase into a target

langquage. Class instances for predicates such as

TOTAL, MAXIMUM and AVERAGE can also be developed since

the intuitive meaning of such words is sufficiently

explicit to allow their use in more than one design
exercise;
b) from the results of analysing previous statements in

a program design. Consider a program design which

contains a statement for finding the average value of

the elements of an array. In this situation the class
instance relating to the calculation of an average

must be able to determine if the design contains a

previous statement which calculated the total of the

values held in the array elements. If such a state-
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ment exists then the class instance must use the

results from analysing this previous statement in

order to implement the code for calculating the

average.

Conversely a statement is beyond the scope of semantic
analysis when some of the information required for its
implementation cannot be derived from either of these sources,
A statement typical of this is:

PROCESS DOATA FOR EMPLOYEE (3.89)
This was referred to in chapter 1 as a general statement
covering the various operations used to derive the number of
notes and coins a company cashier requires to pay out to an
employee on the company's payroll. However this statement
could also be found in a program design which uses the
number of hours worked by an employee, together with his
tax allowances etce. to calculate the total money earned by
that employee in any given week. In this respect the
meaning of statement (3.89) can only be derived from
knowing the domain of discourse or the context within
which the statement is made. This information is usually
contained in a problem specification and since FAPD makes
no use of the specification, then statements such as (3.89)
are considered to be beyond the scope of semantic analysis.

Ignorance of the program specification also means that
FAPD cannot determine if the design performs as intended.
However, since FAPD views the process of analysing a
program design as the translation of a program design into
code, some of the existing theories of program understanding
could be used to determine if the code(and hence the

design) agrees with the specification. Although state-
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ments such as (3.89) are beyond its scope, semantic
analysis should not be prevented from analysing other
statements within the same designe. Provided a statement,
which cannot be analysed is syntactically valid, it is
left unattended and attention is diverted to other state-
ments within the design. If this occurs the design is

said to be partially analysed.

3.4 Generation of Comments

Semantic analysis is concerned with building a series
of assertions which represent a coded form of the program
designe. As these assertions are constructed it also
initiates those processes which detect the implications
of forming this representation. This third phase in the
analysis process runs parallel to semantic analysis.
However any implications are noted only as a side effect
and are not used by the semantic routines. One of the
main objectives of this phase is to make comments about
those statements whose implementation contains a program
eI IOl Typical errors are statements which use a variable
without first initialising it and statements whose
implementation might lead to an array index being out of
bounds. These errors are noted and converted into the
appropriate English text during the code generation phase.
It is hoped that any comments are of a form which a
programmer would find useful.

Just as FAPD defines a set of classes for analysing
common elements within a program design, it also defines
a set of classes (outlined in full in Appendix C) for
detecting if the results of semantic analysis are erroneous.

Hence these classes are based on the structure of the
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assertions used to represent a coded version of the designe.
In this respect, certain errors in an assignment statement
are detected by having class instances which are called
whenever an assertion of the following form is made:
[#Ass ( < assignment argument 1>) (<assignment
argument 2>) < #ASS assertion name >] (3.90)
Other comments about assignment statements can only be
detected by considering an assertion of the form shown in
(3.90) within the context of previous lines. For this
reason comments about assignment statements are sometimes
generated by class instances of the following forms:
[DESIGN <assertion names > ] (3.81)
[LOOPBODY <assertion names>
< #L0O0OP assertion name > ] (3.92)
Class instances with a structure similar to (3.891) are
used to consider a particular line within the current
context of the program design. The current context in
this study is taken to mean the preceding design state-
ments. Similarly class instances with a structure
similar to (3.92) will be used whenever the current
statement is within a loopbodye.

For every comment made about an assignment statement
there must be class instances of these forms. Hence
whenever the semantic routines incorporate an assertion
into a program, all those class instances with the same
structure as (3.91) are invoked. If any class instance
detects an error then the appropriate information is

recorded in a comment assertion which has the following
general format:
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B#CUMN <comment number > < information>
<list of assertion names or a line number >
< assertion name > ] (3.93)
where < information> could be a variable's assertion name
or an unrecognised statement which is used by the code
generator to produce the appropriate English text and the
<list of assertion names or a line number > is used to
denote where in the coded version of the design, this
comment refers. All comments are initially represented
in this manner and <comment number > is an integer
reference number used to denote the various errors and
comments that can be detected and generated.
The results of analysing a statement such as:
SET A TO THE VALUE  OF B (3.94)

are represented by assertions such as

[#Ass (vl) (v2) ASl] (3.95)
[# var A V1] (3.96)
[# VAR B V2] (3.97)

Consequently we use a class instance with structure (3.91)
in order to check if all the variables used on the right
hand side of the statement (such as B in this example)
have been previously defined. Similarly we need a class
instance with structure (3.92) to detect the same error
for an assignment statement contained within a loop. If
the variable B had not been assigned a value then the
appropriate class instance would record that fact by
making the following assertion:

[Hcomm 8 (v2) (ASl) c1] (3.98)

This contains all the information the code generator needs
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to inform the programmer which variable (denoted by
assertion V2) has been incorrectly used and where
(denoted by assertion ASl).

In addition to detecting errors within individual
statements, it is also necessary to consider the results

obtained from analysing a statement, within the context of

previous results. For instance two statements such as:
OUTPUT THE Sum OF A AND B (3.89) and
ASSIGN THE RESULT TO ANSWER (3.100)

are analysed into the following print and assignment
statements, both of which are correct, but which together
form an inefficient piece of code:
PRINT (A + B); (3.101)
ANSWER := A + 8; (3.102)
The same operation can be achieved more efficiently by
ANSWER := (a2 8) 4 (3.103)
PRINT (ANSWER); (3.104)
Thus whenever an arithmetic design statement is met, a
class instance considers the expression produced in the
light of any similar expressions previously analysed.
Whenever statements such as (3.99) and (3.100) are found
this class instance detects that when the two results are
combined they display an unnecessary duplication of an
arithmetic expression, The information necessary for
making an appropriate comment is then recorded for later
use. This is achieved by making an assertion similar to:
{scomm 10 (e2) " (€1  €2) cz2] (3.105)
where £1 and E2 are the assertion names corresponding to

the arithmetic expressions in statement (3.101) and (3.102).

5o far the discussion has been concerned with comments
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involving erroneous statements, but comments can also be
made to show how various statements within the design have
been implemented. For example if the design contains a
statement such as:

OUTPUT THE VALUES OF THE ARRAY (3.1086)
then the fact that this is implemented in ALGOL 68C by
using a loop structure is noted using the same form of
comment assertion already discussed. A comment which
outlines how statements such as (3.106) can be converted
into a particular programming language are particularly
useful for programmers who still find the implementation
of such statements relatively difficult.

The results obtained from analysing a design are now
represented by a set of assertionse. Each assertion is
restricted to one of three forms which indicates where in
the analysis process they were produced:

a) an assertion may have been produced during semantic
analysis and consequently is used to represent a
coded version of the design;

b) alternatively it may have been produced by the phase
currently under discussion in which case it represents
a comment that will be made about the coded version
of the design;

c) a third type of assertion has been termed an
intermediary assertion. Assertions of this type are
produced by either the semantic routines or the
routines responsible for generating any comments.
However these routines use intermediary assertions

as a method of aiding their own analysis and
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consequently this category of assertions is
superfluous to code generation.
The task of printing the assertions, described in (a) and
(b), in a readable form is the responsibility of the
fourth, and final, stage of the analysing process knouwn
as code generatione.

gt Code Generation

FAPD views the process of analysis as the translation
of a program design into a series of assertions which
represents how statements within the design can be realised
in terms of a particular programming language (see section
Loli)e In this respect pre-semantic analysis, semantic
analysis and generation of comments are the three main
Processes. The fourth process, known as code generatian,
is concerned with converting the results of the last process
into a computer executable form - namely a coded version of
the design. Any comments pertinent to the program design
are also converted into a readable form at this stage.

In order to print a program, code generation must take
care of the coding details of the target language, such as
how variables are declared and where semi-colons and
parentheses are needed. An important feature of FAPD is
how the results of analysis can be used to represent the
same statement in different languages. Thus in order to
print the results in different programming languages we
need only provide different code generators. At this
stage it is important to note that code generation is
concerned only with printing a program and does not build
a representation of its results in the same way as that
achieved by pre-semantic analysis, semantic analysis and
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generation of comments.

The initial operation of the code generator is to
generate oppropriate variable names for any variables or
arrays which have been given a default name of NILL (see
assertion (3.84) in section 3.3.4). Once this has been
done all declarations can be carried out and the program
printed. The assertion language has a hierarchical
format and an example of a top-level assertion is:

[#0ESIGN (c1  LP1)] (3.107)
The program can be printed by first of all finding this
assertion and then searching for those assertions with
names Cl and LP1l, In this respect the operation of
the code generator can be thought of as a systematic walk
through all the assertions.

Conditionals and loops are represented by assertions
such as:

B#CUND (B1) (AS1 AS2) (As3 Asa4) cl] (3.108)

[#Lo0P (B2) (ASS  ASE) LPl ] (3.109)
where Bl and B2 are boolean expressions. AS51 and AS?2
are contained in the first leg of a conditional (i.e. they
are executed if Bl is true), AS3 and AS4 are contained in
the second leg of a conditional and ASS5 and AS6 are both
contained in a loopbody. Many ALGOL B8 programs contain
compilation errors because the programmer has used the
semi-colon as a terminator and not as a separator.
Because assertions (3.107), (3.108) and (3.109) provide a
convenient method of representing blocks within a program,
the correct use of a semi-colon as a continuation character
is made easier. Assertion (3.107) shows how the coded

version of the design is represented by a conditional - Cl =
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and a loop - LP1l,. This representation allows the code
generator to detect that a semi-colon is required after
each element in the list (Cl LPl) apart from the last one.

If semantic analysis has failed to analyse a statement,
then the amended syntax tree corresponding to this state-
ment is incorporated into the appropriate assertione. For
instance if the phrase NOT END OF NUMBERS is not analysed
within the following context:

WHILE NOT END OF NUMBERS

D0 one or more design statements oD i 3+110)
then the amended tree corresponding to this is included
within the appropriate boolean assertion. As the coded
version of the design is being printed the code generator
can detect that the assertion contains an unrecognised
statement and this is then converted into the following
comment assertion:

[#comm 1  (END OF NUMBERS) (3) €3] (3.111)
where (3) denotes the line number on which the unrecognised
statement has been printed.

Whenever a comment such as (3.1l11) which has a
reference number of 1, is produced we say that FAPD has
resulted in a partial analysis of the design. Consequently
the coded version of such a design cannot be tested on a
computer. If analysis had resulted in a complete analysis
then the statements for opening and closing input and out=-
put channels would need to be inserted before the program
could be executed. However for the sake of clarity the
code generator does not do this.

This chapter has detailed a framework aimed at
analysing a program designe Throughout the discussion
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attention has been drawn to those factors which impose
limitations on FAPD's scope, and discussion of these is
continued in the concluding chapter. In order to test
FAPD it has been implemented within a system called DACE
(which is a Design Analysing and Commenting Environment).
The following chapter will now discuss details of this
implementation before the results from its analysis are

discussed in chapters 5 and 6.
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4. IMPLEMENTATION OF DACE

4.1 Relationships between System and FAPD

Before some of the implementation details of DACE are
considered it is necessary to determine the relationship
between the system itself and FAPD which it tests.

Lukey [Lukey 1978] describes his system, PUDSY, as an
implementation of a model of part of his theory and DACE
can be described in a similar manner.

The preceding chapter described how a set of general
classes can be used to categorise the kinds of statements
found within a program designe Within each class there
are a set of specific instances, called class instances
which are used for recognising common statements and
phrases. Because the system incorporates a particular
set of class instances it is said to represent a model of
FAPD. In order to test the validity of FAPD it is
considered unnecessary to incorporate within the system
a comprehensive library of all statements and phrases
which could be recognised.

In order to analyse a design we must have some method
for recognising when a class instance appears in a design.
Later sections in this chapter describe how this has been
achieved by using facilities available in the programming
language MICRO-PLANNER. The choice of this language is
therefore a decision concerned with how FAPD can best be

implemented. As far as FAPD itself is concerned, class

instances could be implemented by other programming
techniques in other languages. A second implementation

decision is the choice of the program design's target
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language. Preceding chapters have already given reasons
why ALGOL 68C has been chosen, but as far as FAPD is
concerned, so long as the same method of program design is
used and programs in the target language can be represented
by the FAPD's assertion language, then other target
languages could have been chosen. It is estimated that
modifying the system to accommodate a different target
language would take six to eight man weeks.
A third detail of this implementation concerns the

programming language subset, which is used to implement
a program design. The system described in this thesis
uses a subset of ALGOL 68C. Hence the fact that this
subset contains integer and boolean, but not real variables,
is an implementation decision. The assertion language
which has been implemented in this study can represent the
following features of an ALGOL 68C program:

a) loops of the following format:

WHILE -- D0 - 0D
b) conditionals of the following format:
If == THEN '== ELSE == FJI

c) assignment statements

d) read statements

e) print statements

f) boolean expressions

g) arithmetic expressions

h) integer and boolean variables

i) constant integer values

j) one-dimensional integer arrays and array elements
which are considered to be sufficiently comprehensive for
analysing a wide variety of program designs.
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4.2 Facilities Available

Prior to implementing FAPD, decisions were required
about which computer and programming language of those
available, were most appropriate for the development of
the system, At the time research commenced the following
machines were available: the University of Aston's ICL
18045 computer, the Computer Centre's Prime 250 mini-
computer, the University of Birmingham's DEC 20/60 computer
and the CDC 7600 and ICL 19045 computers at the University
of Manchester Regional Computer Centre. 0f these, the
DEC 20/60 computer was chosen because it is a powerful,
interactive machine which also provided three Al pro-
gramming languages. These were LISP [Bobrow et al 1975,
Quam and Diffie 1972, LeFaivre 1878], MICRO-PLANNER
[Baumgart 1972] and CONNIVER [McDermott and Sussman 1974]

The programming language LISP provides more compre-
hensive facilities for word/character handling than
languages such as ALGOL 68 and FORTRAN. In addition it
also aids the interactive development of a system by
providing facilities such as a LISP editor, for editing
LISP functions, and powerful TRACE and BREAK packages to
aid debugging. The Rutgers/UCI version of LISP, which is
available on the DEC, allows functions to be either inter-
preted or compiled. Compiled functions can improve
execution time by a factor of twenty and in addition, take
up less memory space.

MICRO-PLANNER is a LISP-based language based on Carl
Hewitt's robot language PLANNER [Hewitt 1969] . Like the
LISP system, MICRO-PLANNER also provides special editing

and tracing packages, however unlike LISP it cannot be
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compiled. The principal feature of the language is the
facility to call functions by name or pattern. Thus
every function must have a pattern. An example of a
pattern could be:

[#rEF (THY  X)] (441)
where (THV X) is a MICRO-PLANNER variable which can take
any value. Hence whenever statements of the following
forms are made:

( THGOAL [#REF  TOTAL] (THTBF THTRUE)) (4e2)

( THGOAL (#REF  sUM) (THTBF THTRUE))  (4.3)
then all functions with pattern (4.l1) are invoked until
the correct function is found. Conversely a statement
such as:

(THGOAL  [#vAR TOTAL] (THTBF THTRUE)) (4.4)
which does not match pattern (4.l1) would not be called.
This method of pattern directed invocation has been used
to great effect by researchers in AI, such as Winograd
[winograd 1872] and Charniak [Charniak 1973]. Since
analysing a program design involves recognising patterns
of design statements, MICRO-PLANNER seems an ideal choice
for implementing FAPD. The control structure simulates
a depth first search of a tree, which backtracks auto=-
matically whenever an impasse is reached. Backtracking
in this fashion is undirected and could be made more
efficient if controlled by the programmer [Bobrow and

Raphael 1874].

This criticism led to the development of CONNIVER
which allows the programmer to determine how a program
should continue once an impasse is reached. Although

CONNIVER now seems to be the preferred language, it was
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decided after an initial investigation to implement FAPD
using LISP and where appropriate MICRO-PLANNER. The
system does not require the automatic backtracking
mechanism of Micro-Planner and so the criticism referred
to above is not applicable to this implementation.

4.3 User Interaction

DACE runs on the University of Birmingham' DEC 20/60
computer under the control of the TOPS=20 operating system
and takes up 65K words of a 36-bit computer store.

Chapter 3 gave details of four phases in the analysing
process and diagram ll shows how they have been implemented
in terms of four system modules, A box represents a set
of programs and arrows denote how data flows from one to
the other. It can be seen that the modules operate in a
sequential manner except for semantic analysis and genera;
tion of comments which run in parallel, The series of
arrows emanating from the former has been used to indicate
that whenever a statement or phrase is analysed, the results
are passed on to the module for generating comments before
the next statement is analysed. Module 1 is written in
LISP whereas the other three are all implemented in MICRO-
PLANNER « Because the second and third modules run in
parallel DACE operates by entering the LISP system once,
and the MICRO-PLANNER system twice.

In order to enter a program design the LISP system
must be called and module 1 loaded. Whenever the DEC's
LISP system is called a special initialisation file is
automatically loaded. When operating under the author's
usernumber this special file asks the user if he wishes to

use DACE and if this is so then the LISP functions
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contained in module 1 are entered and the user is invited
to enter his designe. Diagrams 12, 13 and 14 show how a
user interacts with the system and in each diagram the
user's responses have been underlined. Diagram 12 shous
how the design need not be typed in in any particular
format since DACE re-prints it with appropriate inden-
tations.,

When entering a design certain rules should be
obeyed. These may be summarised as:

a) the design should be terminated by the string xx%x
which must appear at the start of a new line. This
string must not be followed by a space, otherwise
the design is terminated incorrectly and the user is
given another invitation to type. At this point the

terminating string should be typed in correctly.

DACE now parses the program design up to and including

the first occurrence of the terminating string xwx.
Provided an incorrect termination is rectified in the
manner Jjust described it does not prohibit further

analysis. However it can lead to distortions in the

pretty-printed version of the design. The requirement

that the terminating string should not be followed by
a space occurs because of the way in which the LISP
system reads a line of data.

b) ODiagram 12 shows how two or more consecutive design
statements should be separated by the string#*,
This string is used to print consecutive statements
on different lines. If the separator string between

two statements is omitted then the system will not

only print the statements on the same line but will
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@eLISP

Do you wish to use DACE a system Ffor analysing

and commenting

upon some simple program designs 7 When the system prints: —
#

please type Y or N followed by the < return > key

#*Y

Please input the design when the system types : -

At the end of a line press <return> and the system

will again respond with ;-

In order to terminate the input type the string ###*
at the start of a newline followed by <return> and

please ensure no spaces follow that string

—READ N AND INITIALISE I TO 1

-WHILE I IS LESS THAN OR EQUAL TO N

-DO _PROCESS DATA FOR EMPLOYEE ## INCREMENT I 0D
—3kdtd

The design has been entered and
syntax analysis has started

The design is as follows : -

READ N AND INITIALISE I TO !
WHILE I IS LESS THAN OR EQUAL TO N

DO
PROCESS DATA FOR EMPLOYEE ##
INCREMENT I

0D

4

Syntax analysis of this design was swuccessful
The syntax tree is being amended
The syntax tree has been successfully amended

Do you wish to carry on ? Please type
Y or N followed by <€ return >

*Y

When the system types:—

@

please respond by typing PLNR < return >
@

Diagram 12

User Interaction With Module 1 of the System

118



also encounter difficulty in differentiating between
the statements. The latter difficulty arises because
the syntax analyser uses the string as an indication
that parsing in the current part of the syntax tree
should be complete and thus parsing of the next state-
ment can be initiated. If it is not used, then the
syntax analyser first of all tries to parse the next
token according to the grammar of the current part of
the syntax tree. Failure to do this implies that
the current part of the syntax tree has been success-
fully parsed or that parsing must continue at another
point in the syntax tree. Hence the use of «x
increases the efficiency of the syntax analyser.

c) ALGOL B68C allows the use of a single quote or a
perind to denote a reserved word such as IF, WHILE
etce but in a program design these are unnecessary
and indeed illegal,

d) All words and characters must be in upper=-case.

e) Within a print design statement any seguence of
words which the user intends to print as text should
start and finish with the character #. ALGOL B8C
uses double quotation marks for the same purpose,
however this is difficult to implement in a LISP
based system because the LISP READ function will
read in anything enclosed in double quotation marks
as a single item, Consequently, double guotation
marks are not recognised and would be treated by
the system as a user defined variable name.

Failure to comply with rules (c), (d) or (e) can result
in a design being analysed as syntactically incorrect.

120



After the design has been entered, lexical and syntax
analysis are undertaken and, if successful, the syntax
tree is amended in preparation for semantic analysis.
Diagram 12 shows how module 1 has been successfully
completed and the user informed of the steps necessary
for entering the next phase. In diagram 13, the second
and third modules have been loaded automatically by a
special MICRO-PLANNER initialisation file. Typing (START)
causes semantic analysis to commence and any comments to
be noted. To print the results from this phase in a
readable form, the MICRO-PLANNER system must be left and
re-entered with module 4 loaded.

Diagram 14 shows how typing (PRINT-CODE) causes the
results to be entered before the program and comments are
printed at the terminal. The program and comments are
also filed so a hard copy is available if desired.
Collectively, diagrams 12, 13 and 14 depict a complete
terminal session with DACE.

444 Pre-Semantic Analysis within DACE

Pre-semantic analysis within DACE is achieved by
carrying out lexical analysis, syntax analysis and
preparation for semantic analysis in a sequential manner.
The principal feature of this implementation is the way
the syntax and semantic definitions have been divorced
from the procedures that use them. The syntactic format
of a program design is specified by its grammar (see
Appendix B). This grammar contains a set of rules
written in a modified form of BNF. A typical rule of

this grammar is:
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€PLNR

MICRO-PLANNER
»2> READING (PLNR . INI)
THINIT

When the system prints: —
0
please respond by tuping (S1ART) < return >

>2>> TOP LEVEL
LISTENING THVAL

O#*(START)

The semantic analyser has now heen entered

Semantic analysis is now complete

Do you wish to carry on ? Please type
Y or N followed by < return >

#Y

When the system types: -

e

please respond as you have Just done
by tuping PLNR < return >

@

Diagram 13

User Tnteraction With Modules 2 and 3 of the System
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CPLNR
MICRO-PLANNER

»2> READING (PINR . INI)
IHINIT

When the system prints: —
O
Please respond by tuping (PRINT-CODE) <return>

>2>>  TOP LEVEL
LISTENING THVAL

O# (PRINT—-CODE )

The design is as follows : -

READ N AND INITIALISE I TO |
WHILE I IS LESS THAN OR EQUAL TO i

DO
PROCESS DATA FOR EMPLOYLEE ##
INCREMENT I

oD

e

A coded form of the design is:—

O ‘BEGIN CINT I1,N;

1 READ (N) ;

2 P i= &

£ | “WHILE T <= N

4 ‘DO < PROCESS DATA FOR EMPLOYEE >;
& I e ¥ & g

o) ‘0D

7 ‘END

lhe following are some comments on the ahove: -

1 Re line 4@ ' The design gives insufficient
detail to analyse
<PROCESS DATA FOR EMPLOYIE:

2 The design does not contain any output statoments
Before the coded version could be run one or mare
PRINT statements need %o he inserted

Analysis is now complete. Youy desiogn
together with the coded

version and comments are stored in CaDE-, RES
Do you wish to leave the MICRO-FPLAMNIER system
Please type

Y or N followed by < return >

3y

-

-

Diagram 14

User Interaction With Module 4 of the System

123



< loop> ::= <whiled <boolean expression) <do>
{seriesd <od> (4.5)
where items in angled brackets are non-terminals which are
further defined elsewhere in the grammar (see Appendix B).

The syntax analyser within DACE uses a technique
called top-down analysis. This technique uses the
grammar to build a syntax tree by starting from the top-
most definition and working downwards in a depth first
manner. At each stage an attempt is made to replace the
left most non-terminal in the syntax tree by a suitable
expression derived from the rules of the grammar.

A basic difficulty in top-down analysis is encountered
when a rule employs left recursion. For instance if the
definition for a series of design statements was to be
written as:

{seriesD ::= <series) <#*> statements) ,

<{statements> (4.6)
then because the term <(series) 1is recursively defined,
searching would continue indefinitely. This problem is
overcome by re-writing rules in a right recursive manner.
Thus the above definition becomes:

<series> ::= {statements)> <{#x ><series> I
{statements) (4.7)
An alternative solution is to rewrite definitions in a
modified BNF form which allows the use of two additional
features. These are {X] which denotes zero or more
occurrences of X and [X] which denotes an occurrence of
X is optional. This approach has been used to specify
the grammar of a program design and so expression (4.7)
can be expressed using iteration instead of recursion
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as follows:
<series> ::= {statementsd {<x=> <statements)] (4.8)

One approach to top-down parsing is recursive descent
which involves writing a recursive procedure corresponding
to each non-terminal of the grammar. The method does not
allow back=-up and thus once an item is parsed an alterna-
tive parsing cannot be considered. Thus if an impasse is
reached a syntax error has been detected and an appropriate
error message can be made.

A second approach to top-down parsing uses a set of
general procedures driven by a representation of the
grammar . In order to implement a syntax analyser, the
latter of these two approaches was chosen. The reasaon
for this is that backup must be used whenever a recognised
word has been used as a variable name. For instance
consider the use of NEXT in the following statements:

SET NEXT ELEMENT TO 1 (4.9)

SET NEXT T0O 1 (4.10)
In statement (4.9) NEXT is used as an adjective whilst in
(4.10) it is used as a variable name. However in state-
ment (4.10) the fact that NEXT is used as a variable is
not apparent until the word TO is analysed, at which point
it is necessary to back-up and revise the parsing of NEXT.

Although this approach also has the advantage of easy
modification, its persistent use of back=up means it is
often inefficient. It is also poor at handling errors
because it is unable to determine the point at which an
error occurred (c.f. top-down analysis using recursive
descent). Consequently whenever DACE discovers an error

the design is re~printed for the user, together with a
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general error message indicating a syntax error has been
found, In this situation the analysing process is not
able to proceed and the user is therefore not able to load
and execute the semantic analyser.

If parsing is successful then the syntax tree can be
amended in preparation for semantic analysis. In order
to achieve this, each non-terminal of the grammar has a
semantic definition (see Appendix B). This definition
is used by a set of procedures to form a series of classes
which the semantic analyser can recognise. By adopting
this approach the semantic definitions can be altered
without changing the procedures that use them. Consequently
as the system was extended in order to analyse an increas-
ing variety of examples, it was modified more easily than
it would have been with the definitions procedurally
embedded. UOnce the syntax tree has been amended, the
operation of module 1 is complete. The LISP system is
now exited and the MICRO=-PLANNER system is entered in
order to start the semantic analysis and possible genera-
tion of comments.

4,5 Semantic Analysis, Generation of Comments

and Code Generation within DACE

The remaining three modules of DACE are discussed in
this section because they are all implemented in MICRO-
PLANNER « Chapter 3 defined a class instance to be a
structure which represents statements often found in a
program design, together with a function that implements
the structure in terms of a particular programming

language. Consequently this section is concerned with
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how a class instance can be coded using a MICRO-PLANNER
theorem.

Let us recall (see section 3.2.3) that in the pre-
semantic analysis phase, attempts are made to convert the
syntax tree for any assignment design statement into the
following general form:

[#ASS  <assignment command word®> ARGUMENT

<{separator> ARGUMENT] (4.11)
Consequently whenever semantic analysis discovers a
structure similar to (3.11) in the amended syntax tree,
the appropriate class instance must be called to derive
its meaninge. MICRO-PLANNER allows theorems to be called
by a pattern and so commands can be written which have
the effect of searching through all the known theorems
for any with a pattern which matches (4.1l1).

The theorems in diagram 15 are typical of those used
by DACE. In each case the theorem's pattern has been
underlined. From this diagram we can see that the pattern
of TC-ASSERT- $#ASS matches (4.l1ll) whereas those of
TC-ASSERT- #READ and TC- #ASS=ASSIGN do note Consequently
TC-ASSERT - #ASS5 is invoked. Because DACE is a model of
FAPD a particular class instance may not be represented in
the set. To overcome this, TC=-ASSERT-#READ and TC-
ASSERT- #ASS are general theorems which are used to deal
with all possible examples of read and assignment design
statements respectively. If the amended tree contains
something of the form:

[#ass ASSIGN <first argument> TO

<secand argument>:] (4412)
then the procedure TC-ASSERT=- #ASS is called. This
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procedure alters the class name from #ASS to #ASM (so
that it does not call itself) and then searches for a
class instance with the following structure:
BtASM ASSIGN {first argument> TO
<second argument ] (4.13)
Diagram 15 shows that TC- #ASS-ASSIGN is the class
instance which matches this new structure. It analyses
the arguments and if successful, makes the necessary
assertions. If the statement cannot be analysed fully
or the particular class instance is not known then
TC=ASSERT~ #ASS acts as a safety net. The following
assertion, which indicates that semantic analysis has
failed, is then generated:
[#Ass ASSIGN <first argument> TO
<{second argument> ASl] (4.14)
This example illustrates how implementation and
FAPD differ slightly. Whereas FAPD (see section 3.3.1)
states that class instances are represented by, for
example:
[#ass  AassIGN <first argumentd® TO
| {second arqument> ] (4.15)
[#ASS INTTIALISE <{first argument> TO
\ <second argument> ] (4.18)
for the reasons outlined above, these are represented
within the system as:
[#Asm ASSIGN {first argument> TO
<{second argument) ] (4.17)
[#ASHM INITIALISE <(first argument> TO

{second argument)> ] (4.18)
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There are three different forms of MICRO-PLANNER
theorems. However the requirements of the system mean
that only two of these forms need to be used. These
are consequent and antecedent theorems. So far the
discussion has concentrated on consequent theorems
(indicated by the definition THCONSE on the second line
of each theorem). Whenever a search is made through a
set of consequent theorems, that search is terminated
as soon as a theorem succeeds. Conversely, whenever
antecedent theorems (denoted by the definition THANTE)
are called by pattern, all theorems are tested for a
pattern match regardless of whether any have already
succeeded.

Let us now consider how these different attributes
can be used within the system. When a design statement
is analysed the set of class instances is searched for a
particular instance. In this respect consequent theorems
provide an ideal method for representing the majority of
class instances known to the semantic analyser. For
every assertion used to represent a piece of code or a
comment, the code generator has a theorem which prints
the assertion in a readable form, For this reason
conseqguent theorems are also used as the basis for code
generation.

As soon as a design statement has been analysed, the
results (in the form of one or more assertions) are passed
on to the routines for generating comments. Comments
are noted by class instances whose structure matches the
assertions produced by semantic analysis. However
because a result may provide several implications, the
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search must continue through all the appropriate class
instances. For this reason any class instances used for
generating comments are represented by MICRO-PLANNER
antecedent theorems.

Section 3.3.3 defined an intermediary assertion to
be an assertion which aids semantic analysis or the
generation of comments, These assertions are often
derived as incidental to the process of analysing a
statement or phrase. This is a similar technique to
that used to generate any comments and hence any inter-
mediary assertions formed by the semantic analyser are
also made by MICRO-PLANNER antecedent theorems.

This concludes a discussion of FAPD and its imple-
mentatione. The next two chapters give details of the
results obtained from the operation of DACE. The final
chapter uses these results to draw some conclusions

concerning both FAPD and its implementation.
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i RESULTS FROM ANALYSING PRUOGRAM DESIGNS

This chapter discusses the results obtained from
applying DACE to eleven program designs, carefully chosen
so as to illustrate the scope of DACE. The first seven
of these represent examples which DACE is able to analyse,
The eighth contains statements which are beyond the scope
of FAPD and consequently have been only partially analysed
by DACE. The last three examples represent those cgesigns
which cannot be analysed because they do not conform to
our definition of a program design. Appendix D contains
the results from analysing a further 24 examples.

The examples which have been used to test FAPD and
the system have been derived from various sources.
Examples 1, 2, 3, 5, 6 and 9 were taken from problems
given to computer science students. Examples 4, 7 and
10 were derived by the author and examples 8 and 1l were
taken from the literature. Some examples have been
modified slightly in order to conform to the requirements
of the system. For example, the string xx has been
inserted to clearly distinguish between consecutive state-
ments and the loop structures specified in examples 8 and
11l have been altered from the PASCAL to the ALGOL B8C
format. Generally speaking, the examples discussed in
this chapter have been chosen because they provide a wide
ranging examination of the scope of DACE. The format of
some results has been modified slightly in order to
accommodate the different page size required for this

reporte.
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5.1 Example 1

The program design shown in diagram 16 has been
produced to meet the following problem specification:

input two integer values and output the larger value.

If the values are equal then a message indicating

this should be printed together with the value.

The solution to this problem is important since it
involves the use of an elementary programming technique,
namely the nested conditional. Since the program design
for this problem is relatively simple, it allows us to
consider the complete process followed by DACE without
having to refer to those processes responsible for
analysing more complex aspects of a design.

For the sake of clarity, previous chapters have
often shown results in a modified form. Consequently,
Appendix A has been included to illustrate the actual
results produced for this particular example by the
routines for pre-semantic analysis, semantic analysis
and generation of comments.

Diagram 16 shows the format of the results produced
by the code generator. This format always follows a
similar pattern with the user's design being followed by
a coded version of the design together with any comments.
The line numbers within the design (ie DS1 to DS14) have
not been produced by the system but are inserted in all
the examples given in this chapter so that the discussion
can refer to particular statements. The program design
printed in this results section is not necessarily in the
same format as that typed in by the user since the code
generator re-prints it with consecutive statements on
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The design is as follows : -

(DS1) INPUT A AND B
(DSs2) IF A IS LARGER THAN B
(DS3) THEN

(DS4) SET ANSWER TO A

(DSS) ElLSE

(DS&) ASSICN B 10 ANGWER

(DS7) IF A I8 FEQUAL TO B

(DS8) THEN

(DY) PRINT # SUITABLE MESSAGE #
(DS10) il

(DG11)

(DS12) FI

(DS13) OUTPUT ANSWER
(DS14) ##n

A coded form of the design is: -

(0] ‘BEGIN CINT ANSWER, B, A;
1 READ (A, B) ;

2 ¢ A > B

3 ‘THEN  ANSWER := A

4 ‘ELSE  ANSWER : = B;

2 “TF A = B

b “THEN  PRINT ("SUITABLFE MESSAGE")
7 N

B8 i ot G

9 PRINT (ANSWER)

10 ‘END

NDiagram 16

Results From Analysing a Program Design Which Finds

the Larger of Two Values
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different lines and any loops and conditionals suitably
indented. Because the coded version is also pretty
printed in a similar manner, adopting this approach makes
it easier for the user to see the correspondence between
the two forms.

All programs produced by DACE adopt a similar format.
They are numbered, starting at line 0, and the opening
lines always declare all integer variables, boolean
variables and any array used in the design. Consequently,
DACE does not have the ability to declare variables
locally. The program is printed using upper case
characters and any reserved words are preceded by a single
quotation mark. Since analysis of this example did not
produce any comments, a discussion of these is deferred
until a later example,

The syntax analysis of this example was successful
which means that DACE is capable of at least partially
analysing the design. During this stage DACE has
successfully used the grammar of a program design to
determine that A has been used throughout as a variable
name and not as the indefinite article which is its more
common OCCUITEencCe. The syntax tree has then been
successfully amended and the words AND, THAN and TO,
which are used in lines (DSl), (DS2) and (DS7)
respectively, have all been discarded because they are
superfluous to semantic analysis. In this example IS
could alsoc have been eliminated from lines (DS2) and
(DS7) since the appropriate boolean operator can be
derived from knowing the meanings of LARGER and EQUAL.

However, if the word IS was to be ignored in a similar
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fashion to AND, then the meaning of the following state-
ment could not be derived:

IF A IS POSITIVE

THEN one or more design statements FI. (8.1}
This is because the meaning of the phrase A IS POSITIVE
would be represented by a list similar to (A POSITIVE).
In the following statement:

IF A AND POSITIVE ARE GREATER THAN O

THEN one or more design statements F1 (5.2)
the meaning of A AND POSITIVE is also represented by an
identical list and hence it would have been impossible to
differentiate between the two phrases.

The top level of the amended tree will show that the
design is comprised of three main items which are the read
design statement in line (DS1), the conditional in lines
(DS2) to (DS1l2) inclusive and an output design statement
in line (DS13). The way in which these items are
processed is shown in diagram 17 which contains the top-
level function of the semantic analyser written in an
ALGOL~1like notation, This shows how the design is
analysed from top to bottom and how DACE can analyse the
design only if it has three class instances which corres-
pond to the three structures in the amended tree. Unce
the appropriate class instance has been found and the
meaning of a statement or construct has been derived, this
meaning must then be considered within the overall context
of the design. Diagram 17 shows that the meaning of a
statement which is not contained within either a loop or

a conditional is derived from class instances with the

following structure:
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TREE := amended syntax tree nroduced by pre-semantic
analysis
WHTILE all the structures in TREE have not been
considered
no
g NEXT := next structure in TREE which has not
been considered
IF there is a class instance corresmonding to NEXT
THIEN
RESULTS := list of one or more assertion names
produced by calling this class
instance
WHILE all the assertion names in RESULTS have
not been considered
no NEXT-ASSERTION := next assertion name in
RESIILTS not yet considered
IF there is a class instance
corresnonding to :
[PESIGN ARG <value of NEXT-
ASSERTIOND ]

THEN
TEMP := list of one or more
assertion names nroduced by
calling this class instance
amend RESIUILTS by renlacing NEVT-
ASSERTION with TEMP
NEMT-ASSERTTON := first assertion
name in the list called TEMP
[
look for anv implications of
incormnorating NEVT-ASSERTINN into
the overall design

ELSE ¢ NEXT is a structure which DACE cannot
recoanise ¢
RESULTS := list of one or more names of
default assertions
FI

ANSWER := list of assertion names produced so

far from the analysis of TREE
nn
¢ a coded version of TREE is now renresented by those
assertions whose names comprise the list ANSWER ¢

NDiaagram 17

The Top-l.evel Function in the Semantic Analvser
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[0ESIGN ARG  <assertion names)] (5.3)

The function for analysing statements in a loopbody
is essentially similar to that shown in diagram 17.
However instead of considering the meaning of a statement
within the context of the overall design it considers the
meaning within the context of a loop by looking for class
instances of the form:

[LDUPBDDY ARG {assertion names>

< #LO0OP assertion namd)] (5.4)
rather than (5.3). Similarly it will then look for any
implications of incorporating the results into the loop
rather than the overall context of the program design.

The results in diagram 16 show that each statement in
the design can be implemented using a single statement in
the target language. However, DACE is able to determine
that the meaning of a statement such as:

FIND THE TOTAL OF THE VALUES OF THE ARRAY (5.5)
is described by more than one ALGOL 68C statement.
Consequently the inner loop in diagram 17 is used to
consider each of these in turn within the overall context
of the design.

Now that these general points about DACE have been
discussed, let us conclude the discussion of this example
by considering the depth of analysis which it achieved in
producing the results of diagram l6. The information
required to do this has been derived from the following
four sources:

a) DACE's vocabulary which at the time of writing
consists of 110 words;
b) the grammar of a program design:
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c) the semantic definitions of all non-terminals in the
grammar; and

d) class instances. At the time of writing, the
semantic analysis is based on 128 class instances.

Any comments are generated by using the 26 class

instances which together with the code generator can

produce 18 different comments. Appendix C contains

a comprehensive list of all class instances imple-

mented in DACE.

The first three of these (ie a, b and c) are used
during pre-semantic analysis to determine how consecutive
words and phrases can be combined into meaningful units.
The vocabulary and grammar are also used to determine that
A is used as a variable name. Thus at the end of this
stage, DACE has determined that lines (DS4) and (DSB6) will
both be implemented as assignment statements although it
is not yet able to note the differing effect that SET and
ASS5IGN have on the treatment of the arguments A, B and
ANSWER . Recognising differences such as this is the
responsibility of the semantic analyser which uses two
class instances of the form:

[#tASM SET ARGUMENT <separatord ARGUMENT] (5.6)

[#ASM ASSIGN ARGUMENT  <separator>

ARGUMENT] (Sie?)

where the meanings of ARGUMENT and <separator> are as
defined in Chapter 3. In addition to class instances
such as these, DACE also requires separate class instances
for different words or phrases with similar meanings.
Thus the meanings of lines (DS8) and (DSlS)are derived

from the following two instances:
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[#PRM PRINT ARGUMENT ] (5.8)

[#PRM OUTPUT ARGUMENT] (5.9)

As later examples will illustrate, the results shouwn
in diagram 16 do not illustrate clearly the degree of
detailed analysis that had to be undertaken by DACE. For
instance it had to determine that the variables A and B
have been defined prior to their use in lines (D52),
(pDs4), (DS6) and (DS7), and in addition that the value
assigned to ANSWER in line (DS6) did not overwrite the
value assigned to the same variable in (DS4).

5.2 Example 2

The program design shown in diagram 18 was produced
in reply to the following problem specification:

find the sum and average of a list of integer values.

The list is contained in a data file and is termi-

nated by a zero.

The analysis of this example will be discussed by
considering each line of the design in turn.

(DS1) has been recognised as a read design statement
with two arguments - FIRST VALUE and X. DACE first of
all attempts to analyse the word VALUE without taking into
consideration the context in which it appears. Since
VALUE has not been analysed prior to the current line, it
is assumed that it is used in this line as a variable.
Hence at this stage, the analysis of VALUE is identical to
its analysis of the following statement:

SET VALUE TO 3 (5.10)

The phrase FIRST VALUE is then considered. In this

example because VALUE has been analysed as a single
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The design is as follows :—

(DS1) GET FIRST VALUE INTO X #=*
(DS2) INITIALISE SUM TO O AND I TO 1
(DS3) WHILE X IS NOT EQUAL TO O

(DS4) DO

(DSS) ADD THIS VALUE TO SUM SO FAR ##
(DS6) INCREMENT [ ==

(DS7) GET NEXT VALUE

(DS8) oD

(DS?) DIVIDE THE SUM OF VALUES

BY THE NUMBER OF VALUES ##
(DS10) OUTPUT THE RESULT
(DS11) ##x

A coded form of the design is:—

0 ‘BEGIN "INT 1,85UM,; X

1 READ (X))

2 SUM - = 03

3 I 0=

4 ‘WHILE X /= 0

5 ‘DO SUM := SUM + X;
= I :=1 + 1;
= READ (X)

| g

9 PRINT (SUM % I)

10 ‘END

Diagram 18

Results From Analysing a Program Desian Which

Finds the Average of a List of Values
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variable, the adjective FIRST is ignored. However given
the following pair of statements:

INPUT TWO VALUES (5411

MULTIPLY THE FIRST VALUE BY 36 (5+12)
DACE would recognise that in (5.12) the use of FIRST is
significant and would use it to distinguish between the
two variables in (5.11). The second argument of (0DS1) -
X = is an unrecognised word and syntax analysis has shoun
that in this example it has been used as a variable,
After analysing these two arguments their meanings are

represented by the following three assertions:

[#var VALUE V1] (5.13)
[#var  x  v2] (5.14)
[#REFV  vaLuE  (v1)] (5.15)

the last of which is an intermediary assertion indicating
that VALUE is used to refer to a variable of the same
name. The meanings of FIRST VALUE and X are then
considered together, within the context of a read design
statement and in so doing it follows that in this context,
VALUE is used not as a variable but as a reference to the
contents of X. Consequently assertion (5.13) is erased
and the intermediary assertion (5.15) is amended to:

[#RrREFV  vALUE  (v2)] (5.16)
The meaning of the current line is then denoted by the
following representation of an ALGOL E8C read statement:

[#READ (v2) As1] (5.17)

(DS2) is a design statement which illustrates one of

the weaknesses of pre-semantic analysis. The amended
syntax tree of this statement is comprised of the
following two structures:
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[#ASS INITIALISE (( #VAR(SUM))) TO
(( $CONST(0)) ( #VAR(T)))] (5.18)
[#ASS NILL NILL TO (( #CONST(1)))] (5.10)
However in order to convey the correct meaning the
amended syntax tree should contain the following:

[#A.c;.c; INITIALISE (( #VAR(SUM))) TO

(( #CONST(0)))] (5.20)
[#ASS  INITIALISE (( #VAR(I))) TO
(( #HCONST(1)))] (5.21)

The orincipal reason why (5.20) and (5.21) are not
produced is that DACE amends the syntax tree in a single
nass. Consequently the decision as to whether an
argument appears on the left hand or right hand side of an
assignment statement is often unclear at this stage.

For instance, because words such as BOTH and RESPECTIVELY
are effectively ignored in the following two statements,
the use of COUNTER3 is ambiguous until it is considered
within the overall context of the statement:

INITTALISE COUNTER1 AND COUNTER2 TO

1 AND COUNTER3 RESPECTIVELY (S5.22)

INITTALISE COUNTER1 AND COUNTER2 BOTH

TO 1 AND COUNTER3 TO 2 (5.23)
In statement (5.22) the value of COUNTER3 is being
used, viz:

COUNTERl1:= 13 COUNTER2 := COUNTER3: (5.24)
whereas in (5.23), COUNTER3 is being assigned a value,
vizz:

COUNTER1:= 13 COUNTER2 :=1; COUNTER3:=2; (5. 25%

In order to produce structures (5.20) and (5.21) the
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results would need to be revised at the end of statement
(NS2), that is DACE would need to undertake more than one
pass of a svntax tree (c.f. single and multiple pass
compilers). However 1f DACE was extended to do this
then syntax and semantics may have to be integrated as
well. For example, given the statement:

SET A AND'B TO C AND D AND E TO 1 (5.26)
it is unclear whether this means:

A 1= B 1= C; Nis= E 3= 1y {(5.27) ox

il

A 1= C; B := D; E:= 1l (5.28)
A decision between these two alternatives could be based
on, for instance, whether or not the variable D had been
assigned a value prior to the current line. ¥ 1t had,
but that value had not been used, then statement (5.28)
would be chosen instead of (5.27). However this approach
is obviously based on a dubious assumption. Since the
analysis of statements such as (DS2) and (5.26) is
complex, an approach based on this method would require
considerable research for its implementation and
evaluation.

However, since the amended syntax trees shown in
(5.18) and (5.19) are produced, DACE has two class
instances which recognise that these particular structures
actually mean the same as (5.20) and (5.21). The
arguments SUM, O, T and 1 are all considered in a similar
manner to the arguments of the previous read desian
statement. That is, a first attempt is made at their

implementation which may be subsequently revised in the
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light of more information. Hence a first attempt to
analyse SUM assumes it is a variable name which in this
case happens to be correct. However, if a program
design specifies that the values held in the elements of
an array are to be added together and then the following
statement is met:

OUTPUT THE Sum (5.29)

DACE will revise the initial assumption and will determine
correctly that SUM refers to the previous arithmetic
operation rather than a variable name.

The word TO in statements (DS2) and (DS3) is analysed
differently and hence two definitions of this word must be
incorporated into the dictionary. Because (0S2) is an
assignment design statement which starts with INITIALISE,
TO has been analysed as a separator (see section 3.2¢2.3).
This form of analysis means that the semantic analyser is
able to determine which of the arguments SuMm, 0, I and 1
appear on the left hand side and right hand side of an
assignment statement, Consequently whenever TU is used
as a separator its role is significant and therefore
cannot be ignored. However the meaning of (DS3) can
still be derived even when IS and TOU are ignored. Hence
according to FAPD the use of TO in (DS3) is found to be
insignificant and as a result it is discarded before the
semantic analyser 1is entered.

(DS5) is a statement which DACE has recognised will
be implemented as an arithmetic expression. Again the
arguments are considered individually with VALUE being
the first to receive attention. In order to be consistent

DACE must be able to detect the previous analysis of VALUE.
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This is achieved by referring to the intermediary
assertion (5.16) which shows that VALUE has previously
been used to refer to X. Therefore the assumption is
made that VALUE retains the same role in statement (DS55).
Since the words S0 and FAR have not been met
previously DACE must consider whether they could be user
defined variable names. However since they do not comply
with the grammar of a program design they are redefined as
words that can be ignored and hence they are discarded
before semantic analysis is initiated. After success-
fully forming the ALGOL 68C arithmetic expression corres-
ponding to the current line, it must be incorporated into
an assignment statement, Because (D35) is within a loop,
DACE recognises that this describes a summation and there-
fore requires the following form of an assignment statement:
SuUm := SUM + X (5.30)
In order to do this DACE considers if there are any
arithmetic expressions of the following forms which will

be executed on each loop iteration:

sum + <variable name> (5.31) or

TOTAL + <variable name)> (5.32)
Hence if the statement had been, say:

ADD THIS VALUZ TO A (5433)

then DACE would have created the following statement:

IDROL := X + A (5.34)

where IDR0Ol is a variable
(D56) is assumed to
INCREMENT I (

Since this appears within

name generated by the system,

mean:i

BY 1 ) (5435)

the loopbody, it is assumed by

DACE that I is a loopcounter which is used to define the
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number of times statements (DS5) and (DS7) have been
executed.

(DS7) is very similar to (DS1l) except that the former
does not specify the name of the variable into which the
NEXT VALUE should be assigned. Since VALUE has been used
previously in connection with the variable X then the NEXT
VALUE is obtained by using a READ statement and assigning
the inputted value to the same variable X.

(DS8) shows how SUM has been used in a different
manner to its use in previous statements., Previously,
SUM had been used as a noun but in the current statement
its meaning has been derived by considering it within the
context of the following phrase:

SUM OF VALUES (5436)
Its use in this context implies that an arithmetic
operation is to be performed. Consequently UACE attempts
to form an arithmetic expression in the same way that it
would for a statement such as:

( FIND THE ) SUM OF A AND B (537)
Analysis of (5.36) indicates that a single variable,
namely X, is being summed and that this cannot be
represented by an arithmetic expression similar to the
one considered for example in (5.33). As a result
previous lines are considered to see if they can provide
information which will facilitate the analysis. In
doing so it is found that the variable 5UM has been used
previously to store the sum of consecutive values read
into X. Similarly in order to derive the meaning of

NUMBER OF VALUES, DACE looks back for any variables
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incremented at the same time that a value was read into
X in the loopbody. Once I is found the appropriate
arithmetic expression can be formed and incorporated into
an assignment statement.

(DS10) is a print statement with one arqument =
RESULT. In a similar way to its analysis of SUM and
VALUE, DACE first attempts to analyse it as a variable
name. This meaning is rejected when it is considered
within the context of the print statement, and an alter-
native meaning is considered, namely that RESULT refers to
some previously defined value. However, because there is
no previous reference in the design to RESULT, then the
meaning of (DS10) is revised to:

PRINT THE RESULT (OF A PREVIOUS CPERATION) (5.38)
Since the last operation was the arithmetic expression of
the previous line DACE assumes that the user intends the
result of this operation to be printed. If the results
of analysing (DS9) and (DS10) were now printed, the code
generator would produce:

IDROL := SUM % I; (5.39)

PRINT ( IDROLl ); (5.40)
where IDROl is a variable name generated by DACE. However
because the assignment statement has been generated by the
system and not specified by the user, DACE combines these
two statements into the single statement shown in line 9
of the coded version of the design.

The results of diagram 18 show that the methods used
by DACE are adequate for analysing this design. However
the following points should be mentioned in conclusion:

a) because VALUE has been used throughout to refer to a
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b)

c)

single variable, DACE has not used the adjectives
FIRST, THIS and NEXT to help in the analysis of lines
(Dsl), (DSS5) and (DS7) respectively. Consequently
line (DS7) for instance would have produced a
similar result if it had been written:

GET A VALUE {Se41)
This is perfectly adequate for this example. Hou-
ever if VALUE had been used to refer to more than
one variable then DACE would have realised the
significance of an adjective much as FIRST and would
have included it in the analysis;
in order to derive the meaning of SUM OF VALUES and
NUMBER OF VALUES in line (DSS) reference had to be
made to previous lines in order to associate their
meaning with SUM and I respectively. The definition
of these variables is then assumed by DACE to take
the form shown in lines S and 6 of the coded version
and any other definitions that may have been given in
the program design are ignored;
the same representation is given to the meanings of
VALUE and VALUES ie (V2) where V2 is the assertion
name of the variable X, viz:

BEvar  x v2) (Se42)
Consequently if the loop had been followed by a
statement such as:

IF THE VALUES ARE EQUAL TB 5
THEN one or more design statements
FI (5.43)

then DACE would have considered this to mean:
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T K= 5
THEN meaning of the design statements
FI (5.44)
which may not have been what the user intended. To
remedy this situation, one possibility is to represent
the meaning of VALUES by a list of the form:
(Y2 M2 @ sees VD) (5+45)
where V2 is the name of assertion (5.42) above.
When the meaning of VALUES (ie (5.45))is considered
within the context of the boolean expression in
statement (5.43) it is apparent that the user wishes
to test whether all the values held by X are equal
ta B By using (5.45) to represent VALUES it is
evident that the position of (5.43) is in error and
that it should have been incorporated into the
loopbody.
5«3 Example 3
Let us now consider a set of results which show that
during analysis of a program design, an error has been
detected which has led to a comment being generated about
the coded version of the design. Comments are also
generated:
a) to show the user that the results are inefficient
(see Example 4);
b) to show an omission (see comment 5 in Example 5);
c) to indicate that the design cannot be analysed in
full (see comment 3 in Example 5); and/or
d) to emphasise the relationship between the program
design and the coded version of the design(see

comment 6 in Example 6).
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Diagram 189 contains a program design which is based
on the following problem specification:

design a program which inputs three values

representing a measurement in yards, feet and

inches, Convert these values into a single
measurement in inches and output the result.,

Before discussing the results, let us consider the
general format of the comments produced by DACE. Any
comments are printed after the coded version of the
design and are numbered for ease of identification. The
majority of them also refer the user to the appropriate
line number(s) in the code. The same comment aluways
produces similar text, hence if the same error as that
shown in diagram 18 is detected in another example, DACE
will produce the same wording apart from different line
numbers and variable name. Whenever an assertion
representing a comment is generated it is linked to the
results of semantic analysis by an assertion name and the
appropriate line numbers are detected later during code
generation, As each line of the program is printed, the
code generator detects whether any comments have been
assigned to the line. If so, then the assertion name is
replaced with the current line number and the comment
name 1s added to a list of any previous comments. Thus
the position of a comment in the list is defined by its
order of occurrence. Various lines in the program
design are now discussed in order to show how the results
have been produced.

(DS1) is recognised as a statement that will be
implemented as a HEAD statement. From the results of
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The desi

(DS1)

(DS2)

(DS3)

(DS4)

(DSS3)

gn is as follows : -

INPUT THREE NUMBERS #3#

MULTIPLY THE
AND ASSIGN
MULTIPLY THE
AND ASSIGN
ADD THE LAST

50 FAR AND
33

FIRST NUMBER BY 36

THE RESULT TO INCHES ##
SECOND NUMBER BY 12

THE "RESULT TH INCHES #%*
NUMBER TO THE VALUE OF INCHES
OUTPUT THE RESULT

A coded form of the design is:-—

‘BEG

P WN=O

“END

IN FINT

IDRO3, IDRO2, IDRO1, INCHES:

READ (IDROQO3, IDRO2, IDRO1) ;

INCHES
INCHES

:= IDRO3 X 36;
:= IDRO2 X 12;

PRINT (IDRO1 + INCHES)

The following are some comments on the above: -

1 " He Li

nes 2 and 3

The value assigned

to the variable< INCHES >
has been overwritten without being used

Diagram

19

Results From Analysing a Program Design Which

Converts Yards,

Feet and Inches Into Inches
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pre-semantic analysis the first item that the semantic
analyser attempts to analyse is NUMBERS., Since this has
not been analysed prior to the current line, DACE considers
it to mean a list of integer variables, the length of
which is undefined. How can such a list be suitably
represented? Since Dace's analysis of phrases such as
ONE NUMBER, TwWO VALUES etce. is confined to those which
contain words (such as ONE and TWO) whose equivalent
numerical value is in the range 1 to 10, a list of
variables of undefined length can be represented by a
list which is greater than ten elements in length.
Consequently a list of undefined length is represented by:
(vl v2 senw U1l} (5446)

where each element is the assertion name of a variable,

viz:
[#var  wnILL vl ] (5.47)
[#vAr nNILL v2 ] (5.48)
etc. :
[# vAR  NILL V11 ] (5.49)

After considering the phrase THREE NUMBERS, this list is
shortened to (V1 V2 V3) and all the variables represented
by the assertion names V4 to V1l are discarded.

From the coded version of the design it can be seen
that DACE has generated the names IDRUOl, IDRO2 and IDRO3
to denote the variables relating to THREE NUMBERS.
Generally speaking, DACE produces system defined variable
names by using a special LISP function which it
initialises to IDROU. Because this LISP functian
restricts all generated names to a length of five

characters, any names generated by DACE must lie within
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the rage IDR0O1l, IDROZ2 to IDRS9Y.

(bDs2), (DS3) and (DS4) are all similar since they
actually comprise two design statements joined by the
conjunction AND. Pre-semantic analysis has detected
this and has divided each of them into two parts.
Consequently the semantic analyser has considered each
part in turn before combining the results into a single
statement in the same way that the results of (0S8) and
(DS10) were combined in Example 2.

These three lines also illustrate the point made in
the previous section about the significance of adjectives.
In this example FIRST, SECOND and LAST are all used to
define which of the THREE NUMBERS is being referred to.
Both the previous and current examples also contain words
and phrases, the meaning of which can only be derived by
considering previous lines in the program design. In
this example DACE must consider the wider context in order
to derive the meaning of RESULT in (0S$2), (DS3) and (DS4).
To achieve this, the semantic analyser maintains a list of
those variable names relating to the last three arithmetic
expressions mentioned prior to the current line. By
doing so the meaning of a word such as RESULT, which is
often used in program designs, can be derived without
having to undertake an expensive search of preceding lines
each time it is used. In Example 2 the meanings of
phrases such as SUM OF VALUES and NUMBER OF VALUES were
also derived in a similar manner from notes made by the
semantic analyser when the following statements were

formed in the loopbody:



SIM := SUM + X (5.50)

RS | (5.51)
Generally speaking notes are made about those variables
which are defined implicitly eqg NUMRER OF VALUES in
Example 2, rather than through an explicit definition eg
INCREMENT I in Example 2.

The nrincipal feature of this example is the way in
which the comment relating to the variable TNCHES has
arisen. An obvious way of doing this would be to watch
for consecutive pairs of statements, which assian values
to the same variable. Whilst this approach would be
adequate for this example DACE uses a more aeneral method
which can detect assignments to the same variable even
when several statements senarate the assignments. The
basis of this method is that any variables defined in a
read or assignment statement should have these values
used before the variables are redefined. For instance in
the current example DACE notices from (DS1) that the first
value read in is subsequently used in (DS2) and thus any
subsequent modification of FIRST NUMBER would be accented.
However since the variable INCHES is assigned a value in
(PDS2) and then again in (NS3) before the first value has
been used, a suitable comment is generated.

The method outlined above is complicated when we
come to consider loops and conditionals. For instance
consider the use of the variable RESULT in the following

fragment of a program:
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RESULT := a value (5:52)

IF condition is true (5.53)
THEN (5.54)

RESULT := a value (5.55)
FT: [ 5.56])
RESULT := a value (5:37)

DACE does not consider that the assignment in (5.55)
overwrites the assignment in (5.52) since the former is
contained within a conditional construct and thus the
possible execution of (5.55) will be determined at run-
-time. In this respect statements (5.52) and (5.55)
represent alternative values of RESULT. However when
statement (5.57) is analysed DACE will make two comments
indicating that both the previous values have been
overwritten. To accomplish this DACE has noted that
statement (5.55) is contained within a conditional whereas
statements (5.52) and (5.57) are not. Once it is noted
that statement (5.57) is not contained in either a loop
or a conditional it is evident that the execution of this
statement is unconditional. Consequently the execution
of this statement must effectively overwrite any values
assigned to the variable RESULT in previous lines. The
consequences of this also need to be considered in the

following program fragment:

RESULT := a value; (5.58)
TF condition is true (5.59)
THEN (5.60)
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variable name := RESULT {5.61)
FI; (5.62)

RESULT := a value {(5.63)

In this situation DACE gives the user the benefit of the

doubt and even though the conditional may not be entered

it is assumed the value assigned to RESILT has been used

in line (5.61) before the variable RESULT has been

redefined in (5.63). Consequently DACE would not

generate a comment for a section of code similar to this.

From the discussion of this example four conclusions

can be drawn:

a) firstly it has been emphasised how DACE often makes

a first attempt at analysis which may be subseauently
revised as the context widens. This approach is
similar to that adopted by Sussman [Sussman 1075]

for his automatic programming system - HACKER;

as semantic analysis proceeds, DACE makes assertions,
the form of which is unique and predefined, to

denote those variable names which it considers may be
referred to by words or phrases rather than by name.
For instance, a list of variable names is maintained
so that whenever RESULT is met in a similar context
to that found in lines (D$2), (DS3) or (DS4) the
appropriate variable name can be derived. An
alternative approach would be to search through
preceding lines in an attempt to determine the

meaning of such words and phrases. This approach
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would be more difficult to implement since the

first attempt to derive the meaning of a word such as
RESULT ignores the context in which it is used.

Hence at this stage of the analysis it cannot detect
easily those results obtained from analysing
preceding lines. A search could be made only when
the entire line is considered within the overall
context of the design. Furthermore, the results may
have to be modified when considered in this wider
context;

although words similar to RESULT are first considered
in isolation, their true meaning can only be derived
after considering them in a wider context. For
instance in (DS4) it is only after considering

RESULT within the context of the statement OUTPUT
THE RESULT that it is realised that the user wishes
to access some previously defined value. In
contrast, in the following statement the context of
RESULT indicates that RESULT is being used as a
variable name:

SELRESULT TO O (5.64)
constructs such as the loop and conditional
complicate the process of determining whether a
variable has been incorrectly overwritten before it
is used. Because these constructs alter the top-
-down execution of consecutive lines the implications

of forming an assignment statement say, can only be
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determined after taking into account whether or not

that statement has been found in a loop or a

conditional statement.
5.4 Example 4

Diagram 20 shows a program design which has been
produced to solve the following problem:

Fibonacci numbers are defined as:

by dy 2500 05008 Y3 etc:

O W say =0k + Usiwn whexre U; = U, = 1, Design

a program to generate the first fifteen numbers

of this series.

Let us consider the program design in some detail.
(PS2) is comprised of an assignment and a print design
statement. The first of these constructs is similar to
that discussed in Chapter 3. The word BOTH is
unrecognised and consequently an attempt is made to
analyse it as a variable name. However since LASTRESULT
was analysed as a variable name for similar reasons and
the grammar specifies that two variable names cannot be
used consecutively, it is concluded that BOTH has little
significance and thus can be discarded. After analysis
of line (DS2) has been completed, DACE has determined that
RESULT appears on the left hand side of an assignment
statement and consequently it is being used as a variable
name., This is in contrast to its use in the previous
two examples where it was used to refer to the result of

a previous operation. Consequently when RESULT is found
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The design is as follows : -

(DS1) INITIALISE J TUO 2 %%

(DS2) SET RESULT AND LASTRESUL.T BOTH TO |
AND PRINT THEIR VALUES

(DS3) WHILE J IS LESS THAN 15

(DS4) Do

(NEH) QUTPUT THE TOTAL OF RESULT AND LASTRESULT
AND AGSIGN IT TO TEMP #x

(DS6) SET LASTRESULT 10 RESULT
AND RESULT 10 THE VALUE OF TEMP #%

(DS7) INCREMENT J

(DNS8) ap

(DG?)

(DS10) ##k

A coded form of the design is:-—

O ‘BEGIN CINT TEMP, LASTRESULT, RESULT, Ji

i o= 2

2 RESBULT := t;

3 LASTREBULT = 1;

23 PRINT (RESULT, LASTRESULT) ;

9 Rl e 1S

& ‘DO PRINT (RESULT + LLASTRESULT) ;
7 FEMP © = RESULT 4+ LASTRESULT;
8 LASTRESULT : : RESULT;

Q RESUL.T := TEMP;

10 o TE )

i1 oD

12 ‘END

he following are some comments on the above: -
1 Re Lines & and 7 : The expression
< RESULT + LASTRESUL.T >has been

unnecessarily duplicated Only one is needed

Diagram 20

Results From Analysinq-a Program Design Which

Generates the Fibonacci Series
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in (DS6), DACE assumes that reference is being made to
the same variable.

The analysis of the print design statement is
important for the way in which the phrase THEIR VALUES has
been analysed. Research into natural language
understanding has shown that understanding pronominal
references of this sort is very difficult. The method
used by DACE is to keep a note of the last subject(s)
mentioned in the current block. For instance when THEIR
VALUES is analysed, DACE recognises that the variable
RESULT and LASTRESULT were both mentioned in the current
line and that J was the subject of the preceding line.
Since the meaning of THEIR VALUES must be plural, RESULT
and LASTRESULT are chosen instead of J.

(DS5) shows how this technique has been used again to
determine the meaning of IT. After forming the PRINT
statement in line 6, the current subject and the one that
IT is assumed to refer to, is then taken as the arithmetic
expression contained in this statement. DACE recognises
that the addition of RESULT and LASTRESULT has been
carried out twice without either variable being assianed
a new value, Consequently, a comment to this effect is
made, the text of which is sufficiently general to make
the user reconsider how the coded version miaht be
improved. Thus the following implementation would be
more efficient:

TEMP := RESULT + LASTRESULT;: (5-65)

PRINT (TEMP); (5.66)
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To make this comment a technique has been used which is
similar to that described in the previous section for
detecting that the value of a variable has been over-
~written before it has been used. Whenever an arithmetic
expression is formed DACE makes a note of all the variable
names used in that expression. If that expression is
then subseauently used without any of the constituent
variables being redefined, then an identical value
ensues. In this case, DACE would generate an apnropriate
comment regardless of the sepnaration between the two
invocations of the expression.

The principal features of this set of results are:

a) that DACE has analysed RESULT correctly as a variable
name. This is in direct contrast to its use in
previous examples;

b) that DACE has detected a statement in line (DS5)

which is computationally inefficient;

0

the way in which the meanings of THEIR VALUES and
IT have been derived.
Considering these three features, the derivation of the
meanings of pronominal references presents the greatest
difficulty. To derive their meaning, the ideal situation
would be if DACE made use of the following:

i) a knowledge of the results obtained from analveing

previous lines; and
ii) a knowledge of the problem specification.

For examnle, if we consider the phrase THETR VALUES in
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line (DS2) we know from (i) that this phrase must refer
to a combination ofJ, RESULT and LASTRESULT and further-
more that RESULT and LAST RESULT are mentioned within the
same line. However it is from (ii) that we derive most
of the significant information. From the problem speci-
fication we know that the Fibonacci series entails adding
successive terms, Since RESULT and LASTRESULT denote
the first two (and other) consecutive terms we can deduce
that it is THEIR VALUES which are to be printed. In
terms of the results displayed in diagram 20, DACE has
used approach (i) above, but not (ii). Chapter 3 has
already stated that a knowledge of the problem specifi-
cation is outside the bounds of FAPD and other consequences
of this are discussed in section 5.8.
S.5 Example 5

So far all the examples discussed in this chapter
have been analysed fully. However this fifth example
illustrates how DACE may sometimes only partially analyse
a design. A partial analysis will result in a coded
version of the design together with those design state-
ments and/or phrases which DACE cannot analyse. The
example shown in diagram 21 contains an array, which in
terms of the constructs known to DACE, represents the
most complicated, and therefore the most difficult,
programming concept with which it can deal. The program
design in diagram 21 is intended to solve the following
problem:

a data file comprises eleven integer values.

Determine how many of the first ten values are equal

163



The design 1is as follows :—

(DS1)  INPUT TEN NUMBERS INTO AN ARRAY #x
(DS2) INITIALISE A COUNTER TO O

(DS3)  WHILE NOT END

(DS4) DO

(DS5)

(DS6) IF NEXT ELEMENT IS EQUAL TO X
(DS7) THEN

(DS8) INCREMENT THE COUNTER
(DS9) FI

(DS10)

(DS11) 0D

(DS12)

(DS13)  ###

A coded form of the design is:-—

‘BEGIN “INT IDRO1, X, COUNTER;
L1:101 ’“INT ARROL;
IDRO1 := 1;
‘WHILE IDROI <= 1D
B0 READ (ARROILCIDRO11) ;
IDROY := IDRO) + 1
‘BB ;
COUNTER = 0;
‘WHILE “’NOT < END
‘DO o ARROIL< UNDEFINED 21 = X
‘THEN COUNTER := COUNTER + 1
‘FI
‘aD
‘END

The following are some comments on the above: —

1

2

-

Re line 1 : An array < ARRO! > of 10 elements has
been declared

Re lines 2 to & : These lines have been generated
in order to read

values into the elaments of the array < ARRO1 >
Re line 8 : The design gives insufficient

detail to analyse <END>

Re line 92 : The design gives insufficient

detail to analyse <UNDEFINED>

Re line 9 : The variable X has been used
but it has not bean initialisad
Re line 10 : The value assigned to the

variable < COUNTER > has never been used

The design does not contain any output statements
Before the coded version could be run one o9r more
PRINT statements need to be inserted

Diagram 21

Results From Analysing a Program Desian Which

Searches an Array
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to the eleventh. An array should be used to store

the first ten values and an integer variable for

the eleventh.

Let us consider the program design in some detail.
(DS1) contains the first mention of an array. DACE can
only handle a program design which uses a single array and
consequently whenever the user refers to an array or an
array element in a program design it is assumed that
reference is being made to the same array., DACE could be
extended to deal with program designs containing more than
one array, however this would create problems of ambiguity
unless the user specified clearly the array being referred
to. To deal with such problems would require further
considerable research efforte.

Since an array has not been mentioned prior to (DS1)

the following assertions are made in its representation:

[#ARRAY  NILL  (LB1)  (uBl) Al] (5467)
[#Lws 1 uBl1l] (5.68)
[#urs N uBl] (5.69)

where assertion (5.67) shows that the array has been given
the default name NILL. In the absence of any other informa-
tion it is assumed that the size of the array will be
determined at the time of execution (see Example 6) and

hence the default values of the lower and upper bounds are
set to 1 and N respectively. However, once DACE considers
the two arguments TEN NUMBERS and ARRAY together we can see
from line 1 of the coded version that assertion (5.69) has
been changed and the value of the upper bound has been

revised to 10, The first of the comments illustrates how

DACE will always refer the user to this array declaration
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and that the code generator has named the array ARROL
(cef. IDROL for the integer variable). The results of
analysing line (DS1l) are shown in lines 2 to 6 inclusive
of the coded version and the second comment has been
pProduced so that the user can identify easily the code
necessary for reading values into an array. Two other
array operations known to DACE and for which the ALGOL B8C
code can be given are:

a) finding the sum of the values held in the elements

of the array; and

b) the printing of these values.

(D52) and (D58) are statements which have used A and
THE as the indefinite and definite article respectively.
Lines 7 and 10 of the coded version show how these articles
have been ignored and COUNTER has been analysed as a
variable name.

(DS3) represents a statement which DACE can only
partially analyse, The third comment informs the user of
this fact and lines 8 and 9 of the code show how those
items which cannot be translated into the target language
are printed in angled brackets. The word END has the
same dictionary definition as COUNTER (and RESULT which
has been met in previous examples) and so DACE treats them
both in a similar fashion. At first DACE assumes that
END has been used as a variable name. However from its
position in the line (which is in direct contrast to the
paosition of COUNTER in (D32)), it is recognised that the
user wishes to access some value. Consequently it
interrogates previous lines for evidence that a variable

called END has been assigned a value. Because no evidence
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is found the assumption that END is a variable is revised
and it is left as a word which is too general to be analysed.
If END had been defined as a variable name then a comment
similar to that of comment S5 would have been produced.

Statement (0DS6) has been only partially analysed
because of the failure to analyse NEXT ELEMENT. This
result is brought to the attention of the user in line S
of the coded version and comment 4. The term UNDEFINED
in line 9 is a general term which DACE inserts into the
program code when it cannot be established definitely
that an item has been given a value, such as the array index
in this case. The fact that it has only partially
analysed this phrase can be attributed to two reasons.
Firstly, whenever an array is used in connection with a
loop DACE assumes the loop is used to access consecutive
array elements. Consequently during the scope of the
loop, statements of the following form are scanned for:

{variable name® := <variable name>

+ <constant?> (5.70)

where <constant? has an integer value of 1 and the
<variable name)> is used as the array index. However in
order to use a variable name for this purpose the assign-
ment (5.70) must not appear within a conditional statement
since it must be executed on each iteration of the loop.
This is necessary so that a variable such as COUNTER in
line (DS8) is not used. This emphasises again the
importance of considering statements within the context
in which they are found.

After analysing the loopbody, DACE has failed to find
a statement similar to (5.70) and so it reconsiders the
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boolean expression at the start of the loop. If this
expression had given a more definite indication that the
loop was being used to access successive elements of the
array, then an assignment statement similar to that of
(5.70) would have been generated so that the array index
could have been inserted, The fact that the boolean
expression in line (DS3) did not qive any indication that
the loop was being used to access successive elements of
the array is the second reason why this line has been
analysed only partially. The opposite case to that

found here is dealt with in Example 6. The fifth comment
also relates to (DS6) and in particular to the fact that

X is treated, and indeed can only be treated, as a variable
name. This may be contrasted with the analysis of a word
such as END, which may or may not be a variable name, the
actual decision depending upon the context in which it is
found.

The analysis of line (DS8) indicates that the variable
COUNTER is redundant in this program design. This is
brought to the attention of the user in comment 6. The
technique used to achieve this has been described previously
in Example 3. It is assumed that whenever a variable is
defined it will never be used throughout the remainder of
the program design. An assumption that DACE then tries
to disprove. For example when line (DS2) was analysed,
DACE noted that CUOUNTER was simply assigned a value and
thus only appeared on the left hand side of an assignment
statement. However as soon as the expression:

COUNTER + 1 (S+71)
was formed as a result of analysing (DS8) it was noted
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that COUNTER was now to be found on the right hand side of
an assignment statement. Despite this DACE is able to
determine from the single reference to COUNTER in line
(DS8) that COUNTER has no significance in this program
design.

This method of noting the definition and possible
redefinition of variables is complicated by a loop
construct because it alters the top-down control flow of
the program. Reconsider for example the following loop

which DACE produced in the previous example:

TWHILE J < 15 (5.72)
D0 PRINT (RESULT + LASTRESULT); {5:73)
TEMP := RESULT + LASTRESULT; (5.74)
LASTRESULT := RESULT; (575)
RESULT := TEMP; (5.76)
fla= s Je & (5477)
00 (5.78)

If DACE had disregarded the control structure of the loop
then it would have deduced incorrectly that the values
assigned to LASTRESULT, RESULT and J had never been used.
Consequently at the end of the loop DACE reconsiders the
statements higher in the loop in order to detect that the
values assigned to LASTRESULT and RESULT in lines (5.75)
and (5.76) have been used elsewhere, in this case in line
(5.73)and furthermore that the variable J has been used
in the boolean expression of line (5.72).

The final comment shows that DACE always expects a
program design to include a statement which will be
analysed as a PRINT statement. Since DACE recognises

that a program design is intended to be implemented as a
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program, the only way that the results can be described
is by printing them,. If DACE could analyse a design which
a user intended to implement as a procedure say, then no
print statements would be necessary since the results are
returned to the main body of the program. On the other
hand DACE does not require that a program design has an
input statement. Example 4 which calculates the
Fibonacci series illustrates that such a statement is not
a prerequisite of a meaningful program design.

Let us conclude this section by making two points
about the method used to deal with arrays:

a) DACE can only handle program designs which use a
single, one dimensional integer arraye. According
to the grammar of a program design there is no way
that a user can specify the bounds of the array.
Consequently it is assumed the lower bound is
always 1 and the upper bound is given a default
value of N (see Example 6) which may be revised in
the light of subsequent analysis. If a program
design does not contain a statement of this sort but
uses a loop construct to read values into the array,
then DACE does not derive the array bounds from
information contained in the loop. Instead DACE
assumes that in this situation the array bounds will
be determined by the value of the variable N at run-
time, It is felt that the user will derive the
greatest benefit from this approach, since the
results obtained from analysing the loop can now be

used (see Example 6) to show the user those factors
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which have influenced the range of elements accessed

by the loop ;

b) generally speaking the policy which DACE adopts
towards analysing program designs which contain an
array is that all elements of the array should be
accessed. This reflects the common approach taken
to the processing of arrays. Hence the analysis is
concerned with operations on an entire array and
expects a loop, for example, to access all elements
in an array. The conseqguences of this are
illustrated in Example 6.

S.6 Example 6

Diagram 22 shows an example of a program design which
calculates the first N terms of the Fibonacci series where
the value of N is determined at the time of program
execution,. The difference between this program design and
that of Example 4, which also calculated the Fibonacci
series, is that the current example stores the terms in an
array before printing them.

(DS1l) illustrates that in order for DACE to declare
an array it does not necessarily have to meet the word ARRAY
in the program design. In this example the word ELEMENTS
has led to three array assertions being made which are
similar to (5.67), (5.68) and (5.68) in the previous
section. However unlike the previous example, line 2 of
the coded version shows that the upper bound has not been
revised and therefore the default value of N has remained
throughout. Line 1 of the coded version illustrates how
DACE always expects the value of N to be read in and
alternative methods of assignment are not considered.
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The desi

gn is as follows :—

(DS1) SET THE FIRST TWO ELEMENTS TO 1
(DS2) WHILE NOT END OF ARRAY
(DS3) DO
(DS4) SET THE CURRENT ELEMENT TO THE SUM OF
THE PREVIDUS TWO ELEMENTS
(DSS) oD
(DS&) OUTPUT THE ARRAY
(DS7) 33
A coded form of the design is: -
0 ‘BEGIN S ENE IDRO2, IDRO1, N;
1 READ(N)
2 C1: N1 “INT ARROL;
3 ARROLILL] := 1;
4 ARROLLCZ2] := 1;
o IDRO2 := 3ij
b ‘WHILE IDRO2 <= N
7 ‘DO ARROLCIDRO2] := ARROLLIDRO2 - 11
+ ARROILCIDRO2 - 21;

8 IDRO2 := IDRO2 + 1
9 ‘LB g
10 IDRO1 := 1;
11 ‘WHILE IDROL <= N
12 ‘DO PRINT (ARRO1CIDRO11) ;
13 IDROL = IDROL + 1
14 ‘0D
15  “END

Diagram 22 (continued on

following page )

Results From Analysing a Program Design Which

Generates The Fibonacci Series by Using an Array
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The following are some comments on the above: -

1

2

Re lines 1 and 2 : An array < ARROL >» of N e2lements has
been declared
Re line 7 : IDRO2 has bean wsed to index the array

Consequently the first itaration of the loop
references the element ARROLLZ2]

If this was not intended or is an incorrect analysis
change either the initial wvalue of IDRO2

or the index

Re line 7 : IDRO2 - 1 has been usad to index the array
Consequently the final ite2ration of the loop
references the s2lement ARROILN - 1]

If this was not inftended or is an incorrect analysis
change either the index or the boolean expression
following WHILE

Re line 7 : IDRO2 - 1 has been us2d to index the array
Consequently the first iteration of the loop
references the a2lemant ARROL1LZ2]

If this was not intended or is an incorrect analysis
change e2ither the initial value of IDROZ2

or the index

Re line 7 : IDRO2 -~ 2 has been usad £to index the array
Consequently the final iteration of the loop
references the element ARROLLN - 2]

If this was not intended or is an incorrect analysis
change 2ither the index ar %fthe bonlean expression
following WHILE

Re lines 10 to 14 : These lines have been generated

in order £tn print

the values hald in the elamants of the array < ARRO1 >

Diagram 22 (continued from
previous page)

Results From Analysing a Program Desian Which

Generates The Fibonacci Series by Using an Array
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(DS2) contains the phrase NOT END OF ARRAY which is
recognised as meaning the loop is being used to access
consecutive elements of the array. For reasons outlined
at the end of the previous section it then expects the
first iteration to access the element specified by the
lower bound of the array (i.e. ARROL [1] ) and the last
iteration to access the element specified by the upper
bound of the array (i.e. ARROL1 [N] ). The previous
example illustrates how DACE scans the loopbody for an
assignment of the following form:

{variable named> := <variable name) + <constant> (5.79)
where <variable name> is used as an index to the array
and <constant> is assigned an integer value of 1 so that
consecutive elements of the array may be accessed. It
was also stated that if such an assignment was not found,
but that there was sufficient evidence to indicate that
the loop was being used to index consecutive elements of
the array, then an assignment similar to (5.79) would be
generated. Since the current line makes an implicit
reference to the upper bound of the array this is
considered sufficient evidence to produce the assignment.
It was not undertaken in the previous example because a
phrase such as NOT END would imply that the loop was to
be terminated according to some other criterion. DACE
analyses the current line as having the following meaning:

{variable name> <= N (5.80)
If a statement such as (5.79) is found in the loopbody
then the variable name in (5.80) can be replaced by the

actual name.
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(DS4) is important because it shows how phrases such
as CURRENT ELEMENT and PREVIOUS TwWO ELEMENTS are analysed,
Because of DACE's expectations about loops and arrays the
index of the elements corresponding to these phrases is
considered relative to:

ARRO1 [ {variable name)> ] (5.81)
where variable name is the same as that defined and found
in (5:79)s The meanings of CURRENT and NEXT ELEMENT are
both represented as (5.8l1), since the latter is assumed to
imply that successive iterations of the loop will consider
successive elements of the array. In a similar manner
the phrase PREVIOUS TWwO ELEMENTS is assumed to mean those
elements which were indexed on the previous two iterations
of the loop and which therefore can be represented by the
following format:

ARRO1 [ <variable name> - 1] (5.82)

ARRO1 [ <variable named - 2] (5.83)
Whenever array elements of this type are met, DACE notes
the value of <variable name> that is expected on the
first and last iterations of the loop. For example when
(5.81) is met it denotes that <variable name®> should be
initialised to 1 before entry to the loop and contain the
value N on the last iteration of the loop. If this situa-
tion is found in the program design, then the results of
the analysis meet DACE's expectations about arrays and
loops. However the expectations of these values have had
to be revised by DACE after consideration of (5.82)e. The
variable name should now be initialised to 2 before

entering the loop. If these expectations are met then

173



the following situation will hold true:

Array element Array element
accessed on the acce=ss=ed on the
first iteration last iteration
of the loop of the loop

ARWO1[<variah19 nam@)] W”””’[“] ﬂ”””1[V1

ARRNO [(\.f;\ri able name>

= ] arent [1] ARROT [N=1]
which illustrates NACE's policy of trving to ensure that
somewhere within the lonp, the first iteration will access
APR01[1] and the last iteration will access ARROT[N].
From this discussion it is now annarent that once (5.83)
has been considered DACE expects the variable name to be
initialised to 3 rather than 2. Fach of the elements
(5.81), (5.82) and (5.83) have only affected the
exnectation of the initial value of the variable name.
However if an element similar to:

ARR01[<variablp name> + 1] (5.84)

is met then DACE would exnect variable name to have a
value equal to N-1 rather than N on the final iteration
of the loop. Comments 2, 3, 4 and 5 of the results
summarise those features of arrays which concern DACE and
which have been described above. Comments 2 and 4 relate
to the first iteration of the loop and noint out how the
index can be affected by either the initial value of the
variable or the exnression used as the arrav index.

Conversely comments 3 and 5 are concerned with the
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elements accessed on the last iteration of the loonp and
point out how these can be altered by changina either the
boolean expression at the start of the loop or the
exnression used as the index.

(NPS5) marks the end of the Ioop and it is at this
stage that the variable name will be replaced by the
actual name of anv variable which has been included in an
assianment statement similar to (5.79). The results
show this has not been found and hence DACE has created a
variable, with the name IDRN2, for this nurnose. Line
5 shows how it has been initialised correctly and line 8
shows that the assiagnment statement has been aenerated
correctly.

(PS6) shows another array operation which DACE is
capable of analysing, namely nrinting the values held in
the elements of the arrav. The final comment has been
nproduced in order to refer the user to that portion of
the code which carries out this operation.

In addition to the conclusions drawn at the end of
the previous section concerning DACE's policy towards
arrays, the following may be added:

a) because the =size of the array is undefined, the code
generator has automatically included a READ statement
prior to its declaration. At nresent DACE cannot
identify if the desian contains a statement for this
purnose, For instance if the first line of the

desiagn had been:
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b)

READ & VALUE INTU N (5.85)
then DACE would not have associated variable N with
the size of the array even if this had been the
implication of the statement. GCenerally speaking
a statement such as (5.85) is considered too vague
to associate with the definition of array size.

DACE would require a more specific statement, such as:

READ THE SIZE OF THE ARRAY INTO N (5.86)
in order to associate the variable N with the upper
bound of the array;
the comments which UACE makes about array elements
used in a loop are based on the fact that there is
no certain way of deciding whether a phrase such as
NEXT ELEMENT means:

ARRO1 [ {variable name> ] {(5.87) ar

ARROL [ <variable named> + 1 ] (5.88)
since the actual assignment will depend upon the
context of the loopbody. Consequently the comments
have besen chosen deliberately to display this
indecision and the final decision on correctness is
left to the user. The important point here is that
DACE brings to the attention of the user the effect
on the array index of choosing certain operations.
Since an array index that is outside the bounds of
the array is a common error, it is hoped that this

form of analysis will help to avoid such a situation.

el Examgle 7
Diagram 23 is a further example of a program design
which shows how DACE deals with arrays. This design has

been produced in accordance with the following problem
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The design is as follows : -

(DS1)
(DS2)

(DS3)
(DS4)
(DSS5)
(DS&)
(DS7)
(DS8)

(DS?)

(DS10)
(DS11)
(DS12)
(DS13)
(DS14)
(DS15)
(DS16)
(DS17)
(DS18)
(DS19)

INPUT TEM NUMBERS IN1O AN ARRAY *#
SET RESULT TO THE VAL UE OF THE LAST ELEMENT
OF THE ARRAY AMD IMITIALISE FOUND
WHILE I IS LESS THAN 11 AND MOT FOUND
DO
INCREMENT 1
IF NEXT ELEMENT IS LARGER THAN X

THEN
SET FOUND TO TRUE AND RESULT TO
THE VALUE OF THE PREVIOUS ELEMENT
FI
oD
IF RESULT IS EQUAL 10 X
THEN
PRINT # ARRAY CONTAINS X #
ELGE
PRINT # ARRAY DOES MOT CONTAIN X #
f=ul
* %

A coded form of the design is: -

AN UPOUN~O

‘BEGIN “INT IDROL, X, I, RESULT;

‘BOOL ~OUMD;
£1:101 “INT ARRO1L;

IDRO1 := |§;

‘WHILE IDROL! <= 10

‘DO READ (ARROI1LIDRO11) ;
IDRO! := IDRO1 + 1

R 5 0

RESULT := ARROIL101;

FOUND := < UNDEFINED >;

‘WHILE I < 11 ‘AND ‘NOT FOUND

‘DO I &5 I &= 13
' EE ARROL1CI] > X
‘THEN FOUND := ‘TRUE ;

RESULT : = ARROLICI - 13

=1

2 0

Diagram 23 (continued on
following page)

Results From Analysing a Program Design Which

Searches a Sorted Array
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vy f o RESULT = X

18 “THEN PRINT ("ARRAY CONTAINS X")
19 ‘ELSE  PRINT ("ARRAY DOES NOT CONTAIN x")
20 ‘FI

21  ‘END

The following are some comments on the above: -

1 Re line 2 : An array < ARROL > of 10 slements has
peen doeclared

2 Re lines 3 to 7 : These lines have been generated
in arder to read
values into the clements of the array < ARRO1 >

3 Re line 9 : The design gives insufficient
detail to enalyse <UNDEFINED>

4 Re lines 10 and 11 : The variable I has bean used
but it has not heen initialised

9 Re line 11 : fhe variable i has been vused

but it has not

been initialised Variablas used in this manner

are usually initialise prior tn entering the loop
& Re line 12 : I has been used to index the array

Consequently %the final iteration of the loop

references tho alemont ARROLLL 1]

This will cavuse an exncution eTror since

the index is outside

the bounds af the grray In agrdor

to rectify change either

the index or the booloan expression following WHILE

7 Re lines 12 and 17 - The variable X has been used
but it has not been initialised

Diagram 23 (continued from
previous page)

Results From Analysing a Proaram Design Which
Searches a Sorted Array
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specification:
read ten integer values, which have been sorted into
ascending order, from a data file. Another value
can then be read in and the program should determine

whether or not this value is contained in the sorted

The program design shows how this has been solved by
reading ten values into an array and by using a loop
structure to search through the array elements for the
given value. S5ince the values are in ascending order,
the loop shows how the search can be terminated without
necessarily considering all the elements.

Let us consider those lines within the design which
illustrate points not yet discussed. (DS2) and line 9
in the coded version show that INITIALISE FOUND has been
partially analysed. In this respect DACE has inserted
a general term - UNDEFINED - to show that the assignment
is incomplete.

(DS3) and (DS2) show alternative uses of the word
AND. In (DS2) it has been used as a conjunction and
consequently has been discarded before semantic analysis
was initiated. However lines (DS3) and 10 illustrate

AND is always implemented as a boolean operator when it
appears in the boolean expression of a loop or conditional.

(DSS) corresponds to line 1l in the coded version and
for reasons outlined in previous sections the variable I
has been used to inde x the array elements in lines 12
and l4. The fourth and fifth comments also relate to
this variable. The first of these points out that in
order to avoid an execution error, I should have been
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assigned a value prior to the current line i.e. line 10.
The fifth comment supplements the fourth and has been
made because DACE has recognised that this special form
of an assignment statement has been included in the loop-
body as a possible array indexing operation.

(D56) contains the phrase WNEXT- ELEMENT and because
the appropriate variable name was discovered in the
previous line, DACE has analysed this to mean:

ARRO1 [1] (5.89)
instead of the more general form:
ARROL [<variable name) ] (5.90)
which was necessary in the previous example. The
sixth comment brings to the attention of the user the fact
that line 12 of the coded version will cause an execution
error on the final iteration of the loop. In making
this comment DACE has shown that the techniques discussed
in the previous section are sufficiently general to cater
for different loop terminating conditions and array
indexing operations. More specifically, DACE is capable
of recognising that the array elements accessed on the
final iterations of the following loops are the same:
'WHILE I < 11 (5.91)
'DO 2 I Y (5.92)

statements which reference

ArRrOl [1] (5.93)
'00D (5.94) and
'WWHILE I <= 11 (5.95)
'DO statements which reference
arrol  [1] (5.96)
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s TS (5.97)

'0D (5.98)
The absence of a comment about the array index in line 14
also shows that UACE has correctly analysed that in the
final iteration of the loop ARROL [lU] will be accessed.
To deduce this it has to take into consideration the
actual form of the boolean operator used at the start of
the loop, the position of the assignment statement (i.e.
the one in line 11) within the loopbody and the arith-
metic expression used to index the array.

In aodition, although this is not shown by the
results, DACE has recognised that in order to reference
the first element of the array on the first iteration of
the loop, I should be initialised to 2, Because the
user has specified the variable I both in the boolean
expression in (0S3) and the statement in (DS5) it is
considered that the actual initialisation of I should be
given by the user. Similarly, although there is no
reason why DACE could not be extended to complete the
assignment in line 9 it is considered that since the user
has partially specified the assignment statement, he
should be encouraged to complete the specification.

5.8 Example 8

Some of the program designs previously considered in
this chapter have contained statements which DACE is not
capable of analysing or for which an incorrect analysis
had been made. Let us now consider an example of a
program design which contains statements that cannot be
analysed because they are beyond the scope of FAPD.

This example has been included to show how DACE deals
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with such a situation. Diagram 24 shows a program

design based on the following problem specification
calculate the income tax to be paid by each employee
of a company. The information available for each
employee comprises that employee's earnings, the
number of dependents, expenses and type of employee
(i.e« whether a man, woman or teenage persaon). No

employee should pay negative tax and a compulsory

works charity contribution depends on employee type -

(a man pays £5, a woman £2 anc a teenager £1). The
rate of tax is 35% and a £150 tax free allowance is
made for each dependent. Expenses and charity
contribution are tax deductible.
This specification together with the program design shouwn
in diagram 24 are based on those used by Wilson and
Addyman [wilson ancd Addyman 1978] to illustrate
programming by stepwise refinement. Let us consider
why lines (DS4) to (058) inclusive have been only
partially analysed.
As was stated in chapter 3 successful analysis of
a statement requires that all the information necessary
for that analysis must be derived from the following
two sources :
a) from a class instance which is used to derive the
meaning of a common design statement; and/or
b) from the results of analysing previous statements
in the design.

In this respect the meaning of statements such as (DS4)

to (DS8) could be derived from the first of these sources.

However class instances for analysing terms such as
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The design is as follows ;-

(DS1) READ N AND INITIALISE I TO 1
(DS2) WHILE I IS LESS THAN OR EQUAL TO N
(DS3) DO

(DS4) READ DATA FFOR EMPLOYEE %
(DSS) CALCULATE CHARITYLEVY #x
(DS6) CALCULATE TOTALEXPENSES #3
(DS7) CALCULATE ALLOWANCE #3¢
(DS8) CALCULATE TAX

(DS?) PRINT TAX OWING ¢

(DS10) INCREMENT I

(DS11) 0D

(DS12)

(DS13) %%

A coded form of the design is:—

0 ‘BEGIN 3 TAX: ALLOWANCE, TOTALEXPENSES,
CHARITYLEVY, [, N;

1 READ (N) ;

2 L =it

3 ‘WHILE I <= N

4 ‘DO READ (< DATA FOR EMPLOYEE >) ;

5 CHARITYLEVY := < UNDEFINED >;

& TOTALEXPENSES : = < UNDEFINED >;

7 ALLOWANCE := < UNDEFINED >;

8 FTAX := < UNDEFINED >;

9 PRINT (TAX) ;

10 =0 )

1% ‘0D

12 ‘END

The following are some comments on the above: —

1 Re line 4 : The design gives insufficient
detail ¢to analyse <DATA FOR EMPLOYEE>

2 Re line 5 : The design gives insufficient
detail to analyse <UNDEFINED

3 Re line 5 : The value assigned to the variable
< CHARITYLEVY > has never been used

4 Re line & : The design gives insufficient
detail to analyse <UNDEFINED> ;

9 Re line & : The value assigned to the variable

< TOTALEXPENSES > has never been used

6 Re line 7 : The design gives insufficient
detail to analyse <UNDEFINEDX

7 Re line 7 : The value assigned to the variable
< ALLOWANCE > has never been used

8 Re line B : The design gives insufficient

detail to analuse <UNDEFINEDX>

Diagram 24

Results From Analysing a Proaram Desian Which

Calculates Income Tax Payable
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CHARITYLEVY, TOTALEXPENSES etce. would be specific to
this problem and if implemented for general cases would
lead to the problem of combinatorial explosion. Hence
the basic approach pursued in this study is to develop
class instances which are sufficiently general to be
applicable to more than one problem. An alternative
approach would be to develop a collection of general
class instances which could interrogate the problem
specification for information to aid this analysis.
However one of the main limitations of FAPD is that it
makes no use of this specification to help its analysis.
Consequently analysing statements such as those considered
in statements (DS4) to (DSB) is beyond the scope of FAPD.

Let us consider DACE's analysis of this program
designe (DS4) has been implemented as a READ statement.
However DACE does not recognise the phrase DATA FOR
EMPLOYEE . It has no comprehension of the concept of
an EMPLOYEE, and consequently has tried to analyse it as
a variable name. The phrase DATA FOR EMPLOYEE is
unrecognised and hence is left in its original form.

(D55) to (DS8) have all been implemented as assign-
ment statements and CHARITYLEVY, TOTALEXPENSES, ALLOWANCE
and TAX are considered to be variable names. From the
results we can see that DACE incorrectly expects each of
these calculations to produce a single result. Because
the initial assumption is that assignment statements are
required and then because it is found subseqguently that
these statements are not required, comments 3, 5 and 7
are generated.

(DS9) has been analysed and a PRINT statement
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produced. Syntax analysis has determined that OWING

can be ignored for the same reason that BOTH was ignored
in line (DS2) of tExample 4 (see section 5.4).
Consequently DACE has realised that the value assigned

to the variable TAX in the previous line has in fact been
used and as a result no comment is made about line 8 in
the coded versione.

This example illustrates how DACE has attempted to
analyse a program design even though the full meaning of
some statements cannot be derived. It is important that
examples such as this are tested for two reasons. Firstly,
although a program design may not be analysed completely
the results from analysing portions of it, such as (US1),
(ps2), (DS9) and (D510), will provide the user with some
benefit. Although the design needs further refinement
before it can be analysed completely, comments such as
this are still considered to be useful at this stage.
Secondly, defining the scope of FAPD and the system is a
very difficult problem which can only be clarified by
considering results such as those given in diagram 24.

An important point illustrated by this example is
that DACE provides assistance in the process of stepuwise
refinement by indicating those lines which need to be
specified in more detail before the design stage is
complete. In this example lines 4 to 8 of the coded
version show those statements which the user needs to
refine further in order to complete the design stage.

5.9 Examples 8, 10 and 11

The results considered so far in this chapter have

been produced by subjecting program designs to the four
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processes of analysis that comprise DACE. However to
conclude this chapter, consideration now turns to three
examples which do not conform to the grammar of a program
design. In this respect they have been rejected after
the syntax analysis stage and consequently have not been
passed to the pre-semantic routines or subsequent stages.
These three examples have been specifically chosen
because they represent three different kinds of syntax
error.

Diagram 25 is typical of the results produced by
DACE whenever it considers a program design is syntacti-
cally incorrect. This shows that the user's design has
been pretty printed and is followed by a single message
(the text of which is always the same) indicating that a
syntax error has been found. The design has been stored
in a file named CODE.RES so that the user can obtain a
hard copy and establish why analysis of the design has
failed. Hecause the syntax error message does not give
any indication of why a design has been rejected, any
users of DACE would require some details of the possible
causes of syntax errorse.

Let us now consider why each of these designs has
been re jected. Syntax analysis of Example 9 has failed
because line (052) contains an unrecognised symbol,
namely & . At this point DACE has invoked its back-
tracking mechanism in an attempt to find an alternative
parsing. Since this has also failed, the design has
been rejected as syntactically incorrect. Lines (DS3),
(DS6) and (DS1l0) contain other symbols which will also

cause syntax errors. The rejected symbols are <,>'and +
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The design is as follows :—

(DS1) GET FIRST VALUE OF DATA INTO MAXSOFAR ##
(DS2) COUNTER <- {

(DS3) WHILE COUNTER < 1000

(DS4) DO

(DS5) GET NEXT VALUE OF DATA INTO N
(DS6) IF N > MAXSOFAR

(DS7) THEN

(DS8) MAXS30FAR <- N

(DS?) FI

(DS510) COUNTER <- COUNTER + 1

(DS11) OD

(DS12) OUTPUT MAXSOFAR WITH SUITABLE TEXT
(DS13)  ###

A syntax error has been found in this design
Diagram 25

Results From Analysiﬁg a Program Design Which
Contains an Unrecognised Symbol

The design is as follows : -

(DS1) SET MAX AND MIN TO FIRST VALUE ##

(DS2) SET NOCONSIDERED TO 2

(DS3) WHILE NOCONSIDERED IS LESS THAN 1000
(DS4) DO

(DS5) GET NEXT VALUE

(DS&) IF THE VALUE IS LARGER THAN MAX #3#
(DS7) SET MAX TO THIS VALUE

(DS8) THEN

(DS9) INCREMENT NOCONSIDERED
(DS10) ELSE

(DS11)

(DS12) IF THE VALUE IS LESS THAN MIN #3#
(DS13) SET MIN TO THIS VALUE

(DS14) THEN

(DS15) INCREMENT MNOCONSIDERED
(DS16) 4

(DS17)

(DS18) Fi

(DS19)

(DS20) aD

(DS21) OQUTPUT MAX AND MIN

(DS22)  #u#x

A syntax error has been found in this design

Diagram 26

Results From Analysina a Program Design Which
Contains an Unrecognised Form of a Construct
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respectively. In order for lines (052) and (0S3) to be
analysed, they should have been written in the following
forms:
SET COUNTER TO 1 (5.99) and
WHILE COUNTER IS LESS THAN 1000 (S.lDU)

Example 10 has failed because of line (057) and
illustrates a second category of syntax error. This
shows that the grammar of a program design does not allouw
a statement which will be implemented as an assignment
statement to appear at the start of a conditional.
Consequently this represents those errors where the
target language constructs for repetition and choice
have not been used as required,

Finally, Example 11 represents a third form of
syntax error. Lines (D52) and (DS4) are based on
examples found in Findlay and Watt [Findlay and Watt
1981] and it is the phrase NEXT SUMMAND contained in
(DS4) which has caused the error. This has been
analysed in the same way that phrases such as THIS VALUE
and FIRST ELEMENT are analysed. However whereas DACE
contains dictionary definitions of words such as VALUE
and ELEMENT, the current implementation of the system
does not recognise the word SUMMAND and therefore it has
been analysed as a variable name. A phrase comprising
an adjective followed by a variable name does not fit
the grammar of a program design and consequently the
design has been rejected. It is interesting to note

that if THE and NEXT were omitted and the line had read:
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The design is as follows

(D&1) INITIALISE SUM g o

(DS2) WHILE NOT END OF DATA

(DS3) by

(DS54) READ THID NEXT SUMMAND AND ADD IT TO SUM
(DES) obn

(DS&) OQUTRPUT THE VALLUE OF SUH
(DS7) #it %

A syntax error hss bheen found in this design

Diagram 27
Results From Analysing a Program Design Which

Contains an Unrecognised Phrase
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READ SUMMAND AND ADD IT TO SUN {S.101)
analysis of SUMMAND as a variable name would have
resulted in the syntax analysis being successful and

the program design being analysed.



6. RESULTS FROM USING DACE

6.l uUbjectives and Methodology

In the previous chapter, the scope of DACE was
described by considering its application to eleven program
designs, In this chapter we describe an evaluation of
DACE using a group of people with various levels of
programming experience. By using people of dissimilar
experience, conclusions might be drawn concerning the type
of user who derives the greatest benefit from using the
system. All the examples and results discussed in this
chapter were derived from the evaluation exercise.

For the purposes of this report, all those who
participated in the tests are referred to as "users",
tighteen people took part in the experiment and diagram 28
shows how they can be classified. All the students
(ie categories 1 to 6) came from the University of Astan
and categories 1, 2 and 6 were learning to program. All
the undergraduate students were studying for either a
single honours degree in computer science or a combined
honours degree in computer science and another subject.
None of the M.Sce. IT students had degrees in computer
science. The primary programming language used by all
the students was PASCAL. The others (ie category 7)
were graduates from industry, who did not have degrees in
computer science, were not professional programmers nor
wrote programs on a regular basis. Each user undertook
a maximum of five different programming exercises, the

solutions to which were submitted to DACE. The total
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number of different solutions which were submitted by

users from each category is shown in column 2 of diagram

28. Column 3 shows the number of solutions which were

resubmitted because the original version contained a

syntax error.

Before starting the evaluation exercise each user was
given handouts containing instructions. As far as possible
the names of the handouts are included in this discussion
so that the reader can refer to the appropriate material in
Appendix G. The experiment took the following form:

a) because of a lack of standard terminology all students
were given an "Introduction" handout which explained
the phrase program design;

b) wusers who were not computer science students were
given a handout entitled "Notes on Program Design".
This was considered necessary since these users may
not have been aware of the importance of this part
of program development. Although the handout
referred to constructs for denoting selection and
repetition of actions, the fact that these were
ALGOL 68C constructs was not mentioned. Knowledge
of the target language is not a prerequisite for
using DACE and in an effort not to overburden
students with unnecessary detail, any reference to
ALGOL 68C was avoided;

c) all users undertook a pre-test and a post-test
exercise to solve somewhat similar problems. %
was hoped that a comparison between the two solutions

would ascertain the effect (if any) that DACE had on

185



d)

a student's performance. The two problems (see
Exercises la and 1lb) were carefully chosen in order
to allow the more experienced users to include
advanced programming concepts (eg arrays) in the
solution and the less experienced users to formulate
a solution without using, or indeed knowing, such
concepts. The order in which the two problems were
tackled was varied so that any difference in problem
complexity would be nullified;

after the pre-test exercise had been completed users
were asked to read the "Introductory Notes for the
System User". These notes outlinesd the basic
operation of DACE, the kinds of program designs which
could be analysed and some possible causes of syntax
ELTOrS., A list of system recognised words was also
included. For similar reasons to those outlined in
(b) above, no reference was made to ALGOL 68C. To
sustain their interest users were encouraged to use
the system as quickly as possible instead of spending
an inordinate amount of time trying to understand
every detail within the handout;

users were then given a series of exercises which

required program designs to be developed for particular

problems. The users were requested to write the
solution out prior to inputting it into the system.,
This meant the time spent logged-on to the DEC was
kept to a minimume. This was important since the

longer a user was logged=-on, the more marked was the
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f)

g)

ii) the user wished to correct previous lines in

deterioration in response time, Once the design
had been formulated, the system was called up and
the user allowed to submit his solution to DACE.
The DEC's PHOTO facility recorded all interactions
between DACE and the user. DACE then displayed the
results of its analysis and the user was given the
next exercise in the series;
if DACE reported that the program design contained a
syntax error, the user was asked to read section 4
of the Introductory Notes which listed some possible
Causes. The user could then submit a revised
solution to the system. If the revised version also
contained & syntax error, the user was informed
verbally of the cause and was then shown a "Model
Solution”,. These solutions were intended to make
the user more aware of the kinds of program design
which DACE can accept. It was emphasised that they
were not the only solution which the system would
accept and numerous variations were possible, The
user would then be given the next programming
exercise;
a set of systematic instructions were given to users
whenever they asked for help because they had run
into difficulties, The first set (Mnstructions 1")
was used if a program design was being entered.
These instructions could be used when either:
i) the user had typed a control character which had
generated a LISP interrupt; or

the input.
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h)

i)

In both cases it was necessary to reinput the

program design and the instructions gave details of
how to do thise The second set ("Instructions 2")
was used after the program design had been entered
but module 1 (see diagram 12) was still in operation.
These instructions also requested the program design
to be resubmitted. The final set ("Instructions 3")
was used whenever difficulties arose with either
modules 2 and 3 (see diagram 13) or module 4 (see
diagram 14). Typical difficulties here would be a
user typing START instead of (START). These
instructions gave details for re-entering the
current system module;

once the exercises had been completed, the users

wvere asked to complete a "Questionnaire" so that
their evaluation of the system could be assessed.

The text will refer to the results of this
questionnaire (see Appendix G);

finally, the users were asked to complete the

post—=test exercise.

6.2 Problem Solutions

The series of programming exercises undertaken by

the users was designed to test their ability to deal with

some basic programming concepts. The programming

exercises involved designing programs for the following

problems:

Exercise 1 : Input an integer value which represents a

measurement in yards. OQutput the

corresponding number of inpches.
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Exercise 2 : Input ten integer values. Print each of

these values and their total.,

Exercise 3 : Input two integer values and print a

message stating whether or not the tuwo

values are equal.

Exercise 4 : Inout ten numbers. Output how many of

these numbers have a value greater than 100.

Exercise 5 : A data file contains a set of positive

integer values. The end of the set is
signified by a O. Find the total of
these values.

When analysing the users' solutions to these

exercises DACE detected many errors although some others

went undetected. Out of 131 program designs, 77 were

rejected by DACE because they contained errors. Same of

the factors which caused DACE to reject program designs

were

a)

b)

.
.

the use of statements which did not conform to the
grammar of a program design caused most errors.
Typical of these statements are PUT IN LENGTH and
RESULT IS INCHES. The former statement is rejected
because PUT is not a recognised word whereas the
latter is unacceptable because RESULT and IS are used
in the wrong context. Errors of this type are
difficult to diagnose but using a list of recognised
words can help, Thirty=five program designs sub-
mitted to DACE contained incorrect statements of
this type;

incorrect use of xx was also a common error. Out of
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c)

131 program designs, 27 used #x incorrectly, although
6 out of 18 users used it correctly at all times. The
fact that 8 users thought the instructions on the use
of xx were insufficient and 1l found it easier to use
with practice suggests that greater tuition is
required in this area prior to using the system,
Occasionally a user failed to delimit xx with spaces
which meant a statement such as READ THE VALUE INTO
Axw was analysed as READ (Axx), where Awxwx was
assumed to be a variable. Fifteen program designs
contained syntax errors because the character ## was
not delimited by spaces. Users obviously had similar
problems with and*F and on this basis any future
versions of the Introductory Notes should place
greater emphasis on the use of spaces;

the next section will discuss how the « key was often
used in an attempt to correct mistypings. If it %8
used during the input of a program design then a
control character is read in and a syntax error
generated. This occurred in seven of the program
designs submitted to DACE. The next section also
discusses how using a Lynwood terminal and typing O
with the shift - lock on caused a LISP interrupt. On
one occasion a user tried to overcome the problem by
taking action which did not rectify the situation,

but rather yielded an incomplete program design
resulting in a syntax error;

ten program designs did not specify the correct form
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of a conditional. Seven of these were due to FI

being omitted. Loops seemed to cause fewer problems
and 0D was never omitted. Two program designs con-
tained ‘loops in an incorrect format. Both of these

related to the same user who had specified the
following

FOR COUNT EQUAL TO 1 TO 10 D0 -—— 0D
trrors concerning loops and conditionals were not
repeated by the same user on any subseguent exercise.

This indicates that the users could adapt quickly to

these constructs and the identification of a single

error was sufficient to reinforce the system's
requirements;

e) finally, the syntax errors in two designs were caused
by spelling mistakes. In these cases THEN and LES
had been typed instead of THAN and LESS.

Although DACE reported numerous syntax errors, this
analysis shows that they fall into a small number of
distinct categories. The Introductory Notes contained
some causes of syntax errors which the users could try and
relate to their program designs. The analysis above
could be used to make these notes more succinct and to
emphasise those errors which occurred most fregquently.
Other errors such as not delimiting #» and # with spaces
could be overcome by extending DACE to include a prepocessor.
This could check the characters within a word in order to
identify if spaces had been missed. Thus #INCHES# and
Ae« could be separated into # INCHES # and A # before

parsing was initiated.
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The 54 program designs accepted by DACE were
inspected by the author to determine if they contained
errors of logic., Of these 54 designs, 20 contained
errors which were not detected by DACE because of its
lack of domain knowledge. These errors may be
summarised as follows :

a) the wrong variable was output as the result. A
typical example is printing the variable used to
count the number of loop iterations instead of the
variable used to store the sum of a number series;

b) a conditional statement was incomplete ie there was
no ELSE part. This is similar to Miller's obser-
vation [Miller 1875] that novice programmers tend to
underspecify algorithms and do not specify the actions
to be undertaken when a set of conditions is not
satisfied;

c) the branches of a conditional were inadvertently
reversed such that the actions did not match the
results of the condition;

d) loops did not terminate. This was because the
variable used to count the number of loop iterations
was not updated inside the loopbody or the variable
updated within the loopbody was the wrong ong;

e) a program design tried to read in more than the
specified number of data values. This was because
loop and input statements had not been combined

correctly.
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Be3

System=User Interface

e Hardware Considerations

This section is concerned with the system's

implementation on the DEC 20/60. Testing the system

with the users showed that the following factors affect

the

a)

b)

usability of the current system :

the response time which varied according to the time
of day. The best response was obtained before 10.00zam
and after 6.,00pm. For a small program design (ie one
of three lines) analysis took appriximately 2 minutes
at 8.30am but anything up to 35 minutes at 1.00pm.
Because the DEC is used by students at the University
of Birmingham, the response times noted above would
have been better during vacations. However, the
availability of students meant that the experiment

had to take place during term time and often when the
DEC was used most heavily (ie 10.00am to 6.00pm).
Response time is important because one of the primary
requirements for an effective system-user interface is
speed. If the time which the system takes to respond
is excessive, a user could forget information or lose
interest. miller [Miller 1968] Has shown that
excessive delays in response time seriously affect

the performance of computer tasks via terminals;

the students who took part in the tests all used the
HARRIS 800 computer at the University of Aston. This
allows them to use the terminal key marked <— to move
the cursor back over previous characters so that mis-—
typings can be corrected. When using the DEC ,
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the € key appears to have the same effect because it
can be used to backspace and then change characters on
the screen, However, this effect is local and using
the key actually generates a control character. 1B s
is used during the input of a program design DACE reads
this control character which can result in either a
syntax error or distortions in the results. The actual
result depends upon the context in which it is used.
Although the Introductory Notes stated that the DELETE
or RUBOUT key should be used, most people still used
the € key., Even when the importance of not using the
€ key was stressed (verbally) prior to using DACE,
some users still tended to use it "automatically" ;

all users accessed DACE via a Lynwood or Newbury 8000
terminal at the University of Aston. The Lynwood
terminals caused two problems. Firstly, these
terminals did not have a TTY CAPS key. This key
allows all letters to be typed as if the shift lock

was 0N Any key which is not a letter is accepted

as if the shift-lock was off. The absence of a

TTY CAPS key meant that the shift-key was used
continually. Some users found this difficult to
adapt to and often switched it on or off at the

wrong times. This obviously increased the time

spent typing a program design. Secondly, depressing
0 with the shift-lock on caused a LISP interrupt which
is normally used by a LISP programmer in order to
break into a program execution, This is obviously

confusing for anyone unfamiliar with LISP. Whenever
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this happened the user was informed of why it had
occurred and was returned to the DEC's monitor level.
This meant the system had to be re-entered and the
program design resubmitted, The instructions for
doing this were contained in the handout.

Blidin 2 Software Considerations

The system software will obviously affect the usability
of the system,. This section discusses how users interacted
with the programs that comprise DACE. One of the main
factors affecting the system-user interface is that a user
must type the instructions for calling the system modules
(see diagrams 12, 13 and 14), The system was designed in
this way so that the results from one module could be
listed before the next module was called. This is
particularly useful for anyone developing or extending the
system but not desirable for normal use. The modules
which comprise DACE also print out statements such as
"The semantic analyser has now been entered" and "Semantic
analysis is now complete. These and similar statements
were an aid to system development because they identified
how far the analysis of a program design had progressed.
The questionnaire showed that 4 out of 18 users found such
statements difficult to understand. Du Boulay and 0'Shea
[du Boulay and 0'Shea 1980] emphasise that one of the
difficulties facing the novice programmer is to understand
what is going on in the computer. Consequently future
versions of DACE might benefit from having these statements

SUpPpPressed. The results from using DACE showed that
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further consequences of a user having to type instructions

for loading and running the system modules are:

a)

b)

when users were asked to type (START) and (PRINT-CODE)
many responded by omitting the parentheses (diagrams

13 and 14 illustrate when these instructions must be
typed). (START) and (PRINT-CODE) each invoke a
MICRO=-PLANNER theorem and omitting the parentheses
causes an error. Errors of this sort and the

remedial action to be taken were described in a

handout ;

diagrams 13 and 14 also show that users are asked if
they wish to proceed to the next system module. This
facility was used during the development of the system
so that any LISP or MICRO-PLANNER functions could be
edited before the next module was loaded. The easiest
way to do this was to remain in the LISP or MICRO-
PLANNER system so that the context editor could be
used. Diagram 12 shows that when users first enter
the LISP system they are asked if they wish to use DACE.
Since a negative reply leaves them in the LISP system
the only reason for doing this is again to aid system
development. Because the system has retained many
features which were included to facilitate its develop-
ment this meant that users were required to input

extra information ;

users were often confused about which control level

was currently in operation. This caused the following
errors

1) when DACE asked users if they wished to proceed to
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the next system module, some tried to list the file

containing their program design. This can only be

done at the DEC monitor level and not within DACE ;

ii) users tried to input a program design when they were
at the DEC monitor level instead of typing LISP (see
diagram 12) in order to access DACE;

iii) when the system asked users if they wanted to use
DACE some tried to input a program design instead of
replying yes or no.

These results are similar to those of Cannara
[Cannara 1975] who showed that some students misunder-
stood the computational context and tried to run a program
while it was being edited or vice versa.

Many of the errors noted in (a), (b) and (c) could be
eliminated by writing a macro which could load and run the
various modules as and when they are required. This
would reduce the number of instructions which the user
must type. Eisenstadt [Eisenstadt 1983] has implemented
a software environment where users are automatically
connected to the environment once they are logged on.

This minimises their interaction with any other system or
monitors. A similar implementation is also applicable to
future versions of DACE. One restriction imposed by the
current implementation of DACE is that any revisions to a
program design can only be achieved by inputting the whole
of the revised version. This is necessary because DACE
does not load and analyse a program design from a file.

If this was possible either a special system editor or the

DEC editor could be used to revise an existing program



design. The instructions for revising program designs
are contained in a handout. One user typed in the
following as the final statement of a loopbody

ADD  NUMBER TO TOTAL ==
and then realised that inputting the loop delimiter 0O
would generate an error because ¥x should not be used
prior to a reserved word. The error was corrected by
typing in a dummy statement of the following form

ADD NUMBER TO TOTAL w»x

outpPut # #

0D

The lack of editing facilities was regarded as a dis-
advantage by 6 out of the 18 users.

A final point about the input phase concerns the use
of the string x*xx to terminate the program design. it
a user types a space after the string the design is
terminated incorrectly and the user is given another
invitation to type. Although the screen instructions
emphasise the importance of doing this correctly mistakes
are inevitable., On those occasions when such mistakes
did occur the users were able to rectify them.

DACE's analysis of certain statements included in
some solutions will now be discussed. Users made state-
ments such as MULTIPLY YARDS BY 36 and ADD 1 TO COUNT
to denote YARDS := YARDS # 36 and COUNT := COUNT + 1.

However the current implementation of DACE then analysed

these statements to mean IDROl := YARDS % 36 and
IDR01 := COUMT + 1 where IDRDl is a variable name
generated by the system. This was obviously at variance
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with the user's intentions. At present an assignment
statement such as YARDS := YARDS % 36 can be achieved by
stating for example
MULTIPLY YARDS BY 36
ASSIGN THE RESULT TO YARDS

An assignment statement such as COUNT t= COUNT + 1
could be effected by stating INCREMENT COUNT B

Another occurrence which presented difficulties for
DACE was for the use of a statement such as 0OUTRPUT NUMBER
HINCHES # to mean PRINT (NUMBER, "INCHES").  DACE analysed
this statement to mean PRINT (NUMBER). The first reason
for this analysis is that the delimiter # and the string
INCHES were not separated by spaces and consequently
HINCHES# was considered to be a single word, In terms of
the grammar of a program design it is used in the same
context as S50 and FAR in the statement QUTPUT TOTAL SO FAR.
Because 50, FAR and #HINCHES# are all unrecognised, the
context in which they are found allows them to be ignored.
The second reason why DACE has ignored H#INCHESH is that
the original statement should have included AND., The
desired effect could have been achieved by the statement
OUTPUT NUMBER AND # INCHES # . It is recommended that in
future any users of DACE are made more aware of these
requirements, A suitable note could be added to the
Introductory Notes,

Another interesting occurrence was the use of
abbreviations or alternative spellings., Examples of
these are INPUT THE NO and INITIALIZE which should

have been written as INPUT THE NUMBER and INITTTALISE «
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The SOPHIE system [ﬂurtun 19?5] handles these problems
by expanding abbreviations and correcting spelling
mistakes before parsing is commenced. This is a
facility which could be incorporated into a more
sophisticated version of DACE. Burton discussed elliptic
utterances which were also encountered in this exercise.
Consider the following section of a program design

INPUT THE NO

MULTIPLY BY 36

PUT IN LENGTH
The first statement is quite explicit whereas the second
and third contain an implicit reference to THE NO.
Burton solved this problem by using rules in a semantic
grammar to identify which concept or class of concepts is
possible from the context available in the elliptic
utterance, In terms of the statement MULTIPLY BY 36.
the two possibilities are

MULTIPLY «<integer number > BY 36
MULTIPLY <variable name > BY 36

To distinguish between these possibilities a search
could be made through previous lines for an appropriate
<integer number» or <variable name> . Although this
is beyond the current capability of DACE, it could be
achieved by using a modern natural language parser such
as that developed by Burton.

Design statements such as those noted above do not
contain sufficient detail for DACE to analyse them,
Similarly statements such as CALCULATE INCHES and INPUT
NUMBERS carry insufficient detail but the nature of the
missing detail is quite different. Knowing the praoblem
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specification allows us to infer that the latter state-
ment means INPUT TWO NUMBERS. However DACE has no
knowledge of the problem specification and so NUMBERS
is analysed as a list of undefined length. Analysing
a phrase such as CALCULATE INCHES can only be achieved
by using the problem specification and real world know-
ledge about the number of inches in a yard. This gives
us an interesting insight into the user's perception of
DACE. The Introductory Notes state that the system
displays how a program design could be represented in
code. If users appreciated this then they obviously
thought DACE was more sophisticated than it actually was.

A final software consideration is that of syntax
L TOrS., The techniques used for syntax analysis mean
that the cause of a syntax error is not known and users
always receive the following message :

A syntax error has been found in this design

This does not identify the location or nature of the
error and this was commented upon by 8 out of 18 users.
Parsing halts as soon as the first syntax error is found
which, despite the message above, does not necessarily
mean that the design contains only one error, Burtan
states that an intelligent system should act intelligently
when it fails. This is important for naive users, to
whom the system should always appear "natural", In this
respect any future work on DACE should consider alternative
methods of syntax analysis that provide better error
diagnostics.

The eighteen users who took part in the experiment
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submitted 131 program desiagns to DACE. 0f these 77,
(58+8%) contained syntax errors and diagram 29 shows houw
these were related to the five exercises which were under-
taken. It is significant that 49¢4% of the designs which
contained syntax errors were solutions to the first two
exercises. This and the very small number of errors in
the solution to Exercise 5 indicate that by the end of the
experiment users were becoming more aware of the reasons

why syntax errors occur. This is also apparent when we

\
\

consider the program designs which were revised and resub-
mitted because they contained syntax errors (see columns 3
and 4). For Exercise 2, 10 out of 1l solutions which were
revised were also rejected by the syntax analyser. However
by the time Exercise 4 was undertaken, 7 out of 11 failed
for a second time, but 4 were revised correctly. Similarly
all three of the revised solutions to Exercise 5 were passed
as syntactically correct,

6.4 Results of the Pre and Post Test Exercises and the

Questionnaire

This section discusses the solutions to the pre and
post test exercises and the guestionnaire. Although we
are unable to draw any general conclusions from the analysis
of the pre and post test exercises the following observa-
tions can be made :
a) 13 out of 18 users described their solutions to the

pre test exercise in the expected sense without using

PASCAL code. However 16 users wrote out their solu-

w
T
s
n
1
-

tions to the post test exercise in the expected
and
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b) the post test solutions obtained from 2 of the users
showed that their approach was mare disciplined than
it had been for the pre test exercise. However, the
pre and post test solutions from another user were
both lacking in discipline.

These results are encouraging since they seem to indicate

that DACE had some influence on the student's performance

even in the short exercise undertaken.

Some of the results from the guestionnaire were
discussed in the previous section and the remainder will
naow be considered. Although the primary programming
language for most users was PASCAL and DACE's target
language is ALGCL 68C, 15 out cf 17 users had no diffi-
culty identifying the relationship between their program
design and the coded version. This is probably because
the programming exercises were relatively simple and at
this level there are only minor differences between
ALGOL B8C and PASCAL. The one aspect of the coded
version which users did query was the symbol /= which
is the relational operator "not equal to" in ALGOL B8C.
The corresponding operator in PASCAL is < >.

Users were also guestioned about the utility of the
comments produced by DACE. Six users reported that they
had no difficulty in relating all the comments to the
coded version of the program design and six others that
they had no difficulty with over half the comments. 0Only
two users reported that they found some comments

particularly useful, whilst eight users felt that over

half the comments produced were useful. The comment
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which was considered particularly useful concerned the
use of a variable not previously initialised. One of the
main purposes of DACE is to focus the user's attention on
the program design rather than the coding. It wes notice-
able that some users saw deficiencies in a program design
as soon as it was listed on the screen by DACE. These
deficiencies, such as specifying the branches of a condi-
tional incorrectly, would not necessarily have been
commented upon by DACE. Hence the fact that fifteen users
stated they would redesign at least one of their solutions
was probably due to other factors besides the comments
produced by DACE. The questionnaire also showed that
seven users thought there was no need to undertake a
program design for any of the problems set but five of
these users said they would have redesigned some of their
solutions because of the analysis and comments produced by
DACE. This indicates that DACE must have had some
influence on their thinkinge.

0f those questionned only two thought that they would
spend more time designing programs in the future, the
remainder stating that they would not modify their alloca-
tion of time. However, seven users thought that DACE had
left them better equipped to formulate program designs, tuwo
of the users stating that DACE had demonstrated a way af
specifying program designs which they found quite useful.

To be applicable to a large audience the program
designs which the system accepts should be in a format as

close as possible to that which programmers normally use.
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This seems to have been achieved to a satisfactory level
since all those who used the system reported that they did
not have to significantly alter the way they normally wrote
out program designs. The modifications which most people
had to make concerned the way they normally specified loops
and conditionals and restricting the words used to thaose
recognised by the system. The former modification is
obviously because the system was developed at a time when
students at the University of Aston were taught ALGOL 68
whereas the primary teaching language is now PASCAL.
Consequently this restriction is considered to be specific
to the current implementation of DACE. The second modifi-
cation could be overcome to some extent by extending the
system dictionary to include additional keywords. One
solution to this problem was incorporated into the SOPHIE
system [Qrown, Burton and de Kleer 1982]which avutomati-
cally recorded any messages not understood so that the
future development of ths system was partially prescribed.
A similar facility would obviously help any further
development of DACE. Users were also guestionned about
the usefulness of the Introductory Notes. Although some
improvements to these notes have already been suggested,

it was noted that sixteen out of eighteen users found them

sufficiently detailed to use the system.
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7« CONCLUSIONS

7«1 Basis of FAPD

The details of FAPD have been given in previous
chapters and now two fundamental ideas on which it is
based are reconsidered. Firstly, we need to evaluate
the benefits of developing a framework which when applied,
is capable of analysing program designs. Secondly, we
need to consider the implications of representing the
results of analysis in the form of a coded version of the
program design.

This thesis has viewed the programming process as
comprising two related phases, namely the design aof a
program and the subsequent coding of that design. This
research has concentrated on analysing examples produced
during the former of these two phases. Because the
constructs for repetition and choice are the only aspects
of a target language which FAPD accepts, a programmer is
forced to delay any decisions concerning the coding
details of a design until a later stage. The importance
of program design is now well established in the develop-
ment process of good, structured programs. Although its
importance is recognised, difficulties occur in determining
when a program design is finalised. The system described
in previous chapters can highlight those sections of a
program design which need to be refined further.
Consequently this emphasises that coding cannot be started
until these sections have been specified in greater detail.
Since the system is also capable of recognising deficient
program designs, the development of working programs can

be attained more readily whether by manual or automatic
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means.

If we accept that these reasons support development
of a framework then consideration must be given to
evaluating the way in which FAPD analyses a program
designe The results from analysing a design are
represented in the form of a series of assertions. These
assertions are used to represent a coded version of the
design from which a program together with any associated
comments can be produced. There are several advantages
in choosing this form of analysis., The principal
advantage is that it provides a convenient format for
representing the results of analysis. Since this format
is based on a subset of the syntax of a programming
language, it is well-defined and furthermore has ohbviated
the need to develop another form of representation. It
also means that the results can be printed in a form
which is easy to comprehend.

A second advantage of this definition is that the
coded version of the design can be analysed to see if it,
and hence the design itself, performs as intended. This
analysis could be achieved either by executing the program
using example input and output pairs or by adapting some
of the existing theories of program understanding.
Thirdly, for novice programmers who have only just learned
the coding details of a programming lanquage, the coded
version of a design should illustrate particular language
features,

FAPD's method of analysis means that any errors
which are detected are referred to the coded version of

the design, and brought to the attention of the user for
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correction. Although FAPD may not detect all errors,

even a partial detection is considered beneficial to the

USET,

For such program designs the user may wish to

resubmit an improved design taking into account the

comments of DACE on the initial design. This process

may .,

of course, be repeated. This is important because

the questionnaire on program design showed that 45 out of

85 users would not amend their program design when they

found errors of logic in the code. Hence the analysis

undertaken by OACE emphasises that designing programs is

an iterative process and solutions often need revising.

Both of these basic ideas were discussed in the

opening chapter. At the same time a third idea uwas

introduced which was concerned with the kinds of program

design FAPD can accepte. This idea is discussed in the

following section,

Te2

Evaluation of FAPD

The Framework for Analysing Program Designs is

comprised of four distinct phases :

a)

pre-semantic analysis, the first operation of which
is concernad with parsing a program designe.
Successful parsing means that any target language
constructs which may have been used are in their
correct format and the statements within that design
are of a form that can be analysed. The syntax
tree is then converted into a series of structures
which the semantic analyser can recognise;

semantic analysis is concerned with implementing the
structures produced in the pre-semantic analysis

phase in terms of a particular programming language.
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c)

d)

This implementation is undertaken by a collection

of procedures where each procedure defines one
recognisable structure. These procedures, which
are called class instances, collectively define the
body of programming knowledge incorporated within
FAPD. Each class instance attempts to implement
its own structure in the target language even though
the results of doing so may be revised subsequently
by other class instances when they are considered in
the wider context;

comments are generated when the results produced

by the semantic analysis routines carry certain
implications for the user. Further comments may
also be generated by the sets of class instances;
code generation, as the name implies, is used to
convert the results of the previous two phases into
a coded version of the program design. The results
from semantic analysis are printed in the form of a
program in the particular target language considered.
Any comments are converted into the appropriate text
and printed after the coded program. Any line
numbers given in the comment statements refer to the
line numbers of the coded program.

Since FAPD has no knowledge of the problem specifi-

cation, the degree of analysis possible is obviously
limited. Hence the full implication or inference of a
statement may go undetected, This particular problem
can be illustrated by referring to the following problem

specification:



Design a program to find the average
of ten numbers (7 1)
and the following design statement which could be contained
within a design which meets this specification:
INPUT THE NUMBERS INTO AN ARRAY (7:2)
The reader will have no difficulty in using the problem
specification to infer that the array has ten elements,
However, without the benefit of this knowledge, DACE has
no means of determining the correct size of the array.
Hence the array is analysed as comprising N elements,
where the value of N is to be determined at the time of
program execution. However, as the discussion of
Example 8 in chapter 5 showed, even knowing the problem
specification still does not guarantee a complete
analysis of the program designe txample 8 was specifi-
cally chosen to show that a complete analysis can only
be achieved by incorporating into FAPD real world
knowledge of concepts such as employee, tax, charity etc..
Let us now conclude this discussion by stating that,
at present, FAPD makes use of two sources of information
to analyse any statement. These sources may be
summarised as:
a) the results obtained from analysing previous lines
in the same designj; and
b) class instances which recognise and then represent,
in terms of the target programming language,
particular statements and phrases within the design.
The results discussed in chapters 5 and 6, together with
those contained in Appendix 0 support the claim that
these two sources provide sufficient information to under-
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take some useful analysise However the depth of
analysis could be improved by making use of a third
source, namely the problem specification. Because of
the problems of combinatorial explosion, limited computer
storage space and the difficulties of finding a suitable
form of representation it is not feasible for FAPD to
make use of real-world knowledge at the present time.

FAPD is not intended to apply to all possible forms
of a program design. The general form of the design
must be similar to those used in the previous chapter.
These contained a limited set of target language
constructs interspersed with Enlish-like statements.

In order to be analysed, these statements must conform

to the grammar of a program design and consequently this
grammar, together with the dictionary, define the variety
of statements which can be analysed. Let us now evaluate
the adequacy of this grammar.

At present, the only target language constructs
which the grammar allows are conditionals and loops of
the same format as those of the target language. As
discussed previously, this prohibits the use of state-—
ments such as:

I SR T0 (7.3) and

COUNTER + 1 (7e4)
which must be written in forms such as:

I IS5 LES5 THAN 10 (75) and

ADD 1 TGO COUNTER (7.6)
Occasionally program designs contain statements of both
sorts and so prior to developing FAPD a decision was

required on whether or not all these forms should be
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recognised. As a matter of policy it was decided not to
allow target lanquage symbols such as +9 =, and > . This
is consistent with the policy that the principal benefi-

ciaries of DACE will be novice programmers who might not

be expected to know such terms.

The grammar also prohibits the use of punctuation
marks such as commas and full-stops. This means that
statements cannot be expressed as concisely as they might
have been otherwise, For example, a statement such as:

INITIALISE A,B,C AND D (Te7)
must be written as:

INITIALISE A AND B AND C AND D (7.8)
Similarly, although the grammar is adequate for specifying
simple operations such as:

ADD A TO B (7.9)
the text required to implement more complex operations
such as:

ALLOW := ALLOWANCEPER % DEPENDENTS + EXPENSES (7.10)
is necessarily more protracted.

The assertion language used to represent the results
from semantic analysis also limits the scope of FAPD in a
similar way to the grammar of a program designe. Any
program design which cannot be represented by the asser-
tion language is beyond the scope of FAPD,. S5ince it can
represent only a subset of a programming language at
present, we need to evaluate whether this subset is
adequate. As the examples given in chapters 5 and 6 and
Appendix D show, the subset is adequate for designing a
variety of programs. In this respect it would seem that

the limitations it places on the variety of examples
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which can be analysed are less than those imposed by the
grammar of a program design.

FAPD analyses program designs which have been
formulated according to the principles of structured
programminge. However the main vehicle for this techniqgue
namely procedures, is excluded from this framework and
therefore represents a limitation of DACE. Hence
programmers cannot use FAPD to define and test several
sub-procedures which comprise a super-procedure. Ideally
a programmer should be allowed to decompose a complex
task into simpler sub-tasks. These sub-tasks may need
further decomposition and so sub-procedures may need tao
call sub=sub=procedures and so on. Hence, future
research could investigate the possibility of extending
FAPD so that it could analyse such program constructse.
This is comparable to a programmer running and debugging
the sub=-procedures before testing the procedure which
calls them.

This section has evaluated the Framework for
Analysing Program Designs and in the following section
the performance of DACE will be discussed and evaluated.
Because DACE is based on FAPD, the points discussed in
this section are also relevant to the system, Conse-
quently, the following section will concentrate on
evaluating how FAPD has been implemented.

7e3 Evaluation of DACE

DACE has been used to test the Framework for
Analysing Program Designs and was found to be capable of
analysing many examples. However the examples on which
it has been tested (see chapter S and Appendix 0) may be
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thought of as a specification of its capabilities.

Section 5.9 contained three program designs which have
been re jected because they do not conform to the specified
grammar of a program design. However, because of the
method used for syntax analysis (see section 4.4), the
Syntax error message is very general and does not give

any indication to the user of the point of occurrence of
the error. In an evaluation exercise, the results of
which were described in chapter 6, eight out of eighteen
users considered this to be a disadvantage. The results
from using DACE showed that the main cause of syntax errors
were using the separator xx incorrectly and using state-
ments which do not conform to ths required format.

Let us now evaluate the programs that comprise the
four phases of analysis and give some suggestions for
possible improvements. The first operations on a design
involve lexical and syntactic analysis. Lexical analysis
is undertaken by the scanner which is relatively unsophis-
ticated and merely entails scanning the dictionary for
definitions of all words contained in the design. The
system does not have the ability to recognise different
words of the same derivation and thus such words will go
unrecognised unless contained in the dictionary. A more
sophisticated method of lexical analysis is obviously
needed to overcome the problem.

A scanner for a high=level language often builds a
symbol table which contains details of any variable names
found. Since DACE does not produce such a symbol table
at present, the efficiency of the syntax analyser could

also be improved by the inclusion of such a data structure.
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For example, after parsing a statement such as:

SET A TO 1 (7.11)
the fact that A has been used as a variable name instead
of an article could be recorded in a symbol table. At
present, whenever A is met in subsequent lines within the
same design, DACE cannot detect how it has been analysed
previously and hence it will try to parse it as an article
again. In cases such as this, the symbol table could be
used so that A is always analysed as a variable name
before calling the back-up mechanism to consider other
possibilities. The results from using DACE showed that
a word which is parsed as a variable name in one line can,
in some contexts, be ignored in subseqguent lines. In
these cases a symbol table could be used to ensure that
such words are retained.

The sets of class instances on which semantic
analysis and generation of comments are based have been
implemented as MICRO-PLANNER consequent and antecedent
theorems. These theorems have proved a good choice and
have allowed the system to be easily extended in order to
cater for a wider variety of examples. The manner 1in
which they are called has also proved adequate for
analysing the examples which have been used to test FAPD.
At present, as soon as the semantic analyser forms some
results, they are passed over to see if any comments can
be generated (see diagram 11). Such an approach means
that if ever the results from analysing a previous line
need to be altered, substantial work is required in order

to back~-up and erase any assertions made by the class

instances responsible for generating comments. For the



examples contained in this thesis, considerable backing=-
up has not been necessary although as the number of
examples is increased, consideration should be given to
this possibility, In this respect, one possibility

would be to run the semantic analyser in isolation and
then the results from analysing a complete design could

be passed over for the generation of comments, The
choice of consequent and antecedent theorems would not be
affected but it would mean that a back-up mechanism would
be easier to implement. The adequacy of the system-user
interface was discussed in the previous chapter. The main
difficulties stemmed from the fact that DACE was still in
the development stage and the student's lack of familiarity
with the DEC 20/60 computer.

In conclusion, we can say that the decisions which
have been taken during the development of the system have
been justified by the results obtained from the operation
of DACE., However, it has been noted that the system
could be improved, and some suggestions for improvement
have been made above.

7.4 Suggestions for Further work

Suggestions for further research have been made
throughout this chapter. However it is worth summarising
the achievements of this research, and in so doing some
additional areas which are also worthy of further investi-
gation will be identified. First of all, analysing a
Program design has been identified as an area of research
which should receive just as much attention as the similar
area of automatic program understanding and debugging.

It has been shown how the Framework for Analysing Program
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Designs could be used to complement some of the existing
theories of program understanding by using it as a
possible front-end to some of these systems. However, to
do this a method must be derived for representing and
using facts contained in the problem specification. The
framework which has been developed in this study can only
do this by procedurally embedding such knowledge in the
form of class instances. This approach has been rejected
as too specific and an alternative approach would be to
devise a method for representing this knowledge, which
could then be useo by a set of general procedures. 2t
this was achieved, analysing a program design would be
based on the following three sources of information:

a) class instances which are used to derive how common

statements and phrases can be represented in terms

of a particular programming language;

b) knowledge of the context derived from analysing

preceding lines in the same program design; and

c) knowledge of the problem specification.
Since a class instance could then make use of two sources
of information (i.e. (b) and (c) ) consideration would
have to be given to the organisation and calling of the
class instances since both of these sources are equally
important.

The problem of organising knowledge in this way is
similar to the problem of how the four phases of analysis
that comprise FAPD should be organised. Broadly speaking,
these phases are called sequentially, with the results
from one phase forming the input for the nexte. However

Example 2 in chapter 5 discussed the possibility of
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integrating syntax and semantics in order to improve the
depth of analysis. The benefits of doing so have been
discussed by Winograd [uinograd 19?2] and hence a
possibility for future research would be to investigate
the feasibility of this approach.

This research has also advocated how a special
pProcedure, referred to as a class instance, can be used
to recognise design statements and to generate any
comments about a coded version of those statements.

These class instances are the means by which DACE can
undertake some useful analysis., They are conceptually
similar to Rutn's [Ruth 1976] experts but they are used
for different purposes. This research has shown that
class instances represent a satisfactory methodology for
work of this kind. Consequently the concept of a class
instance provides a useful acquisition to the set of tools
currently available to researchers in Al,

Finally FAPD has been implemented in a system, the
results from which support the contention that FAPD
represents a viable approach to the computer analysis of
program designse. To evaluate the system it was used by
a group of people with various levels of programming
experience. This evaluation exercise seemed to indicate
that using the system had some influence on their
performance. Given the importance of the process of
program design in the development of structured programs,
in our opinion DACE represents a software environment

which provides support to the programmer.



