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Thesis Summary

This thesis describes work done exploring the application of expert
system techniques to the domain of designing durable concrete. The
nature of concrete durability design is described and some problems
from the domain are discussed. Some related work on expert systems in
concrete durability are described. Various implementation languages are
considered - PROLOG and OPSS5, and rejected in favour of a shell -
CRYSTAL3 (later CRYSTAL4). Criteria for useful expert system shells in
the domain are discussed. CRYSTAL4 is evaluated in the light of these
criteria. Modules in various sub-domains (mix-design, sulphate attack,
steel-corrosion and alkali aggregate reaction) are developed and
organised under a BLACKBOARD system (called DEX). Extensions to the
CRYSTAL4 modules are considered for different knowledge
representations. These include LOTUS123 spreadsheets implementing
models incorporating some of the mathematical knowledge in the domain.
Design databases are used to represent tabular design knowledge.
Hypertext representations of the original building standards texts are
proposed as a tool for providing a well structured and extensive
Justification/help facility. A standardised approach to module
development is proposed using hypertext development as a structured
basis for expert system development. Some areas of deficient domain
knowledge are highlighted particularly in the use of data from
mathematical models and in gaps and inconsistencies in the original
knowledge source Digests.
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Chapter 1: Brief and Scope of The Project

1.1 Introduction to Expert Systems

Expert systems are a by-product of Artificial Intelligence (AI) research.
Briefly described, an expert system is a computer program that is
competent in an area that would normally be thought to require some
degree of human expertise. In addition expert systems usually comprise
a number of distinct components that distinguish them from other types
of programs. These components are usually identified as the
knowledge-base, inference engine, knowledge-base editor and the user
Interface, [Kriz, 1987]. Expert systems are a maturing technology and
there are countless numbers of Journals, papers, text- and
reference-books available. Chapter 2 of this thesis will describe some of
the current research interest in expert systems and provide a number

of suitable references.

The expert system project described by this thesis was undertaken at
Aston University Department of Civil Engineering in collaboration with
the Department of the Environment Building Research Establishment
(BRE). The project was jointly funded by BRE and the Science and
Engineering Research Council (SERC). BRE has itself instigated a number
of expert systems projects: Fire Regulations, [Stewart, 1986]; BREDAMP
for building damp diagnosis, [Allwood et al, 1988] and BREXBAS for

Building Management, [Shaw, 1989]. In common with other expert systems




in the United Kingdom these applications are typically small and
rule-based with less than 100 rules and implemented on a PC-based

commercial shell, [Bundy, 1987].

As expert systems move from the academic to the commercial domain so it
becomes more difficult to assess the extent of work in the field., Several
authors over the last few years have attempted to survey the extent of
expert systems uptake. Bramer, [1986], reported that the majority of the
papers at the first technical conference run by the British Computer
Society specialist group on expert systems (BCS-SGES) in 1981 were
American in origin and were concerned mainly with suggestions for the
uses of expert systems in the United Kingdom. By the time of the sixth

conference, [ibid], many practical applications had been developed.

An estimate of what can be loosely termed the US expert systems
'market’ growth of at least 30%, [Roesner, 1988], is supported by a
survey of the size of market in the USA and Europe, again with 30%
growth, [O’Neill & Morris, 1989]. This survey also reports on rates of
expert system project completion and usage of various implementation
methods, [ibid]. Typical size and completion rate of expert systems
projects in Netherlands is given by Lippolt, [1990]. Comparison of these
two reports shows that about 30% of software houses had initiated at
least one expert systems project. Most projects are started in order to
gain technical experience rather than at the request of an end-user and

only 25-50% of such projects are carried through to full operational




status. Rada, [1990], conducts a survey of large ALVEY and EEC-funded
projects but indicates that the numerical majority of projects (65%) in

the United Kingdom are still small scale PC shell-based systems.

The immediate goal of most expert system projects (even those intended
for simple exploration rather than user-need) is to provide a solution to
some problem that is not amenable to traditional computational methods;
data-base management or mathematical models, for example. Somerville,
[1984], describes the domain of concrete durability itself as requiring
"knowledge from a number of disciplines"”; not lending itself to "...
elegant theories or simple numerical calculations" and finally as
intrinsically qualitative rather than quantitative, Chapter 2 will discuss
when expert systems are an appropriate method for a given problem (see

Palmer & Mar, [1988], for example).

Engineering design is seen as a fruitful subject for expert systems
applications. Simmons, [1984], lists the efficient search of large design
search spaces and the provision of expert system assistants for
low-level (routine) design tasks among the potential benefits. Chapter 3
will review and discuss some of the theories of design that provide
foundations for expert systems in the domain. Chapter 4 will give

examples of expert system applications in engineering design in general.

There are, in addition, a number of generally accepted benefits that
expert systems can bring to any non-trivial domain. Representation of
the knowledge separately from the rest of the system entails that it can

be easily incremented and checked for consistency and completeness.
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The knowledge can then be corrected and effectively clarified for both
the end-users (who may not themselves be experts in the field) and the
original expert. Another obvious benefit is that once an expert system
has been created it is, to some extent, an insurance against the loss of
rare and expensive expertise and may also be an effective form of

dissemination.

O'Brien et al, [1987], among others, comment on the need for a much
greater degree of ’'technology transfer' between researchers and the
engineers who actually design concrete. The same author, [ibid], also
proposes relieving the engineer of the necessity for performing the more
mundane aspects of design by creating a number of standardised
concrete ’alloys’. Expert systems could potentially address both these
issues. Frohnsdorf et al, [1988], and Wager, [1987], see potential uses of
expert systems within civil engineering as part of integrated systems
incorporating databases, financial models and as intelligent front-ends to

suites of complicated software such as finite element analysis packages.

1.2 Introduction to Concrete Design

Concrete design is typically guided by British Standards and BRE
Digests. These provide advice on mix-constituent selection and
proportioning in order to ensure that a mix achieves the strength and
workability required and also has some protection against potential
durability problems. These reference documents summarise the experience

of many experts in the field and cover most commonly encountered
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conditions. Popovics, [1987], provides a summary of the mechanisms of
durability problems. Chapter 5 will describe methods of concrete mix

design and each of the common factors relating to concrete durability.

Problems arise in practice from the difficulty of ensuring that a design
complies with all relevant advice on potential durability problems. Firstly
there is the practical difficulty of compiling advice from many diverse
and cross-referenced sources. Rodway, [1985], for example, lists over 200
separate factors affecting concrete durability. Additionally, many of the
materials used in concreting are changing, for example the strength

properties of cement, [Cusens, 1984 and Pomeroy, 1987].

A second source of difficulty arises from the possibility of receiving
contradictory advice from consideration of different potential durability
problems. It is possible for example that prevention of alkali aggregate
reaction by specifying a maximum cement content could conflict with a
minimum cement content specified to prevent sulphate attack. Finally,
situations can arise that are not covered by the existing standards and
digests. In practice the response to this problem would be to consult

with an expert on that particular area of difficulty.

1.3 BRE Digests as Knowledge Sources

The norm for expert system development is that the knowledge is
obtained directly from an expert (or experts) in the domain. After some
initial knowledge acquisition in the domain it was decided to avoid the

imposition of large time commitments on the available experts by using
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textual knowledge sources in the early stages of development. Thus the
scope of the project was initially limited to those problems of designing
durable concrete covered by Building Research Establishment digests,
[BRE 1981, 1982a, 1988 and Teychenné et al, 1988]. These digests are

listed below in Table 1.1.

Digest Title

250 Concrete in Sulphate-bearing Soils and Groundwaters

263 The Durability of Steel in Concrete: Part 1 Mechanism of
Protection and Corrosion

330 Alkali Aggregate Reactions in Concrete

Design of Normal Concrete Mixes

Table 1.1: BRE Publications used as Knowledge Sources

There are a number of other advantages gained from using BRE digests.
Each digest deals with a well defined sub-problem of the domain. This
allows easy organisation of the system into naturally prescribed modules.
In terms of McDermott’s task domain classification scheme, the concrete
durability knowledge contained in the digests is highly
’compartmentalizable’ into sub-tasks, [McDermott, 1983]. This knowledge

is also relatively complete, consistent and stable.

The quality of the knowledge is important not only for the ease of
developing the knowledge-base, but also in the likelihood of user
acceptance, The use of the digests emphasises one of the important
aspects of expert systems; that the knowledge base contains compiled

knowledge, [Hickman, 1986]. In this case the knowledge is pre-complied
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by the authors of the digests. BRE Digests come with an established
reputation and confidence in their veracity which should communicate

itself to users of an expert system based on the digests.

Finally, the digests provide sufficient variety and interest to
demonstrate a wide range of topics in the application of expert system
technology to concrete durability design. Chapters 6, 7, 9, 10 and 11 will
describe the development of the expert system prototypes and the
progressive exploration of some of the research issues in expert systems

discused in chapter 2.

An expert system that implements a set of codes or standards is
different from an expert system that merely uses a set of codes as a
knowledge source. Codes like those of the British Standards Institution
(BSI) have legal weight - any artifact covered by a BSI standard must
be demonstrably in compliance with it otherwise the designer or builder
must face the consequences in the event of the artifact failing, {Saouma
et al, 1989]. In the design of structures in particular the goal of design
may be defined as being explicitly to ensure compliance with codes,

[Fukuda, 1988].

An artifact as complex in make-up as a concrete mix design is inevitably
covered by a plethora of standards for each of the constituents and for
each stage of its design, manufacture and use. Each code may itself be
complex and daunting in scope and language and contain logical errors
and errors of omission. Additionally standards are frequently structured

so as to contain numerous cross references to sub-sections and other
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standards documents, [Stone & Wilcox, 1987 and Thewalt & Moskowitz,
1990]. There is therefore great potential for expert systems that
automate standards compliance checking. Koskela et al, [1986, 1988],
developed a system for checking Finnish fire regulations standards;
Rasdorf & Wang, [1987], implement a system for American BOCA (building)
codes and, similarly, Rosenman & Gero, [1985], a system for Australian
AMBUC codes. More examples of code-based systems will be given in
chapter 3. Chapter 11 is concerned with hypertext representation of

complex textual material.

1.4 Expert Cooperation

In addition to the primary use of BRE digests, regular consultation
sessions with actual experts were undertaken. The initial contacts with
experts at BRE confirmed the suitability of the digests as useful
knowledge sources. The early interviews also covered some wider issues
such as the order in which a concrete design expert would tackle the

durability problems raised by a particular design.

Since the digests formed the primary knowledge sources it was
important that the original publishers of the texts were available to
check that misinterpretation of the digests did not occur. This expert
involvement consisted of sessions where the results given by each
module for exhaustive test-cases were checked. Mistakes were followed
through and clarification of the intended results lead to correction of

the knowledge coded in the module.
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The project relied on the BRE and Aston University concrete experts in
a second sense; as potential users of the system. It was not felt to be
necessary to answer the question of who should be the intended users
of a concrete design system until the later stages of development when
the feasibility of expert systems in the domain had been investigated.
Thus BRE employees (not necessarily concrete experts) were used as
judges of such implementational issues as screen ergonomics and the

degree of help and justification required.

As will be discussed later in the relevant chapters, use of the digests
as knowledge sources revealed some gaps and inconsistencies in them.
Any extension of the expert system beyond the immediate limits of the
digests would require a much greater degree of cooperation with
concrete durability experts in order to rectify these problems. This
would involve negotiating some of the obstacles familiar to knowledge
engineers. Particular problems include the difficulty experienced by

experts in articulating their knowledge, [Chung & Kumar, 1987].

A second potential difficulty is that experts may be reluctant to make
their heuristics available to an expert system. This is understandable
given that expert systems usually lack the ’common sense’ grounding
and paradigms underlying any human ability in a domain. This

combination of basic training, experience and unstated assumptions is

what enables an expert to know when a ’rule of thumb’ is really
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applicable,! [Collins et al, 1985]. Regular contact with the experts in the
earlier stages of the project should allow any further development of
the system to proceed from a basis of relatijve familiarity and certainty

and help resolve some of these difficulties.

1.5 Specific Goals of the Project

The initial goal of the project was the creation of an expert system in
the domain of concrete durability design. This ambition was inspired by
DURCON an Expert System for durable concrete published by the
American National Bureau of Standards centre of Building Technology,
[Clifton et al 1985, Clifton, 1986, Kaetzel & Clifton, 1986, Clifton & Oltikar,

1987, Frohnsdorf et al, 1988 and Frohnsdorf, 1990].

The DURCON System is based on a code of practice "the Guide to
Durable Concrete" published by the American Concrete Institute (ACI)
Committee 201, [ACI, 1977]. The project therefore was intended to
constitute a demonstration of the utility of implementing UK codes of
practice as expert systems. The initial literature search revealed several
concrete durability expert systems in addition to DURCON: COMIX, [Miller,
1985], and CONDURAS, [Rajkumar et al, 1987]2, Chapter 4 will discuss

the existing expert systems in the field of concrete design.

1 More precisely, the reluctance of experts’ may stem from an inability
to be confident that all the preconditions of a heuristic rule have been
made explicit in the expert system implementation of that rule.

2 None of these systems treats the problems of concrete durability in
sufficient depth to exploit the full power of expert systems.
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Rowlinson, [1987], outlines a recommended development cycle for expert
systems. In many ways this is an ideal for expert systems inspired by a
commercial need. The endeavour to explore the use of expert systems in
the design of durable concrete diverges significantly from this cycle by
virtue of being academically rather than commercially motivated. One of
the goals of the project is therefore to verify that the domain is

suitable for an expert system solution3,

As part of the development of this expert system, it was necessary to
conduct a thorough investigation of alternative implementation
methodologies and fundamental theories. Chapter 2 will describe various
knowledge representation and inference methods. Chapter 8 will discuss
the criteria for evaluating alternative implementation methodologies and

will describe several AI languages, tools and shell systems.

Most of the design theories described in chapter 3 were not obviously
applicable to the design of concrete mixes and none were compelling
enough to warrant use as the theoretical foundation for the project.
There was a similar lack of evidence for the suitability for any
particular knowledge acquisition method. Trimble, [1988], states as
axiomatic that, in practice, most expert systems are assembled ad-hoc

with no use of formal methodologies.

3 Laufman in his comprehensive discussion of expert system project
feasibility comments that the suitability of an expert systems approach
can often not be ascertained until after the application is complete
[Laufman et al, 1990].
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A literature review revealed a number of topics within the field of
expert system techniques that showed interesting research potential and
which could be addressed by the project. Pa.rtiéular topics of interest
included the complexity of large modular systems, the reconciliation of
conflicting advice and constraints; and the design of user and other

interfaces, [Sauers & Walsh, 1983].

A possible development of the prototype systems into a full commercial
system wounld be considered as a final goal of the project once the
exploratory phase had been adequately concluded. The publications
concerned with DURCON serve to illustrate the scale of development
efforts required for such a system. Few actual implementational details
have been given but the publication dates of the papers concerning
DURCON cover a period from 1984 to 1988 when development can be seen
to be in process. In addition, a total of 9 authors have contributed to
publications describing DURCON, [Clifton et al 1985, Clifton, 1986, Kaetzel
& Clifton, 1986, Clifton & Oltikar, 1987, Clifton & Kaetzel, 1988,

Frohnsdorf et al, 1988 and Frohnsdorf, 1990].

Additional material from the literature confirmed concrete durability as a
sufficiently complex and broad domain to potentially require much more

than 2-3 man-years of expert system development effort. For this reason
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it was decided to focus development on design and to ignore the
problems of diagnosis and remedy of faulty concrete. In addition, the

system was to be limited to routine design only4.

In addition to the exploration and development endeavours outlined
above; it was hoped to use the products of the project to raise the
awareness of the potential for expert systems in concrete design among
civil engineering practitioners. Some aspects of the work have been
published in the Magazine of Concrete Research, [Wilkins & Elgy, 1991a],
and accepted for presentation at the Civil-Comp ’91 conference, [Wilkins

& Elgy, 1991b].

To conclude this introductory chapter the following list summarises the

goals of the project:

* Problem analysis and knowledge acquisition through
interviews with experts and study of standard source texts -

BRE digests.

* Identification of current research issues in expert system
applications
* A thorough literature search into the use of expert systems

in the broad domain of engineering design and concrete

design in particular.

4 Routine design is defined in Gero’s theory of design as the refinement
of Prototypes as opposed to the enhancement or creation of new
Prototypes, [Gero, 1988 and Gero et al, 1988]. Brown and Chandrasekaran
denote this as Class 3 design. Chapter 3 deals with this in more detail.
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The development of a number of small expert system modules
prototypes. Each module covering a sub-problem as defined

by an individual BRE digest.

Evaluation of a number of different expert system
development methodologies including languages, tools and
shells and including different platforms - mainframes, PCs

and work stations.

Exploration of the applicability of expert system techniques
to the domain and of the utility of using BRE digests as

knowledge sources.

The consolidation of individual modules into an overall
system that would be a design orientated implementation of
currently published BRE concrete durability knowledge. This
system would be intended for Beta-testing at BRE and for

possible further development.
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Chapter 2: Overview of Expert Systems

2.1 Introduction

This chapter is intended as a brief description and overview of expert
Systems with the emphasis on those areas of expert systems technology
that are of current research interest. Although expert systems are used
in many domains and problem areas this chapter will pursue the central
theme of the thesis by focussing on engineering expert systems rather
than expert systems from other domains such as medicine, geology or
law. It should be remembered however that most of the discussion in

this chapter is equally applicable to expert systems in other domains.

As mentioned in chapter 1, expert systems are a rapid growth area of
computer application development. Consequently there are a vast number
of conferences, reference books and journals that have expert systems
as a central topic. There are a number of older general references that
are most often cited, [Hayes-Roth et al, 1983 and Alty & Coombs, 1984].
In addition there are a growing number of reference works with a
harrower scope. For example, practical guides to expert systems
programming and development, [Hu, 1987 and Vadera, 1989]; and
publications targeted at general domains like engineering, [Taylor, 1988].
Taylor, provides a series of discussions and selected bibliographies on

many aspects of Al in general and expert systems in particular.

Most descriptions of expert systems contain references to a typical
architecture which will include three or four generally accepted
components. These components are a knowledge base and editor; an
inference engine and a user interface. A knowledge base is a collection

of knowledge about the specific domain the system is concerned with. A
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knowledge base editor is a program that facilitates the creation of a
knowledge base, checking and enforcing the correct syntax for the
representation used. An inference engine is a program that uses the
knowledge base to respond to queries in a manner similar to that in
which a human expert might respond. Finally the user interface is a
program which makes it possible for people to use the system who are

not themselves familiar with its basic mechanism and programming.

The basic theoretical and operational background of knowledge
acquisition, knowledge representation, inference and user interface are
discussed in depth in the various references mentioned above. The
remainder of this chapter will attempt to provide a general discussion of
each of the basic aspects of expert systems in order to place the work
described in the later chapters within the context of some of the issues
that are of current interest. Muller, [1986]1, provides a selective
discussion of some of the practical concerns in expert system expected
to become research subjects over the period covered by the subject of
this thesis. Muller’s concerns along with those raised by other
commentators, [Taylor, 1986, for example] will be addressed in the

discussions in later chapters.

2.2 Representation/Inference Techniques

Adeli, [1987], lists four main types of knowledge representation used in
expert systems - logic, rules, frames and semantic nets. In practice

rules and frames are the most common choice and it is these that Adeli
recommends for expert systems in the domain of structures. These two
forms of representatioﬁ in particular are described in many references,

Hu, [1987], for example, gives a practical treatment of how to implement
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rules and frames as well as logic systems. In addition, the later chapters
of this thesis will contain numerous examples of the use of rules, and

rule-based inference in the design of durable concrete.

The representation of the knowledge in a knowledge base is declarative
rather than (or in addition to being) procedural. Whether production
rules, frames or some other representation is used; the representation
can, to some extent, reflect the way in which humans actually
conceptualize the domain. This makes the knowledge easier to implement
and to understand. The use of an inference engine that is implemented
apart from the knowledge base contributes to the clarity of the

knowledge base.

The rule-based representation paradigm is easily described. Consider a

simple rule of the following form:

IF <precondition> THEN <post-condition>
or:

IF <antecedent> THEN {consequent>

Inference proceeds by matching the precondition against a working
memory of facts. If a matching fact is found; the post-condition is
entered into working memory as a conclusion. Other rules may then be
triggered by matching with the new fact. This is simple

forward-chaining inference.

Some implementations also allow backward-chaining where the inference
is triggered by a goal. To satisfy a goal the knowledge base is searched

for a rule with the goal as its consequent. If a fact matches the
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antecedent then the goal is satisfied, otherwise a sub-goal is created
from this antecedent. Backward-chaining continues until the
antecedent-consequent chain has been satisfied all the way back to the

original goal.

Differences arise among implementations of rule-based systems from the
diverse methods of dealing with a number of operational considerations

such as those listed below:

* mixing forward- and backward-chaining

* the provision of an ’‘or’ operator as opposed to multiple rules with
the same post-conditions (rule-disjunction)

* which rule to ’fire’ if more than one matches the existing facts
(conflict resolution)

* whether to allow a given rule to fire more than once in an inference
chain

* the attachment of text that is used in explaining the rule or
Justifying consequent inferences to the user (so-called canned text)

* the use of consequents with ’side-effects’ such as running an
externally programmed function or displaying a graphic as opposed
to purely declarative consequents

* allowing multiple antecedents and consequents {(conjunction)

* the ability to use non-atomic ’facts’ such as arrays or other
composite structures

Another facility offered by various inference mechanisms is the provision

of some method of reasoning with uncertainty. Quinlan, [1983, 1986],

describes three different methods of dealing with uncertainty in a

domain and adds a fourth method - INFERNO. These four methods utilise

subjective measures of probability (from the Prospector system); coupled
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measures of belief and disbelief (from the Mycin system) and a range of
degree of pProbability (Dempster-Shafer systems and INFERNO itself). The

details and precise differences between the methods are not central to

this thesis.

For a number of reasons, none of these methods of reasoning with
uncertainty are relevant to the current project. The design of
structures, of which concrete durability is a sub-domain, has potentially
more profound consequences of failure than most other domains. Because
of the implication of expert level competence, expert systems are more
than mere tools. Therefore the liability relating to their use extends
more firmly to the knowledge engineer and expert than is the case with
traditional analysis packages for example, [Sales & Topping, 1985].. If
the knowledge engineer, expert or user has to assign subjective
measures of uncertainty to data or knowledge this exposes each to

greater risk of liability in event of failure.

Allwood et al, [1987], and Bundy, [1987], advise against the use of
uncertainty when the meaning of the measures of uncertainty is not
clear. The meaning of the various measures of uncertainty can, of
course, be made clear to the people involved in a project in order to
make their use more consistent. The consistency required would however

increase development costs and training costs for the end users.

As will be seen in chapter 5 there is some disagreement among experts

in the domain of concrete durability. This could be reflected by a use of

1 Gero, [1990], makes apposite reference to the code of Hammurabi:

If a designer-builder has designed-built a house for a man and
his work Is not good and if the house he has designed-built
falls In and kills the householder, that designer-builder shall

be slain (p27)
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certainty factors in the knowledge with respect to the various expert
sources. Reboh, [1983], proposes presenting the user with a choice
between conflicting knowledge sources and thus passing on the

responsibility for deciding absolutely between them.

Fortunately the existence of codes of practice for most aspects of
structural design entails that in the majority of cases there is an
ultimate authority. Thus the problem of conflicting and therefore
uncertain knowledge only arises if the codes of practice are incomplete
or self-contradictory. Chapter 9 will discuss these issues in the context

of the use of BRE digests as knowledge sources.

Frames are used to represent groups of related facts, objects, and
attributes. Each object belongs to a class and classes are organised in a
hierarchy that relates objects. An object is represented by a frame.
Each frame has a number of slots. Each slot can be another frame,
description, specification, procedure, default value or relationship.
Reasoning in a frame based system is based on inheritance - passing on

a value from an object in a super-class to an object in a sub-class.

A simple example, (from Rychener, [1988]), illustrates the frame concept.
From this example it is easy to see how the molecular weight of
carbon-dioxide could be inferred from the atomic weights of carbon and

oxygen and the structure of a molecule class frame.

The frame- and rule-based paradigms are not necessarily mutually
exclusive. Frames can be seen as a representation that emphasises the
organisation and relationship of objects when they have a homogeneous

structure. Rules emphasise the knowledge used to relate objects when
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{{ carbon
is-a: chemical-element
symbol: C
atomic-number; 6
atomic-weight: 12.01
valence: 4
family: Tv-A
similar-elements: silicon germanium tin lead

1

Figure 2.1: Frame Representation of carbon element

there is less structure. Rules could exploit structure and homogeneity
and frames could make use of rule-based inference to supply values for

slots,

From another perspective, frames could be viewed as meta-knowledge
about a domain. Rosenman et al, [1986b], identify two specific types of
domain independent meta-knowledge concerning the scope and the nature
of knowledge in the domain. The scope, given in terms of a list of
possible values for an object, clearly corresponds to the superclass of
the object. The nature of the knowledge in the domain is simply whether

a value is inferred (inherited) or must be supplied by the user.

Georgeff & Bonollo, [1983], describe a scheme for developing procedural
expert systems. This scheme ensures that procedural knowledge is
executed in a specific order and does not rely on some implicit ordering
arising from the structure of the knowledge~base?. Chandrasekaran,

[1985], and Bundy, [1988], both comment on the problems of confusing

2 Explicit use of procedural knowledge does not thereby transform an
expert system into a traditional algorithmic program in the same way
that conditional statements do not automatically make an algorithm into
an expert system, [Clancey, 1989].
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domain knowledge and control knowledge. This specific ordering of
knowledge or distinction between procedural and declarative knowledge
is another type of meta-knowledge. Each of these three types of

meta-knowledge will be illustrated in the description of CRYSTAL in

chapter 9,

2.3 Knowledge Acquisition and Elicitation

Knowledge acquisition is a crucial part of expert system development and
is usually cited as the main bottleneck in progress, [Hayes-Roth et al,
1983, Chung & Kumar, 1987, de Greef & Breuker, 1985 and Hart, 1985].
Accordingly much expert systems research has focussed on improving
the situation by various means. There are two fundamentally different
approaches to the problem. Induction and other machine learning

techniques are supposed to allow a system to acquire its own knowledge.

The other approach is to develop the techniques used by knowledge
engineers to elicit human expertise. The collection edited by Gaines and
Boose, [1988], contains essays concerning each of the major approaches
to knowledge acquisition and detailed descriptions of some of the
techniques. Forsyth, [1989], has edited a number of essays on different
aspects of machine learning and Shapiro, [1987], describes the

techniques of induction and conducts a number of case studies.

Induction methods attempt to draw general rules from a database of
specific examples. Chapter 9 will contain an illustration of the limited use
of induction relating the properties of sandstone aggregates to alkali
aggregate reactivity, [Collins, 1986]. Another technique that could be

included under the broad heading of ’machine learning’ is the natural
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language analysis of texts. Chapter 4 will describe some attempts to use

this technique to build knowledge-bases from standards and codes of

Practice,

Knowledge elicitation is the task of retrieval and distillation of the
expertise of the human domain experts into a form of knowledge that can
be analysed, represented and finally used by expert systems. It is no
exaggeration to say that an expert system is only as good as its
knowledge-base and that therefore knowledge acquisition is the most
important aspect of expert systems development. A number of formally
structured techniques have been developed that purport to be more
efficient for certain domains than the classic AI ’technique’ of rapid

prototyping.

Chung and Kumar, [1987], include rapid prototyping among their list of
knowledge elicitation methods and rate this as highly as the other
methods evaluated. Rapid prototyping is the unstructured gathering of
knowledge from wherever it is available and representing it in whatever
seems the best formalism. A run of the expert system ’tests’ the new
knowledge against the evaluation of a human expert and the process is
then repeated. This is the so-called Run-Understand-Debug-Edit (RUDE)

cycle, [Partridge & Wilks, 1987].

Descriptions of the various formal knowledge elicitation techniques can
be found in the literature. Most are based on some variety of interview
technique, [Burton et al, 1987, Chung & Kumar, 1987, Hart, 1985, Hickman,
1986]. The interview is structured according to a number of elicitation
methods listed below. The written or taped results of the interview are

analysed by whatever paradigm is being used.
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This intermediate ‘epistemological level’ knowledge is then translated into
the chosen representational implementation. KADS is one example where a
structured approach has been implemented as a knowledge acquisition
support shell written in PROLOG, [de Greef & Breuker, 1985 and Breuker
et al, 1986]. One of the less obvious results of a more formal knowledge
elicitation process is that the epistemological insight into the problem
allows a level of specification of the system at a lower level than 'model
what the expert does’. This lower level of specification is crucial if there
is to be a rigourous attempt to validate the system once it has been

completed, [St. Johanser & Harbidge, 1986].

Protocol analysis, goal decomposition, repertory grid and multidimensional
analysis (card or concept sorting) are all methods that essentially
observe the expert at work. At the extreme, Swaffield and Knight,
[1990], propose using systems analysis techniques in the knowledge
elicitation process. The techniques vary according to the differing
emphasis on procedural or declarative knowledge; whether the expert is
given real or hypothetical problems and the degree to which the expert
or the interviewer control the session, [Hart, 1985, Hickman, 1986,
Burton et al, 1987 and Chung & Kumar, 1987]. The suitability of each
of the techniques therefore depends on the personalities of the

interviewer and expert and on the nature of the domain knowledge,

[Burton et al, 1987].3

Each of the methods listed above assume a situation of purity where

there is an expert who is not also the knowledge engineer. This may not

3 As an example of the essentially subjective nature of these knowledge
elicitation methods, Burton evaluates protocol analysis as being
particularly slow and unproductive but Chung and Kumar come to the

opposite conclusion.
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be a realistic or useful assumption. Collins et al, [1985], conclude that it
is in fact necessary for the knowledge engineer to be steeped in the
"tacit knowledge’ of the expert and should undergo a period of

apprenticeship in the domain if this background is lackingd.

Chung and Kumar, (19871, also report that the knowledge elicitation
process is made easier by having a knowledge engineer who has
undergone "at least three to six months" gaining familiarity with the
general information about the domain before the first formal interviews
with the domain experts. An obvious alternative approach is to create a
knowledge-base editor or acquisition tool that is sufficiently
user-friendly to allow the expert himself to build the knowledge-base,

[Guida & Tasso, 1983].

No formal method can realistically promise to get the human expertise
completely and correctly into the knowledge-base in one iteration.
Describing standard software methodology, Lenat, [1986], points out that

they have

"proven of little use in AI, a field which by definition tackles

ill-structured problems" (p65)

Turner, [1985], states that being able to specify the problem solving
techniques in advance of implementation is an indication that an expert
system may not be a good solution. There is therefore a tension between
the recognition of a problem as being suitable for expert system

solutions if it is ill-structured and the desire to use structured methods

4 Using a colourful metaphor, Collins et al, distinguish the dumplings
(specific knowledge items) from the chicken soup of tacit knowledge.
This soup is lost in the transfer of knowledge from the expert to the
end user via expert systems which are like colanders.
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to facilitate knowledge elicitation and analysis. All methods must
therefore use some degree of iterative prototyping and conversely in
most situations prototyping should involve some formal interaction with

an expert and analysis of the knowledge.

Finally, Allen, [1986], writing specifically about engineering expert
systems recommends starting implementation "at the highest programming
level possible". The process of knowledge elicitation results in increased
awareness of the lower levels of the problem-solution space but this
does not invalidate the basic tenet of developing the system in a

top-down fashion.

2.4 Interface Techniques
Adeli, [1987], defines an expert system as:

... an "Intelligent" interactive computer program that can play

the role of a human expert by using heuristic knowledge... (p6)

It is true that most ’traditional’ expert systems are interactive but this
is not a necessary part of the definition. In fact, expert system users
can be alienated by repetitive or protracted interactive sessions., It can
be an advantage if an expert system is able to obtain its basic data
from a database, for example, as suggested by Wager, [1987]. One of the
possible uses of an expert system based on codes of practice is passive
design or compliance checking, [Kalay et al, 1987]. In this type of

system there is very little scope for human interaction with the system.

Given that most expert systems will be interactive with human users, the

importance of user interface design should not be disregarded. Roesner,
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[1988], notes that the user interface of applications programmed in
traditional languages is still often less than satisfactory. The ergonomic
demands of the user interface provided for expert systems by various
languages and shells will be discussed in chapters 6 through to 95.
Although these issues are important in the consideration of the
knowledge engineers convenience during development and in user
acceptance of a system they are fundamentally cosmetics. Rubin, [1988],
provides a general reference for these user interface design

considerations.

There are a number of areas where the user interface design can raise
issues relating to the functionality of a system. For example, a system
that is concerned with domains that require spatial reasoning such as
traditional CAD or some aspects of structural design should have a
graphics based interface. It would also need knowledge representation
and inference that could interface to graphical representation and would
therefore need to be implemented in a specialised shell and environment,
[Balachandran & Gero, 1987]. The domain of concrete durability does not
require such facilities but some ability to display graphics is desirable

and several examples will be given in chapter 9.

One of the main functions of the user interface is the provision of
support to the user by giving explanation as to why questions are

asked; how questions should be answered and justifying the conclusions

5 A shell is a program combining the features of an expert system that
are relatively domain independent such as the inference engine user
interface functions and knowledge-base editor. A suitable shell may be
used to create a domain specific expert system by the addition of rules
or other items into the empty knowledge-base.

6 At the climax of his consideration of the users’ needs in all five
sensory media, Muir, [1987], proposes an ideal user interface device
combining the functions of voice recognition and understanding with a

fighter pilot’s head-up display.
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of inferences. These are the three main questions that a user might
want answered during a consultation session. Hughes, [1986], and
Gilbert, [1987], among others, discuss the need for various other
explanation facilities corresponding to the six so-called 'w-words’: what,

why, when, where, how and who, [Savory, 1986].

There are two main approaches to accommodating this need for user
support. These two methods are based on either canned text attached to
rules or to rule-trace or frame-topology, [Savory, ibid, and Neches et al,
1985]. Both techniques have disadvantages and various researchers have
sought means of providing improved explanatory capabilities?, For
example, Savory, [ibid], describes how the TWAICE shell produces
explanations from natural language transformations of the rule-trace
facility. These issues will be further illustrated and discussed with

respect to the DEX system in chapters 7, 9 and 11.

2.5 Hybrid Expert Systems

Many researchers now recognize that expert systems can make profitable
use of many knowledge representation formalisms, [Sloman, 1984]. Dym et
al, [1988], for example, describes a system for checking architectural
code compliance that uses both frames and production rules. In addition
many systems can interface to existing software such as spreadsheets,
mathematical models or databases, [Wager, 1987]). In conjunction with the
high degree of modularisation exhibited by most large expert systems

this use of diverse data and knowledge sources often necessitates the

7 Canned text explanations add greatly to memory requirements in order
to accommodate the text. Rule-trace explanations typically require some
degree of expert systems know-how by the user. Both methods are
inflexible and produced somewhat stilted results
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use of a blackboard architecture. Kumar & Topping, [1988], for example,
report a blackboard-based system for structural design that uses

structural analysis programs written in FORTRAN 77.

Some recent work in the field of concrete durability has focused on the
development of mathematical models to predict and explain some aspects
of concrete performance. An example of this sort of model is Prof. H.F.W.
Taylor’s paper on the prediction of hydroxyl alkali concentrations in
cement paste pore solutions, [Taylor, 1987]. There are also models of
depth of carbonation and other properties of concrete and its
constituents, [Parrot, 1986, Pomeroy, 1987 and Samarin, 1987]. Often the
mathematics involved in these models require functions that are not
available directly to AI languages or shells or, if available, are
inefficient. This necessitates the use of modules written in languages
like C or FORTRAN which have the necessary functions and which can be

called by the expert system at the appropriate moment.
Corby, [1986], gives a concise definition of blackboards:

Blackboards are global memory-resident databases, accessible
through a uniform protocol and tailored for expert source

cooperation (p95)

Many examples of blackboard-based systems can be given., Derrington,
[1987], describes a prototype blackboard system for control of the
design process in CAD. Dixon et al, [1984], give a number of examples
from mechanical design. Sriram, [1986, 1987b], reports on the DESTINY
system that performs integrated structural design. DESTINY will be
described in more detaﬂ in chapter 3. Many more examples and essays

on blackboards are given in Englemore & Morgan, [1986].
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Blackboards can specifically facilitate the control of interaction between
many knowledge sources and the creation of explanations that involve
multiple modules. Often these problems are handled by modules dedicated
to control and explanation tasks. See for example, Corby, [1986], on the
use of an explanation module in the SMECI shell and Gerstenfield et al,

[1987], for an example of a system that manages other expert systems.

2.6 Intelligent Expert Systems

The use of the word "intelligent" in most definitions of expert systems
begs many questions (for example, Adeli’s definition quoted above,
[ibid]). It is not within the scope of this thesis to attempt to define
intelligence beyond two simple observations. Evans and Deehan, [1990],
claim that the people who others find intelligent are "those whose minds
work very like their own" (p9). Minsky on the other hand stipulates

that:

Our minds contain processes that enable us to solve problems
we consider difficult. "Intelligence"” is our name for whichever

of those processes we don’t yet understand. (p71)

Thus intelligence is recognized in behaviour that is either
understandable to the observer (for example a mathematician following
the proof of another) or is mysterious to the observer (for example a

layman watching the same mathematician).

This tension in the definition of intelligence has repercussions on the
provision of explanation facilities. When a system exhibits intelligent
behaviour this intellige'nce can be made less mysterious by examination

of the rules that govern the behaviour of the system, that is, by

- 37 -




rule-tracing explanation as mentioned above, Conversely, rule-tracing, by
resolving the mystery of the conclusion renders it un-intelligent. Simple
rule-trace explanations are often thought to be an indication of a trivial

expert system application.

Finn & Reinschmidt, [1986], in their description of expert systems,

specify that:

An expert system is designed ... so that people ... can have
access to the judgemental knowledge and experience of the

human expert. (p813)

This implies that an expert system is potentially much more than a
system that can simply solve a problem and explain its conclusions.
Experts can act as references and repositories of relevant facts and
knowledge that can be accessed by general enquiries, in addition to
solving specific problems. Expert systems should be able to reproduce
this capability since it would not seem to involve knowledge beyond that
used in the problem solving task. This is not the same as using
corresponding knowledge in both design and diagnosis, for example,
since in these cases there is obviously some non-trivial use of

meta-knowledge that is specific to the task.
Adeli, in his definition of expert systems, states that:

... an expert system can make educated guesses, recognizing

promising approaches, and avoid blind search... (ibid)
Similarly Kriz, [1987], refers to expert systems exhibiting:

. problem solving in those areas and at that level of

performance that is usually achieved by human experts... (pll)
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A human expert can perform in the way Adeli and Kriz describe,
However most expert system performance is at a level far below human
expertise. To use Gero's description of different levels of design activity
(described in detail in chapter 3), expert systems are only usually
competent at routine design, that is, the refinement of design
Prototypes. Expert systems can use heuristics to narrow search space,
[Simmons, 1984], Human experts by comparison are able to use "educated
guesses” and "promising approaches" to enhance and generate new

Prototypes, [Gero, 1988 and Gero et al, 1988].

Expert performance at this level is perhaps a valid goal for expert
system developers but such systems would have to perform at the level
of AM, [Lenat, 1982], which, it was claimed, could formulate new
mathematical concepts and conjectures. The equivalent expert
performance in design would be something like the invention of the
air-supported roof to avoid the weight and cost of other methods of
covering large spaces, [Gordon, 1978, and Gero, 1988], a good example of

the generation of a new Prototype.

Clancey, [1989], views expert systems as qualitative models. This
modelling is inherent in the pattern of inferences made by a system.
From this viewpoint, knowledge acquisition should be more concerned
with the adequacy of the model than emulating the reasoning process of
the expert. The inadequacy of many expert systems as qualitative models
stems from the lack of deep knowledge and reasoning ability. This
failing is most often apparent in the brittleness of the expert systems’

competence, [Lenat et al, 1986], and in the deficiency of the explanation

facilities, [Dieng et al, 1987].
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There is a difficulty in explaining exactly what is 'deep knowledge’,
(Cohn, 1985]. One type of deep knowledge is the causal knowledge that
is summarised by the heuristics used by an expert system, [Cohn, ibid].
Kramer, [1987], cites mathematical knowledge as another type of deep
knowledge. Such mathematical or causal knowledge can overcome
brittleness by enabling an expert system to reason from first principles

in cases that are not covered by existing heuristics.

It is for this reason that Lenat et al, [1986] and Steels, [1986], argue
that deep knowledge can overcome the knowledge acquisition bottlenecks,
The provision of deep knowledge is a potentially boundless task as the
need to know 'why?’ can extend indefinitely into the realms of physics
or psychology. A number of undertakings are concerned with extending
knowledge-based systems into these areas, [Lenat et al, 1986, and Hayes,
1983]. Chapter 9 will discuss the scope for such deep knowledge in the

domain of concrete durability design.

8 If a system has access to the fundamental knowledge of a domain it
does not need exhaustive case-specific heuristics. Deep knowledge
improves explanation facilities by making the reasoning leading to a
conclusion more explicit. The user can be shown the ’'real’ reason 'Why?’
rather than being defrauded by mere restatements of shallow reasoning.
In contrast, however, Coyne notes that the use of causal reasoning and
explanation may itself be fraudulent.
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C ter 3: ineering Design Theor

The central theme of this thesis is to explore issues in the development
of expert systems that design durable concrete. The theory and practice
of design, in itself, is not a primary concern of the work. The purpose
of this chapter, therefore, is to consider the different perspectives and
models of design revealed in the publications of various researchers
concerned with the implementation of design-orientated computer
systems!l, The Primary benefit of such an undertaking is the definition

of:

o+ Sets of terms, models, intellectual structures and, ultimately,
the controversies that enable us to talk about design. [Coyne,

1990] (p72)

Tong, [1987b], proposes a framework for evaluating knowledge-based
models of design from three different perspectives: the knowledge
represented; the functionality of the process and its implementation as a
system. This discussion will follow this framework. The knowledge and
functionality of design will be discussed in this chapter and some actual

implementations will be illustrated in chapter 4.

3.1 A Simple Design Task

It is possible to conduct a design without being in possession of any
conscious theory of what design is. It is also possible to design an
artifact without any conscious theoretical grasp of the mechanics or

physics of the artifact or of the task it is supposed to fulfil. At its

1 The reader is referred to Coyne, [1988] and, Coyne et al, (1990}, ‘for
an exhaustive and rigourous treatment of the themes outlined in this

chapter.
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simplest design need not be a deliberate task at all, [Coyne, 1990].

However, all artifice involves design, conscious or otherwise, by

definition.

Consider the very simple design of a method of crossing a stream. The
designer is faced with an objective - to Create an artifact which will
bear a given weight across a stream and which will be capable of
repeating the performance a number of times. The designer also has
some physical constraints on the design such as the depth, width and

current of the stream and the local availability of materials.

Faced with these objectives and constraints the designer will be
possessed of some relevant experience with the strength of various
materials. There will also be experience of the basic techniques of
bridging such as spanning a gap with a beam; placing a number of
stepping stones or building a raft. The designer will proceed by
adopting one of his basic techniques and attempting to implement it.
This attempt may fail; perhaps the span is too broad for a tree-trunk
bridge or the current too strong for the size of the available stepping

stones.

The designer may try again with a longer tree trunk or heavier stones.
He may use improved construction techniques like cooperating with
another bridge-builder to use their combined strengths to obtain a
longer tree trunk. He may decide that another bridging technique is
more appropriate or develop a new technique such as 'bridge the smaller
spans between a number of stepping stones’. If all else fails he may
consider a different technology such as raft-building. There is no

guarantied solution for a given level of bridge or rafting technology.
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If the bridge is successfully constructed it will be used for some time
and then will fail dye to material failure (wood rot) or unforeseen
circumstances (heavy flooding or two people crossing at once). The next
bridge designer will benefit from the experiences of the first bridge
designer. For this to be possible, there must be a shared set of

terminology and ideas such as types and properties of tree-trunks.

This simple example illustrates most of the factors present in the
common-sense view of design. Most research in the application of expert
systems to design emphasises one or more of the following:

Objectives

Constraints

Materials

Technology

Basic Prototypes

Redesign/Previous Experience

Terminology

Design description

The rest of this chapter will focus on some of the more prominent
knowledge and inference characterisations in general and design models
in particular. Examples from the domain of concrete durability design as

they arise in the later chapters will refer to the discussions in this

chapter.

3.2 A Model of Deliberate Design Activity

Deliberate, low-level, design procedures such as measuring the distance
to be spanned and the lengths of the available tree trunks will reduce

the effort wasted on trial-and-error attempts. The product of high-level
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design activity is a design description. The design description should
contain sufficient detail to enable the manufacture of the designed
artifact, [Gero, 1990]. Deliberate design will also facilitate communication

of successful design and construction principles.

Aldridge et al, [1986] describe design as iterations of the process of
balancing objectives against constraints (p445). More specifically,
Chandrasekaran, [1990], defines design as a mapping between a problem
space and a solution space of assemblies of components by process of
search among sub-assemblies. Gero qualifies this mapping search process
as an exploratory operation with the provision that design involves
learning and the discovery of emergent features of the on-going design

task, [Gero, 1990]2,

In one sense the specified objectives are constraints on the desired
functions of the artifact under design. However these can be
distinguished from another broad class of constraints in that objectives
generate the search space for a design, [Gero, 1990]. For the purposes
of this chapter a constraint will be loosely defined as any specification
or other restriction that narrows the size of the potential solution space,

[Taylor & Corlett, 1987, and Chandrasekaran, 1990].

Brown & Breau, [1986], and Sriram & Maher, [1986], among others,
discuss the various types of constraint found in design. Classification of
constraint types is possible along a number of axes. Some of these

classification schemes are summarised in table 3.1.

2 The essential difference between search and exploration is the lack of
a well defined search-space in exploration. This characterization of
design as lacking a defined search-space underlies the inclination of at
least one research programme to abandon strong attempts to model
design and to develop design expert systems, [Smithers et al, 1990].
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Qrigin - [Brown & Breau, 1986}

Implicit, In-Place, Inherited, Accumulation

Qrigin ~ [Kumar & Topping, 1988}

Internal, External,

Designer, Client/User, System-based, Regulatory

Function - [Sriram & Maher, 1986]

Synthesis, Interaction, Causal, Parametric, Evaluation

Function - [Taylor & Corlett, 1987]

Fixed, Variable, Relational

Flexibility - [Kumar & Topping, 1988, and Fukuda, 1988]

Soft constraints, Hard constraints

Table 3.1: Constraint Classifications

As can be seen from the table, each commentator classifies different
constraints as points along different axes. For example the origin of the
constraint; the flexibility of the constraint or the function of the
constraint. There is no overall compelling classification system. All that
can usefully be said is that each domain, problem or implementation may
require a variety of constraint types. In many cases, the constraint
classification scheme depends on or determines the way the design task
Is divided into sub-tasks at an implementational level, rather than at the
higher conceptual levels that are the concern of this chapter, [Brown,

1985, and Sriram & Maher, 1986].
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From this initia] discussion of the factors relevant to deliberate design
activity it is possible to formulate a simple design model. The model can
be used to illustrate the various activities implicit in the depiction of

bridge design in the previous section. This model is illustrated in figure

3.1,

Co “_“ T T )

- Transformation

————————— - Dccasional Transformation

- - Lomparison

Be = Set of Expected Behaviour
Bs = Set of actual Behaviours
= Design Description

F = Set of Functions

= Structure

Figure 3.1: A Model of Design as a Process

{After Gero, [1990], p29)
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The naive design model] Is the transformation 7 - 2 Here a set of

functions is transformed into the design description (or the artifact
itself), This corresponds to the building of a simple bridge by
assembling a few components. The properties of these components are
understood by what can be characterised as common-sense. The bridge
is built in a certain way for a reason but these reasons are
bre-conscious. Further analysis of these reasons requires a more

developed design model.

The next design model is F—=5-D where S is the structure of the
design elements and their relationships. The direct mapping of F to S is
known as catalogue lookup. The mapping from structure to the design
description is the province of computer-aided drafting systems, for
example3, This model is still therefore describing unintelligent design4.
The equivalent activity for the bridging example would be the use of a

pre-fabricated bridge section.

Expected behaviour is the semantic interpretation of the function set F
for a particular purpose, that is the specification of the design and the
relevant constraints. The actual behaviour is that derived by analysis

from the structure (or from testing of an actual prototype of the

3 Gero’s use of the term S - structure is ambiguous. In at least one
passage, the structure is the design description:

A design description represents the artifact’s elements and
their relationships; it Is labelled structure S. [ibid] (p28)

The implication of this is that structure is a formal description and that
the transformation S - D represents a semantic interpretation of the
structure as a design description. An example of this transformation is a
graphical interpretation by a CAD package.

4 Refer to the discussion of intelligence in expert systems in section 2.6
of the previous chapter. Catalogue lookup or drafting a description from
structure are not intelligent in the sense that there is no recourse to a

rich explanation or modification of the activity.
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artifact). A more sophisticated model of design is given by £ - Be - S(Bs)
Here knowledge relating structure to actual behaviour is used in

conjunction with the expected behaviour in a process of svnthesis’s,

The comparison Ze & gs Is the evaluation of the design., This evaluation

can make a positive contribution to the design by revealing behaviours
that where not part of the original specifications but which become
desirable with hindsight. This reformulation is one of the reasons for

the open-endedness of the design task.

If an artifact fails to meet the design objectives or some constraint is
violated this may entail complete failure of the design process.
Alternatively redesign may occur. Redesign is often dependent on a
hierarchical view of the design process, [Brewer & Gajski, 1986, and
Brown, 1985]. Thus, in figure 3.2, a failure at the level of using a
rolling method to transport the tree trunk may be solved by trying a
different tree; by using a different transportation method or by

redesign at a higher level, [Brown, 1985].

Some commentators suggest that most designs are redesigns, [Dixon &
Simmons, 1983 and Dixon et al, 1984]. Redesign will be discussed in the
context of Gero’s design Prototypes in the next section. Design

hierarchies will be described further in section 3.4 under the topic of

the object-synthesis generic task.

5 See section 3.4 for a discussion of the generic task of

object-synthesis. '
Gero does not explain the significance of the S{(Bs) notation.
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Figure 3.2: A Design Hierarchy

3.3 Design Prototypes

John Gero uses the concept of a design Prototype to illustrate the
difference between design and other expert systems and to illustrate
why existing design systems frequently fail to achieve acceptable levels
of performance, [Gero, 1988]. Gero cites the reason for the failure of
design expert systems as being due to a lack of understanding of the
design process itself. Design Prototypes provide a basis for an

understanding of the nature of design that complement the formal model
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described in the previous section.

Design knowledge can be ‘chunked’. In this form it becomes the

conceptual schema for design. Conceptual schemas consist of

. knowledge Seneralized from a set of alike ... cases and form

a class from which individuals can be inferred. [Gero, 1990]

{p30)

Within the schema of generalized knowledge about types; Gero
distinguishes between archetypes, stereotypes and Prototypes., Examples
of archetypes are specific designs such as the Taj Mahal and Ferrari
sports cars which are unique examples of a type. As such, archetypes
may be used as the analogues or inspiration for design. Stereotypes are
copies without change of a type and their production does not constitute
a design activity. Prototypes are the basis for the design of further

instantiations of a types.

This chunking of knowledge into Prototypes enables an experienced
designer to create a specific design with relatively little problem specific
information. A novice designer, lacking the Prototype knowledge, has

more recourse to textbooks and problem specific information’. Design

Prototypes are also instrumental in the ability of designers to initiate a

6 Prototypes therefore correspond to the classical Greek notion of (fHea
or €160 (ideas or forms). A Prototype for a chair is the same as the
ideal chair which all real chairs reflect by virtue of their being chairs.
See, for example book V of Plato’s Republic. The distinction between
Archetypes and Prototypes is therefore somewhat arbitrary. It makes
equal sense to describe Ferrari designs as instantiations of a Ferrari
Prototype or as analogues of the Ferrari archetype.

7 To some extent the difference between novice performance and expert
use of knowledge chunked into Prototypes reflects the concerns
mentioned in section 2.3. Collins et al, [1985], among others, maintain
that knowledge engineers should undergo an extended apprenticeship in
a domain in order to better appreciate the whole Prototype and not just

specific knowledge items and performances.
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design with incomplete specifications and constraints. Another example of
the knowledge held in Prototypes is that which a designer uses to select

the relevant behaviours which require analysis in the evaluation of a

design (Bs in Gero’s model [ibid]).
Gero (in an early version) formally defines a Prototype as:

P=(ng./.l/./<) (la)

where P is the Prototype
Dpg is a parameterized design description or a description
generator
I is the interpreted goals and requirements of the design
V is the vocabulary and design elements
K is the knowledge relating the requirements and the
design elements [Gero et al,
1988] (p5-6)

With the addition of the process model of design described in the

previous section; the formal definition becomes elaborated:8

P=(F.B.S.D.K.C) (1b)

where P is the Prototype
F, S and D are as above in figure 3.1

B = (Bs, Be) as in figure 3.1 (Be corresponds to I in (la))
C = context

K = (Kr, Kq, Kc, Kct, Kp)

Kp = (T, P)

P = partition

T = typology [Gero, 1990]
(p33)

Kr is relational knowledge that links the variables of the function,
structure and behaviour sets. Kq is qualitative knowledge that
represents the effects of modifying the structure on function and
behaviour. Kc is the computational or quantitative knowledge relating the

F, S and B variables. The context C is the actual placement of the

8 A further elaboration of this model of design is given in [Coyne et al,
1990].
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artifact being designed in the external world. Thus the contextual

knowledge Ket is concerned with exogenous variables imposed by the

external situation.

Kp is knowledge about the actual Prototype. This consists of the type T
of which the Prototype is an instantiation and the partition P which
indicates what part of the higher level type the particular Prototype is
representing. The vocabulary of the Prototype is no longer explicitly
represented but is instead inherent in the actual names of the variables

representing the other elements9.

The more developed formalism provides a sufficient basis for
implementation. Examples are given of use of Prototypes for house plan
design, [Oxman, 1990], window design, [Gero, 1990], and beam design,
[Gero & Rosenman, 1990]. The earlier formalism is more tractable for
explanation of the actual design process. Therefore model {la) will be

used for the rest of the discussion in this section.

Design can be classified into three modes: Prototype refinement,
adaptation and generationl®, Most everyday design is in the form of

Prototype retrieval and refinement. Refinement is formally defined by:

D=t1(Dpg.l) (2)

[Gero et al, 1988] (p6)

9 Presumably the vocabulary is still represented explicitly by the
knowledge-base editor in the shell implementations of this methodology.
The benefits of such representation are discussed in chapter 8.

10 This classification corresponds to the class III, class II and class I
types of design identified by Brown & Chandrasekaran, [1985].
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In other words a transformation between the design objectives and the
values of the parameterized design descriptorsll, This type of design is
also known as routine design. Most of the design expert systems

described in chapter 4 are limited to the routine design method of

Prototype refinement.,

The actual process of design by Prototype refinement proceeds
recursively by the instantiation of Prototypes at successively lower
levels in the design hierarchy. This successive Prototype selection and
instantiation is depicted in figure 3.3. Returning to the bridge building
example of section 3.1; the level 1 instantiation in figure 3.2 corresponds
to the selection of the bridge branch of the hierarchy (rather than the
raft or stepping stone branches). Further lower leve] instantiations in

figure 3.3 continue down the hierarchy in figure 3.2.

The design is completed when it has proceeded without failure all the
way down to the level where all the design variables are fixed. Figure
3.3 also shows the interaction points for the user and the effects of

redesign and reformulation.

11 If all the design descriptors are numeric then this process becomes
amenable to numeric optimisation techniques, [Gero & Balachandran,

19861,
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Figure 3.3: Routine Hierarchical Prototype Selection and Refinement

(after Gero & Rosenman, [1990] p75)

Routine design amounts to the instantiation of a number of the
predefined variables, slots, attributes or sub-Prototypes of a Prototype.
In practice many of these values may be supplied as defaults or as a
direct consequence of constraints. Therefore there is no fundamental
difference between routine design and redesign. All design is redesign

starting from a point where relatively fewer instantiations have been

made.




It is tempting to view Prototype refinement as frame instantiation. Gero
and the other authors cited, use object-orientated implementations. Gero
i1s, however, insistent that Prototypes need not necessarily be

represented as frames, objects or any other specific implementation,

[Gero et al, 1988].

Prototype adaptation is necessary when the existing Prototype is
inadequate for some design task. Adaptation involves some modification
or extension to the knowledge, vocabulary and/or objectives and hence
in the design descriptor. Once these changes have been made; routine
design can recommence using the new Prototype. Using the example,
Prototype adaptation would be illustrated by an addition to one of the
lower level branches of the design hierarchy; perhaps the provision for

dual- or multi-span bridges!2,

Prototype generation is the creation of a new Prototype. The process
whereby this occurs is an example of truly creative design. Gero does
not elaborate the concept of Prototype generation beyond the statement
that it is often only recognized post facto. There may only be a
difference of scale between Prototype adaptation and generation.

Additional or new Prototypes at a lower level are adaptation whereas

12 There is some similarity between this example of Prototype adaptation
and the illustration of the transformation model described by Maher,
[1990]. Furthermore, Maher cites the use of transformation grammars to
capture generative design knowledge. Gero et al, [1985{], also discuss
design grammars but in this context a grammar is equwalept to a '
production rule and the examples given are of relatively simple design
tasks. A more formal investigation of the relationship between Prototype
adaptation and transformation grammars is beyond the scope of this

thesis.
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top-level additions are generation. An example of generation would

perhaps be the Jjump from the use of the bridging to raft-building

Prototypesi3,

A number of research issues in the implementation of Prototypes have
been raised. One obvious problem is how Prototypes can be indexed or
otherwise retrieved!4, [Gero, 1988]. The examples given in Gero, [1990]
and Gero & Rosenman, [1990], use a simple method of indexing based on
a symbolic identifier for each Prototype (given by T in (1b)) and for the
part of the parent Prototype addressed (P in (1b)). This indexing
method is therefore only of use in top-down design. There may be cases
where the constraints and available materials are restrictive to the

extent where bottom-up design becomes more appropriate.

4
|

The other main issue is in the completeness and consistency of the
Prototype set, [Gero, ibid]. The completeness of the available Prototypes
is limited to, but not determined by, the maturity of the relevant
technology in the domain. There is a need for research into how design

Prototypes become generated in response to new technologies.

The consistency issue is reflected in the nature of belief maintenance in

human designers when faced with inadequate or inappropriate

13 A more convincing metaphor for Prototype generation would be the
paradigm shift in scientific revolution, [Kuhn, 1970]. It must be pointed
out however that Prototypes are effective on a much smaller scale than
paradigms. Coyne et al, [1990], discuss the differences between science
and design in chapter 1 section 1.2 of Knowledge-based Design Svstems.
However, to some extent the Prototypes in use by designers are part of
the make-up of the engineering equivalent of paradigms.

14 This is a similar problem to the indexing in case-based design
methods but on a different scale, [Chandrasekaran, 1990, and Maher,
1990]). A full treatment of case-based reasoning is given by Slade, [1991].
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Prototypes. It is important to find an efficient and consistent method of

determining a strategy for when it becomes necessary to abandon a line

of Prototype instantiation and backtrack at a higher levells,

The model of design and the representation and use of Prototypes
implies that there is a finite repertoire of tasks that are performed by
design expert systems. Thus a final research issue in the use of
Prototypes in design is the identification, analysis and implementation of

these tasks.

3.4 Generic Tasks

Chandrasekaran, [1985], proposes a framework for expert systems
development based on decomposition of problems into generic tasks. Each
task has associated types of knowledge and control regimes. Generic
tasks are therefore at a lower level of abstraction than characterisations
such as ’design’, 'monitoring’ or ‘diagnosis’ for example. On the other
hand, generic tasks are at a level of abstraction above implementation

methods such as rules or frames.

Advantages arise from the use of a representation formalism at a higher
level than the implementation language. Swaffield & Knight, [1990],
illustrate how systems analysis techniques could be used to benefit
expert systems development (see section 2.3). A high level representation
or description of the design process can, for example, improve

knowledge elicitation by focussing discussion!s, Advantages also arise

15 Non-monotonicity in.design is described in section 4.7 in Coyne et al,
[1990]. Kumar & Topping outline a practical solution to the problem, '
[1990]. Another approach has been adopted for the DEX system and is

described in chapter 9.

16 A model of the design process is, in effect, the results of knpwledge
elicitation that may be generalised to many specific design domains.
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from the use of an explicit generic control regime. Differentiation
between generic-control and domain-specific knowledge aids debugging

by distinguishing logical errors from coding errors.

The generic tasks identified by Chandrasekaran in his 1985 paper are as

follows:
State abstraction
Knowledge~directed information retrieval
Hypothesis matching
Assembly of compound hypotheses for abduction
Classification
Object synthesis by plan selection and refinement
These tasks will be described in the rest of this section with emphasis

being given to those tasks most relevant to designl’,

State abstraction relates changes in the state of a system to changes of

the functions of the system and in the state of the immediate

super-system. The knowledge is distributed among specialists in each
system/subsystem. The control regime is bottom-up with changes at one
level being followed up into higher levels; reflecting the

system/subsystem relationships.

Knowledge-directed information passing relates attributes of one datum
to some other datum. Examples are default values and inheritance. This
kind of knowledge is typically represented within a frame hierarchy.

Each frame specialises in the knowledge-directed data inferences for a

single concept.

17 1t is not clear that each of the generic tasks is mutually exclusive or
that each occupies the same level of abstraction. For instance Clancey,
[1985], in his discussion, shows how abstraction and refinement are

sub-tasks of (heuristic) classification.
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higher level hypothesis. Hypothesis matching would seem to be at a
lower level than state abstraction and classification (see below), since

both of these perform hierarchical hypothesis matching.

Abductive assembly of explanatory hypotheses uses the significances and
relationships between hypotheses to generate a composite hypothesis for
the purposes of explanation. This may be a recursive process for large
numbers of hypotheses with the relatively superfluous explanatory

hypotheses being dropped in favour of those with more significance.

The classification task specifies the place of a situation description
within a classification hierarchy. The generic knowledge form is the
declarative statement of a linkage between a partial description and
evidence for a classification. This knowledge is typically organised
among specialists that are concerned with proving or rejecting a
particular concept. The control regime calls upon each specialist in a
top-down order to attempt to establish its concept. If successful, a

specialist calls its successors. If unsuccessful, all the successors are

failed automatically.

Clancey, [1985], discusses heuristic classification in some detail. This
description is largely compatible with Chandrasekaran’s depiction of the
classification task and arises out of a similar desire to find an

abstraction for expert system description above the implementation
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levells,

Clancey describes simple classification as identification of

»» Some unknown object or phenomenon as a member of a

known class of objects, events or pProcesses. (p293)

The classification classes are typically pre-enumerated stereotypel?®
solutions. This simple classification is hierarchical in that it places a
specific instance within a structure of classes and sub-classes. Clancey
gives three basic relationships used for this data abstraction:

definitional and qualitative abstraction and generalization.

Definitional abstraction is classification of a datum by virtue of its

essential features. Clancey gives the example:

If the structure is a one-dimensional network, then its shape is

a beam. [Clancey, ibid] (p294)

Qualitative abstraction classifies a datum with respect to some value. To

take an example from the evaluation of potential sulphate attack:

If the total SO3 content of the soil is less than 0.2%, then the

site has a class 1 sulphate attack risk?

18 Steels, [1990], gives a thorough discussion of the interaction between
inference structures such as Clancey’s heuristic classification, and
Chandrasekaran’s generic tasks as well as problem solving methods and
domain models. He also outlines the classification and cataloguing tasks
required for a overall solution to the problems of relating domain tasks

to generic expert systems solutions.

19 Although Clancey uses the word stereotype, this strictly implies
coples without change, [Gero, 1990] (p30). What is really meant is closer
to what Gero describes as Prototypes implying the first on which others

are modelled [ibid].

20 Although Clancey would describe this as qualitative abstraction it
would also seem to be somewhat definitional in the more colloquial use of

the word.




Generalization ig similar to inheritance, Clancey uses the following

illustration:

If the client js a Judge, then he is an educated person. [ibid]

Evidence for an instance of a class is also indirect evidence that one of
its sub-classes is relevant, as shown in figure 3.4 (refinement).

Uncertain evidence can lead to the creation of a ranked list of

hypotheses.

In contrast to simple classification, heuristic classification relates

..« solutions and solution features ... heuristically by direct,
non-hierarchical association with some concept in another

classification hierarchy. (p294) ’{'i

Obviously the identification of one classification hierarchy as different ;l
from another is subjective. The inference is that there is some J{
connection between the classes linked by the heuristic classification. "
This connection is made by heuristic rules of thumb rather than by

more direct hierarchical abstraction or refinement. The relationship

between simple and heuristic classification is shown in figure 3.4.
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Figure 3.4: Data Abstraction, Solution Refinement and Heuristic

Classification (after Clancey, [1985], p295)

Object-synthesis is the generic design task described in the previous
sections. Object in this abstract sense can be a plan, for example, as
well as more concrete artifacts. The knowledge used in object synthesis
is concerned with the structure of the object at some level of
abstraction and with the components and concepts required for refining

this top-level structure.

The control regime is recursively defined as the top-down design of
each of the component objects. At each stage a specialist for the object
being designed uses a plan to execute object specialists to design the
next lower level of detail. Design in this context follows the model

F - Be - S(Bs) discussed in section 3.2. This model characterises synthesis

as the use of expected behaviour (specifications) in the




.-+ selection and combination of structure based on a knowledge

of the behaviours produced by this structure. [Gero, 1990]

(p29)

Synthesis continues through the hierarchy until all the primitive object

values are established, as illustrated in figure 3.2.

Brown, [1985], describes a design scheme with particular emphasis on
failure handling?l, Ag described above, design is organized as a
hierarchy of concepts. Each concept specializes in some sub-problem of
the design process, planning a sequence of design actions. An action
may be a request for another specialist at a lower level in the
hierarchy. An action may also perform a task or sequence of steps which

result in the setting of some primitive aspect of the design.

Constraints?? may be used at any stage of the design in order to test

its validity. Each agent (specialist, action, task, step) has its own

knowledge relevant to handling failure in the form of a constraint
violation or .non—completion of a goal. As mentioned in sections 3.2 and
3.3, above, failure can result in redesign at any level. If all redesign
attempts fail, the top-level agent may choose an alternative plan. To

continue the example: 'design a raft’ rather than ’'design a bridge’.

Chandrasekaran, [1990], characterises design synthesis as a set of
propose-critique-modify methods. Each sub-task is then further analysed
in terms of generic methods. For example, design proposal can be

achieved by recursive problem decomposition; by case retrieval or by

21 Brewer and Gajski, [1986], describe a similar hierarchical design

paradigm.
22 see table 3.1 for a relevant list of constraint classifications [Brown &

Breau, 1986]).
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simultaneous satisfaction of constraints. Verification that a design meets

the functional objectives can be achieved by direct domain-specific

calculation or by simulation,

Maher, [1990], in a similar vein, breaks design into the three phases of
formulation—synthesis—evaluation. Maher also identifies three models for
the synthesis/proposal stage: decomposition, case retrieval and direct
transformation from design requirements to solutions®. Obviously, these
methods are not exclusive. Most significant design will involve some
decomposition into sub-problems. Solution of these relatively simple
problems can either be achieved by reasoning from similar cases or by

direct solution at the most basic level of design.

3.5 Expert Systems in Design

Simmons, [1984], Tong, [1987a], and Rychener, [1988], give overviews of

how expert systems can operationally benefit design in general. Most
commentators include the following items:
Packaging of expertise
Improved consistency of design choices
More exhaustive/intelligent search of large solution spaces
Front end to analysis packages
Management or automation of design/redesign cycles
These benefits generally apply to expert systems in any domain. The

most obvious benefit of design expert systems is in the management and

automation of the design/redesign process.

23 Both direct transformation and simultaneous satisfaction of constraints
are covered by Gero’s simple £~ S = D model described in section 3.2.
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Although design is goal-orientated, this goal may be unspecific. The
design goal may also change during the design process as simple

proposals are rejected, [Gero, 1988, and 1990]. This entails that any
solution is only relatively successful. The search for a solution to a

design problem is dependent on all of the factors listed in section 3.1.

This indeterminacy entails a number of potential operational problems for
expert systems. The other main problem with design is the large variety
of knowledge that may be used in the design process. Additionally the
designer may need knowledge from many different domains. These
problems are summarised in the following list:

Unknown size of problem/solution space

No unique solution

No way of determining optimum design

Need for design decisions to be reported as well as actual results

Need for many types of knowledge and reasoning methods

(quantitative, qualitative, geometrical, mathematical).

The models of design in this chapter are attempts to characterise design

so as to minimise these problems. They can be summarized briefly:
Design is directed towards the attainment of a number of objectives.
There are generally a large number of potential solutions of these

goals - the search space.

The design space is restricted by a number of constraints reflecting

various considerations..

Generally there is no guarantied optimal solution.

The design process may be characterised as the design of




successive levels in a hierarchy,

At each level the design may progress by a number of methods
such as the synthesis of lower level design problems, unique solution of

a restrictive set of constraints, heuristic classification, use of existing

solutions, or arbitrary decision on the part of the designer.

Failure at any level may occur by constraint conflict or inability to
complete lower levels of the design.

Failure can be resolved by redesign at the current level or by
backtracking to a higher level.

The design itself is the set of actual instantiations of the variables
at the lowest levels of the hierarchy. Each possible permutation of these
instantiations is a terminal node in the design space.

The knowledge used in design may be chunked as design
Prototypes. These consist of the structure of the design; the plans for
successive design at lower levels; defaults, ranges of permissible values;
previous design solutions, methods for instantiating design variables and
relevant terminology.

Each level of the design hierarchy may itself consist of lower level

Prototypes.




Chapter 4: Expert Systems in Engineering Design

This chapter is intended to provide a brief overview of some
implementations of expert systems in the broad domain of design. The
examples given are not selected on any particular basis and do not
constitute an exhaustive survey. In the last few years there have been
several publications of bibliographies concentrating on expert systems in
engineering, [Duffy, 1987, Chung et al, 1988 and AIAI, 1989]. Together,

these provide a comprehensive listing of recent work in the field.

Section 4.1 will outline the earliest work on the application of AI to
design in the form of intelligent front ends to analysis and simulation
tools. Section 4.2 will describe a number of attempts to develop expert
systems in the broad domain of mechanical design. Most modern design .
is subject to legislative constraints and safeguards in the form of
standards and codes of practice. The use of these codes in computer

systems is detailed in section 4.3

There are a number of expert systems applications in the domains of
architectural and structural engineering which have more direct relevance
to the subject of this thesis. Adeli, [1987 and 1988], gives extensive lists
of expert systems in structural engineering. Some of the systems mentioned

by Adeli will be described further in sections 4.4 and 4.5%.

4.1 Intelligent Front Ends

Much of the earlier work on the application of expert systems to design

concentrated on areas such as mechanical design. Here the emphasis is

1 HI-RISE, DURCON and SASE; SACON is discussed in section 4.1.
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[Dixon et al, 1984, and Taylor & Corlett, 19871,

The use of systems like finite element analysis (FEA) packages is a task
that is often difficult and can require years of training to gain specific
expertise. Fenves, [1985], cites the complexity of FEA use as a suitable
domain for knowledge-based systems, specifically for intelligent pre- and
post-processors or front- and back-ends. Fenves describes two such
examples of intelligent front-ends, HYDRO and SACON, and outlines a
number of important issues in the implementation of a general purpose

|
FEA assistant. ; ;
!
|
j

Aldridge et al, [1986], describe two systems: PROCON in the domain of

architectural design and Designer’s Apprentice which designs nuclear E ;

weapons., Both these systems are interfaces to programs that simulate
the performance of the artifact being designed. The paper describes the
functionality required of useful interface systems. Typical interface
system requirements are to check for input errors; execute the analysis

or simulation model; filter and interpret output and manage a number of

on-going projects?,

Zumsteg & Flaggs, [1985], describe SACON in the context of the
development of integrated analysis and design packages. In contrast to

the limited ability of SACON to create input files for the MARC FEA

2 Some discussion of the related issue of embedding non-AI programs in
expert systems will be given in later chapters dealing with the use of
the hydroxyl ion concentration prediction model.




package; the Composite Design Assistant (CDA), [Zumsteg & Flaggs, ibid,

and Pecora et al, 1985], also incorporated rules that enabled it to

The Buckling Expert, [Zumsteg & Flaggs, ibid], was a system that more
fully integrated design and analysis. This was achieved by incorporating
knowledge that was concerned with the qualitative assessment of the
analysed structure and how to design for improved performance. The
Bucking Expert was developed in the general domain of designing
aerospace structures and of stiffened cylindrical panels in particular.
The system was small (less than 100 rules) with limited user interface
(scrolling screen dialogue) and unsophisticated explanation facilities

(rule-trace).

Maher et al, [1988], develop ideas propounded by Fenves, [1985], and ! P
make use of the work of Pecora et al, [1985] and Zumsteg & Flags, ‘
[1985], as a prototype for a framework for an intelligent FEA assistant.

This framework uses a blackboard? to organise a number of specialist

modules. Each module is concerned with a level of abstraction of the

problem and posts its conclusions to the blackboard for the attention of

modules at a higher or lower level. Like the Dominic system, described

below, there are also a number of resource level programs.

Although Maher et al, [ibid] have proposed a framework for a fully
competent generic intelligent front end for FEA packages there still
remains a need for actual implementation of this ideal. Clark & Mac

Randal, [1991], have developed a system (called IFE) that is described as

3 See chapter 2 for a discussion of blackboard architectures.
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being competent in the tasks of dialogue with the user, input validation,
data-model manipulation and the execution of applications. Furthermore
the IFE system is able to perform these access tasks for a plurality of

advanced engineering software [ibid] (p44) and to tailor its responses to

a number of different user types, (Designer, Engineer, Modeller) and

even individuals.

4.2 Mechanical Design Systems

Dixon et al, [1984], characterise design as an iterative cycle of three
stages of decisions concerning the design process, technical design and
acceptability of the design. This view of design is used as the
foundation for a generic design system - DOMINIC, [Howe et al, 1986]. As

mentioned in the previous chapter, Dixon and Simmons strongly

emphasise the importance of redesign, [Dixon & Simmons, 1983, and Dixon [

et al, 7bid]. The result of this emphasis is an architecture where the

central organisation is based on redesign.

The design is initialised by retrieval of existing designs or from a
general compliance with the most critical elements of a set of constraints
and requirements. This initial design is carried out by a single module.
Other modules perform further specialist tasks such as user interface,
evaluation, acceptability and redesign. These modules are organised in a
blackboard system, with a final module responsible for control tasks.

Each module in the system is able to make use of support resources

such as analysis and drafting programs.

The DOMINIC system is-illustrated by the use of examples taken from the

design of V-belts and of extruded aluminium shapes (heat sinks), [Dixon
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et al, ibid, and Howe et al, 1986]. The use of DOMINIC in these domains

1s reported to compare favourably with human experts and with domain

specific expert systems.

Mittal et al, {1985, 1986] report on the PRIDE system for the design of

paper handling systems. PRIDE is ostensibly an attempt to explore issues
in non-routine design. From the problem description given in their
paper it is not clear that the design of pinch-roller paper transport
systems is routine in the sense of being a transformation from
objectives to the final design parameters within the scope of an existing

Prototype. The problem is, however, large and complex and covers many

areas of expertise.

The PRIDE system is object-based and uses a system of successive
refinement through design plans. The system also uses a number of

standard design methods that deal with types of goals and their !

respective knowledge, user-interface, computation and inference needs. , {
Failure of a goal is handled by a global problem solver. The problem

solver is able to analyse partial designs and suggest modifications.

PRIDE is also able to maintain multiple designs simultaneously. The

system was found sufficiently useful to be adopted by Xerox as a

practical tool.

The DSPL language, [Brown & Chandrasekaran, 1986], uses a similar
hierarchical refinement strategy. In contrast to PRIDE, goal failure is
handled by the passing of failure reports to the parent goal. The parent

goal is able to determine a strategy for solving the problem? DSPL is

] i i i ibed more fully in Brown,
4 Th ethod of failure handling is descr;be ‘ :
[1985118. rllgrewer & Gajski, [1986], also use hierarchical reflnemenp plans
and a similar failure handling method in a system for VLSI design.
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illustrated by an example system for the design of air-cylinders

(AIR-CYL), [ibid]. In addition to the basic design ability of the DSPL

language, a number of additional tools provide explanation facilities and

knowledge acquisition, [Chiang & Brown, 1987].

The research program at Edinburgh university department of Al
characterises design as an essentially mysterious, human exploratory
activity, [Smithers et al, 1990]. The practical implication of this view is
an emphasis on the development of support tools for human designers
rather than design systems per se. A number of support systems have
been developed and combined into the Edinburgh Designer System (EDS).
EDS is illustrated by an example from mechanical design (water

turbines).

The systems described in this and the following sections are limited
mostly to routine design. There are some attempts at developing systems
for non-routine design. For example the CYCLOPS system for innovative
design, [Sriram et al, 1989]. This system uses relaxation of objectives
and constraints to generate a much larger search-space in which it is

hoped some interesting designs will arise serendipitously.

4.3 Building Standards and Codes

Standards and codes of practice (henceforth codes) are collections of

knowledge about design. This knowledge has already been compiled,
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tested and accepted by panels of experts in the creation of the codess.
Codes are therefore a potentially useful knowledge source for expert

systems once the codified knowledge has been given a suitable

structure. Another potential application of expert systems is in the

automation of the process of authoring codes.

Many of the systems listed by Adeli, [1987, and 1988], are centrally
concerned with the generation or the checking of designs against
standards. Saouma et al, [1989], refer to the legal responsibilities that
are inherent in codes. Rosenman & Gero, [1985], describe codes as being
large and complex to use. Koskela et al, [1986, and 1988], cite the

extensive use of technical jargon as another difficulty in using codes.

Stahl et al, [1983], note that design is often driven by codes, as
opposed to being merely constrained by them. It is therefore seen to be
desirable to allow CAD programs, for example, to have access to the
provisions contained in the codes. The authors analyse the properties of
codes and a standard for implementing a computer-representation is
proposed. This standard is based on decision tables (DTs). Dts allow the

clarity and completeness of a set of provisions to be examined.

The SASE system, [ibid], is based on this use of DTs to express codes.
The system facilitates the creation of the DT data-base representing a

code. SASE then enables a user to access and check the code provisions.

5 A code of practice is very close to Gero’s idea of a Prototype.
Consider the definition of a prototype:

. knowledge generalized from a set of alike cases [forming] a
class from which individuals can be inferred. [Gero, 1990] (p30)

As a body of compiled knowledge, codes implicitly embody much of what

Gero would include in a Prototype. In some cases it is possible to
complete a design by inferring the design parameters from the code

provisions.




The authors outline the SASE command language and suggest uses for

the system and the code representation, for example, for knowledge-base

construction.

Stone & Wilcox, [1987], depict a number of problems with existing codes

in the form of inconsistency, incompleteness, circularity, redundancy and
ambiguity. The authors describe a system which guides a user through
the generation of a draft code. The text of each provision is input

through standard forms depending on the type of the requirement and

its place within the code.

The system interprets the input forms and represents the code as a
body of PROLOG rules and facts. The logical consequences of this
representation can be assessed by querying the system and providing
ranges of values for the design variables. The process thus ensures the
consistency and completeness of the regulations as a set of PROLOG
rules. The system also includes facilities for consultation of the final

code representation as a simple expert system.

Neither Stone & Wilcox, nor Stahl et al, discuss how the PROLOG
rule-base or SASE DTs can be translated back into a readable form of
English without either being stilted or re-introducing errors. This
subject is addressed in a paper by Thewalt & Moskowitz, [1990]. Their
text-generation system, ICARUS, addresses the computer representation
used by the SASE system. ICARUS uses a number of generic templates to
map each element of a decision table onto natural language (NL)

sentences. Refer to figure 4.1 for a summary of the interactions between

building standards and expert systems.
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Figure 4.1: Building Standards and Expert Systems

Rasdorf & Parks, [1987], present a system that generates computer
data-structures from a natural language (NL) analysis of a code. The
system is illustrated by examples from the BOCA Basic National Building
Code. The code is parsed and data items and relationships are identified.
The user is consulted as the identified items are added to the data-base.

The system can also be used to access the knowledge held in the codes

by use of NL queries about specific provisions.

- 75 -




Two prototype systems for code compliance checking, Query Monitor and

Roofload Checker, have been implemented by Rasdorf & Wang, [1987, and

1988]. The authors note the inefficiency of representing codes as
production ruless, They cite as an example the need for 30 rules to
represent a single BOCA table. SPIKE, is a development from these
earlier prototypes. SPIKE is a generic code processor using a database

of facts to represent codes [ibid]. Rasdorf and Parks planned to develop

the NL codes analyser to generate input suitable for use by the SPIKE

system.

Rosenman & Gero, [1985], also present an expert system shell for code
implementation’. The shell is written in PROLOG and the example
implements the Australian Model Uniform Building Code (AMBUC). The
shell supports use of the code for requirement finding. Access to the
knowledge contained in the code emphasises low-level queries rather
than predefined high-level goals, such as would be needed for
compliance checking. An example of a query to the system is given
which indicates that the user is expected to have some ability with the

shell’s interface language.

?infer true re ’fire-resistance rating" given building is_a hotel

and ’‘number of storeys’ is 6. [ibid] (p403)

This early prototype system was developed into the BUILD shell,

[Rosenman et al, 1986a, 1988b and 1986c]. Examples are given of systems

6 This mirrors the preference of Stahl et al for DTs rather than rules
for clear and complete representation of code provisions, [Stahl et al,
1983].

7 Descriptions of these systems use terminology aqd ideas’ that anticipate
the design models and Prototype theory ‘proposed in Gero’s later
published work and outlined in the previous chapter, [Gero, 1988, and

1990].
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Several additional
enhancements and extensions to the original are described. The provision
of facilities for selection of components allows the system to actually

perform design. The knowledge required for the design selection is not

contained in the AMBUC codes but is retrieved from experts.

The example systems use graphics for passive description and for simple
user interaction. The majority of the user interface is still of the

scrolling-text dialogue variety and requires user ability with the syntax

of the shell. For example:

?explain why not ’fire resistance rating required ’ is_none.

[Rosenman et al, 1986a] (p546)

Further examples are given for checking compliance with the AMBUC

code (CODE); for the selection of algorithmic optimisation processes

(OPTIMA) and passive energy design (SOLAREXPERT), [Rosenman et al,

1989]., These systems use interfaces to external programs such as CAD

systems and optimisation routines.

DEST, [Fukuda, 1986, and 1988], is code-based expert system in the
domain of design of oil storage tanks. DEST uses constraints from the
relevant codes to restrict the search space of possible designs. This
system is unusual in that it incorporates a variety of codes relevant to

particular areas with differing structural design statutes.

Other code compliance checking systems include the Life Safety Code
system (LSC). [Dym et al, 1988]. LSC is concerned with the architectural
implications of fire-protection regulations for the design of hospitals.

Like BUILD, LSC is interfaced to a CAD system. Saouma et al, [1989],
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have developed a architecture for code-compliance svstems. The method

's illustrated by a Prototype system that checks for compliance with

codes for reinforced concrete design$,

Koskela et al, [1986, and 1988] describe severa] expert systems in the

broad domain of construction. Like Rosenman et al, these authors
implement building codes in two modes - constraint and requirement
advice and code compliance. Like Dym et al, they have developed a
system for fire-protection codes. Other relevant examples given in these
papers include the repainting of wooden facades, pavement design and

selection of ready-mixed concrete,

4.4 Integrated Structural Design

Code compliance is only one facet of building design. DESTINY, [Sriram,
1986, 1987a, and 1987b], is a framework of a system for fully integrated
designd. DESTINY consists of a number of knowledge modules
incorporating a variety of textbook, heuristic and deep knowledge. These
modules are organised using a blackboard architecture. Overall control
of the system is handled by TACON which is described as a strategy

level module. TACON determines the correct execution of the lower level

modules.

Specialist level modules are individually concerned with design tasks

such as synthesizing structural

8 This system uses an interface to LOTUS123 for initial entry of the
large volumes of data required by the system. Refer" tc? chapter 10 for
further discussion of the use of spreadsheets as utilities for expert
systems.

9 Sriram [1987b], initially describes DESTINY as a model (p37) and'
ALL-RISE as a framework (p57). The description then proceeds as if the
modules had actually been implemented. It is, therefore,'urfclear as to
whether or not it is best to regard DESTINY as a functioning system or

merely as a model.
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configurations (ALL-RISE), analysing configurations (MASON), detailing

structural elements (DATON) and evaluating the current design (CRITIC).

Each of the specialist modules can call upon resource level modules
which carry out functions such as data-base management and

conventional analysis and costing. A final resource module is a database

containing the relevant building codes.

DESTINY uses a hierarchical decomposition represented by schemas
(frames). The building is represented as a grid of beams, columns and
walls. The grid has two components, the lateral- and gravity-load
resisting systems. Each of the two component systems are further

decomposed into subsystems and components.

ALL-RISE is a development of the HI-RISE system that performs
preliminary design of a high-rise building from the initial space plan
[Maher & Fenves, 1985, Sriram & Maher, 1986, Maher, 1988, and Maher et
al, 1988]. ALL-RISE is able to handle low- and medium-rise as well as
high-rise buildings!®, ALL-RISE makes use of constraints as active goals.
Previous systems using constraints in design, as described above,

merely emphasised their role as passive design checks, [Sriram & Maher,

1986].

Maher, [1988] describes three other systems in the domain of the
structural design of buildings. FLODER designs alternative floor plans

from input data concerning space and functional requirements. LOCATOR

locates the lateral-load resisting systems as part of the

10 The relationship between the HI-RISE and ALL-RISE systems is

described further in [Sriram & Maher, 1986]. The latest dev¢10pment of
the HI-RISE/ALL-Rise prototypes in the CONGEN system', [Sru‘am et al,
1989]. CONGEN is a system under development for domain-independent

preliminary design.
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three-dimensional grid. These two systems use the generate-test
paradigm of design. STRUPLE uses partial descriptions of requirements

for a building to retrieve a structural configuration from a data-base of

previous designs.

Finally, Maher et al, [1988], describe a system for the detailed
proportioning of structural components. This system, SPEX, therefore
performs at a similar level of the design process as DATON, in the
DESTINY system. SPEX itself is organised as a blackboard and makes use
of knowledge-based and algorithmic modules. Design standards are
represented within SPEX as causal (deep) knowledge!l. Maher does not
describe or speculate on the possibility of linking these systems into an

overall integrated design package!2,

The decomposition model of design described in the previous chapter has
been used as the basis of a shell for engineering design, EDESYN,
[Westerberg et al, 1990]. The EDESYN shell has been used to implement
three systems. STRYPES designs structural configurations. STANLAY
generates layouts based on a given structural configuration. FOOTER
generates foundation types based on building loads and soil types,
[ibid]. These three systems are some of the modules of the integrated

building design environment (IBDE)!3,

11 This is unusual in that standards are typically characterised as
containing shallow knowledge only and as explicitly omitting. deep
supporting principles, [Stone & Wilcox, 1987}, Kumar & Topping also
discriminate between Design Codes on the one hand and the ’'theory of

structures’ on the other.

12 In fact, SPEX is the prototype for the proposed DATON mo'dule, _
[Sriram, 1987b (p52)]. Fenves also refers to HI-RISE as the first version
of DESTINY, (Discussion to [Maher & Fenves, 19851).

13 Other modules include the SPEX system described earlier as well as
ARCHPLAN for conceptual planning of the building CORE, designing the
service core elements; and a construction planner.
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fumar et al, [1987a, and 1987b], have used the HI-RISE, SACON, SPEYX

and DESTINY systems as prototypes for a system for the design of

industrial buildings, called INDEX. INDEX has been implemented using the

Edinburgh PROLOG blackboard shel]ld, INDEX is consistent with the

DESTINY model but with a few differences. INDEX, for example, maintains
a full range of currently feasible designs rather than the best only.
Another difference is that INDEX uses a fixed specialist agenda rather
than a strategy level module like TACON. Finally, INDEX, includes

modules for optimisation that are not incorporated into DESTINY.

Details of the INDEX system are given for the ALTSEL module which is
concerned with preliminary selection from alternative structural systems.
ALTSEL therefore performs at the same functional level as the HI-RISE
and ALL-RISE modules. The sub-modules of ALTSEL correspond, roughly,
to the subtasks of the HI-RISE system (synthesis, preliminary analysis,

parameter selection/design, and evaluation).

The STRANEX module is concerned with the use of FORTRAN analysis
routines. Kumar et al, [1987al, outlines two alternative methods of
interfacing the FORTRAN programs with the PROLOG implementation of
STRANEX. Briefly, the first and more straight-forward method is to

simply use PROLOG to write input files for the FORTRAN programs and to

14 INDEX is an on-going research project. Like DESTII\{Y it is still a
model rather than a working system in some senses, [Kumar & Topping,

1991].

- 81 -




collect the results from output files. The second method uses an
integrated interface between the FORTRAN and PROLOG code via a C

interface. The C interface method js more involved but much fasterls,

Another system, DESDEX (DETDEX), is described in [Kumar & Topping,

1988]. DESDEX is a prototype system for the detailed design of
structures. DESDEX embodies knowledge concerning the theory of
structures as well as design codes. The prototype occupies the same

place in the INDEX system as DATON/SPEX in DESTINY.

The problem area covered by DESDEX is also used to illustrate a system
for recovery from non—'monotom'c states, [Kumar & Topping, 1990, and
1991]. This system, DESCON, uses a network of dependencies between
entities to control backtracking in the event of changes in specifications
or constraint violation. The chain of dependencies is represented by a

number of binary supports clauses:

supports(Tagl, Tag) [ibid] (p215)

Tags are identification numbers for entries on the global blackboard.
This dependency directed backtracking enables the system to remove all
entries (and only those entries) made invalid by events such as

constraint violation?s,

15 The success of the direct interface method .is dependent on the
languages involved being able to call sub-routines and funcfclons from
the other languages. The analysis program must alsp be designed to
accept direct input rather than input sole}y from files. Chapter 9
decribes a similar file-based interface. This methgd, hov'vevver, uses a
PC-DOS virtual (RAM) disk to improve file operation efficiency.

i f a qualitative model as
16 The module, DESCON, is an example o : !
described by élancey, f1989]. Clancey cites failure recovery as one
possible use of such models. DESCON could, perhaps, be developed to

address other uses of qualitative models such as explanation,
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The work of Kumar et al, along with the Maher-Fenves-Sriram systems,

utilises a model of the structural design of buildings that progressively
refines the accuracy of predictions of behaviour under loads, [Maher et
al, 1988]. The initial prediction in the preliminary design (HI-RISE,
ALL-RISE and ALTSEL) is inaccurate and components are only designed
approximately. Finite element methods (FEM) allow much more precise
analysis of loads and performance, but may require intelligent pre- and

post- processor assistants (such as MASON, STRANEX or IFE).

The final stage is the detaijled design. Here components can be
individually and accurately sized and proportioned and checked for
compliance with codes (SPEX, DATON, and DESDEX). It is at this stage
that the design of component material such as the structural steel and

concrete occurs.

4.5 Concrete Design

The most common structural components of buildings are steel and concrete.
Concrete is itself a composite material. The design hierarchy for structures
must, therefore, be extended to lower levels for the specific selection and
proportioning of the constituents of the concrete mix. The main properties
that are specified for concrete building material are composite strength
and chemical protection of structural steel. Strength and protection of steel
are relatively easy to design for. However, either of these properties may
become compromised if the concrete suffers from durability problems.

Therefore durability is the most important factor in the design of concrete

mixesl?,

17 Refer to the next chapter for a full description of some of the factors
relevant to concrete durability.
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Some work has been carried out on the application of computers to the
design of concrete. One early system was described by Day, [1984]. This
paper outlines a mix method based on the surface area of the aggregate.
The method itself is novel and the emphasis from the implementational point
of view is on tuning the mix to take account of necessary local empirical

adjustment. No details are given of the language or hard-ware used, and

there is no sample run of the program.

Hover, [1985 and 1987], describes another computer program for mix design,
This program is based on recognized ACI 211 procedures. It is written in
BASIC to be portable between a range of personal computers. The program
consists of simple functions and procedures, The main use of the program
is in teaching engineering students. The effect of altering some input

parameter can quickly be seen in the quantities calculated.

Hover’s simple mix design system was later developed into a small expert
system for the selection of placement methods for concrete slabs, [Hover,
1987]. The CONSLAB system embodies knowledge from published sources,
and from Hover’s own experience in the domain. The system is of limited
scope and still does not address any durability issues. However, Hover
notes the rapid development from what was initially conceived as a simple

problem into a relatively complex undertaking.

Brewer, [1987] and Dilly et al, [1987] describe the use of simple spreadsheets
in the design of concrete. Brewer’s spreadsheet is concerned with mix
proportioning and is again based on the ACI 211 recommendations. The

spreadsheet described by Dilly et al addresses the issue of durability. This

method uses strength as an indicator of probable durability.




Using strength alone ag an indicator of durability is a quick and relatively

easy method to implement, The method was reported to have been implemented

on a programmable calculator, However, this is not always a reliable method

and in any case ignores aspects of durability that are not influenced by
the designed strength of the concrete; alkali-aggregate reactions, for
example!8, Spreadsheets are useful for representing formulae and data-tables.
The effect of changes in input can be seen very quickly. Furthermore, as

more people become familiar with spreadsheets, many spreadsheet features

become a norm for user interfaces.

Given the scope of recommendations contained in British and American
Standards for concrete design, it is very unlikely that a spreadsheet could
begin to cover anything but the most rudimentary aspects of durable
concrete design. Much of the knowledge embodied in concrete standards
is best represented as rules. Although spreadsheets can use conditional

IF statements; these are not an acceptable method of implementing rules.

Without the ability to use rules and structured representations such as

frames, a spreadsheet would lack desirable facilities such as explanation

of its conclusions.

There are several expert systems in closely related problem domains.
Sacks & Buyukozturk, [1987], for example, describe a system for the
design of reinforced concrete (RC) columns - EIDOCC. As mentioned in
section 4.3 above, Koskela et al, [1986, 1988] have written a number of
systems: for ready-mixed concrete (RMC) selection and asphalt pavement
design. Hozayen & Haas, [1990] have also developed a system for the

evaluation and design of pavement mixes. However none of these systems

18 See chapter 5 for a more detailed discussion of the relationship
between strength and durability.
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bear crucially on the problems of concrete durability or add to the

concepts of design in general described in this and the previous

chapter,

There have been a number of attempts to develop expert systems for the
design of durable concrete. DESIGN, [Miller, 1985], is a prototype inference
engine intended to be useful for general design problems. The initial domain
chosen for a DESIGN knowledge-base was concrete design. This
knowledge-base, COMIX, contains both New Zealand concrete design standards
and knowledge acquired from a Ministry of Works and Development concrete

expert.

The COMIX system is based on the decomposition of design into sub-goals.
However, Miller, regards each sub-goal as being necessarily a step on the
right path towards completion. There is no possibility of evaluating the
design at intermediate stages or of back-tracking in the event of failure.

The system is therefore dependent on a view of concrete design that allows

for a universally ’correct’ and invariable path through the sub-goals.

The solution path is provided by the representation of the design data in
a hierarchical network of nodes and frames. The domain knowledge is
represented as production rules attached to the nodes. Additionally there

are data-tables for bulk-information and a glossary containing definitions

of terms.

Miller states that the COMIX system only implements a subset of the domain

and omits, for example, environmental factors. COMIX can therefore be seen
as an expert system for mix proportioning and limited code compliance. The

system does not address any of the significant problems of concrete

durability.
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The expert System, CONDURAs, [Rajkumar et al, 1987], is able to conduct

both backward chaining diagnosis of distressed concrete and to use forward

chaining to make design recommendations. The deductive diagnosis of

distressed concrete ig described in some detail. The diagnosis is driven
by hypotheses; data is obtained from the user in support of the alternative
hypotheses and each is assigned a probability. No details are given of
design using the system. Since the system is designed with the architectural
emphasis on diagnosis, it is likely that the use of CONDURAS would be
limited to the statement of design recommendations rather than detailed

mix constituent selection and proportioning.

The most significant work with respect to the design of durable concrete
is the DURCON system. DURCON is based on the "Guide to Durable Concrete"
developed by the American Concrete Institute Committee 201. Additional
knowledge is obtained from experts in the domain. DURCON has been under

development since at least 1985, and is now commercially available.

To date, no overall description of DURCON has been published. From what
is available it is known that DURCON is organized around various durability
problems., The development cycle depends on the use of the ACI committee
201 recommendations. These meet three essential features likely to make a

knowledge-based system for concrete design acceptable. In Clifton’s words,

they are:

(1) agreed upon as the consensus of a team or committee of experts

on the durability of concrete;

(2) published so that the concrete community could judge their

reliability; and

(3) accepted by concrete practitioners. [Clifton et al, 1985] (p5)
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The knowledge contained in the guide was analysed as a tree hierarchy

structure. Then the tree was represented as production rules. The

knowledge-base is augmented by heuristics acquired from experts.

The first knowledge-base developed for the DURCON system was concerned
with freeze-thaw exposure [ibid]. This module is small (34 rules)!d, It was
originally written in BASIC and later converted to PASCAL. The system is
described as having the usual expert system architecture of knowledge-base,
inference engine and working memory. DURCON is also able to explain its

reasoning.

Examples of consultations with DURCON reveal that it has the standard
menu-driven and dialogue user interface. Although implementational details
are not given, the examples indicate that the explanations are of the

canned-text variety?20,

The next published description of the DURCON system outlines the steel
corrosion module, [Clifton, 1986]. Again there are scant implementational
details. The example session provided shows that the steel system uses a
regime similar to the freeze-thaw system. Sulphate attack and

alkali~aggregate reaction systems are similarly outlined by Clifton & Oltikar,

[1987].

19 It is not actually stated that the system is implemented as a series of
individual modules. It is however convenient to describe them as ;uch
even if in the actual implementation they are just elements of a single

homogeneous system.

20 Canned-text is a text string or pointer to a text-file 'tha'lt is attached
to each rule or goal and contains a simple textual descr"lptlon of thg
function of the rule. A request for explanation rgsults in the associated
text being displayed on the screen. The sys’tem is }msatlsfac‘tory for a
number of reasons. It is inflexible and the ’correct’ explanation must be

anticipated a priorl
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Frohnsdorf, [1988 ang 1990]. provides further information regarding the

wider context of the DURCON development work. Most significantly it forms
part of a nationwide initiative on concrete research. This national programme
utilises simulation models, data bases and a bulletin-board for expert

collaboration, [Kaetzel & Clifton, 1986], as well as expert systems.

It is possible that DURCON will benefit from an extended period of incremental
growth fuelled by expert collaboration on the bulletin-board system and
through a sub-committee of ACI committee 201, [Clifton & Kaetzel, 1988],
which has assumed control for future development of DURCON. It may
therefore also be possible that the knowledge-representation needs of the
system might extend beyond the current limited production rules. The

system might therefore become limited by its PASCAL implementation and

simple independent sub-modules.




Chapter 5: Overview of Concrete Design

5.1 Introduction

The purpose of this chapter is to provide a brief overview of the main

factors contributing to concrete durability. There are, of course, very

many references detailing the use of concrete in structures!, The
emphasis of these publications differ depending on their intended use. A
very simple introduction is given by Shirley, [1985]. Blackledge, [1987],
gives practical advice with the emphasis on actual use of concrete
‘on-site’. Neville, [1981], is a standard undergraduate civil engineering
level text-book. BS 8110, is the main British standard document dealing
with concrete. Details of each of the constituent materials and the
specification practices is given by BRE publications, [BRE, 1987a, and
1987b]. These publications are referenced in the appropriate places in

the following sections.

Various authors have analysed and commented on the common causes of
failure in buildings, [Cusens, 1984, Somerville, 1986 and Newman, 1987].
The figures from a French survey, [Paterson, 1984], reveal that poor

design causes 37% of failure in structures. This figure is corroborated
by similar surveys showing 34% to 57% of structural failures caused by

design faults, [Cusens, 1984]. There is therefore obvious scope for

improving concrete design practices.

Concrete design involves many different activities. The initial structural

design of a building entails certain requirements on the designed

1 Since the investigation of concrete durability is not, iq itsglf, a goal
of this thesis; there is no attempt to copduct an exhaustive hteraturg
review on the subject. The references c.1ted are firom a narrow selection
of BRE publications, conference proceedings and journals.
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strength and workability of the concrete and also some other factors

such as maximum aggregate size. This in turn determines the types and

quantities of the basic mix constituents - cement, water, aggregates and

admixtures, Additionally, the environment in which the concrete is to be
situated must be considered, This may entail modification of some of the
quantities in the mix in order to minimise risk of frost-damage,
steel-reinforcement corrosion, or attack by aggressive soils or

groundwaters. Other factors are also relevant to the durability of the

concrete such as the risk of alkali-aggregate reactions (AAR)2

The notion of design life of concrete structures is surprisingly
under-developed, [Cusens, 1984, Newman, 1987, Somerville, 1984 and
1986]. The design life of a structure is a function of a number of

considerations which are listed below:

* definition of serviceability given the intended use of the structure

* definition of the time scale over which the level of serviceability is
reqguired

* specification of the maximum initial costs of construction

* some element for maintenance and rehabilitation of minor failures

* anticipation of environmental loading (in addition to the structural
loading)

* anticipation of the resistance of the concrete to the environmental

and structural loadings

2 See [Popovics, 1987], for a classification of deterioration based on

mechanism
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consideration of the variable standards of material and construction

There are a number of problems in the consideration of these factors.
The serviceability of a structure can only be defined with a
corresponding measure of when the structure has failed the
serviceability requirements: the performance parameters, [Cusens, 1984].
The time scale over which the structure is required to be serviceable
can be rarely anticipated except with structures that are intended for
very temporary use or intended to be 'permanent’s, Predicting the
equivalent capital costs of the maintenance is a complicated economic

calculation.

Many commentators describe problems relating to predicting durability
performance. The difficulty of anticipating the full environmental loading
is noted by Newman, [1987]. Predicting the long-term properties of the
materials used is problematic because of inaccuracies caused by

accelerated testing, [Sturrup et al, 1987], and the lack of ’in-situ’

monitoring, [Somerville, 1984]. These combine to deprive the research
into mathematical models of a sound empirical base, [Page, 1986].
Somerville, [1986] describes the difficulties of quantifying the quality of
construction standards and shows how construction practices can negate
good design. These considerations make the entail the use of some

margin of error for safety. This safety margin is implict in the codes

3 Newman, [1987], gives three broad categories qf Qesign life: less than
10 years; 25 to 50 years and over 100 years. This lmphgs that the
design life of structures is not considered to be a continuum.
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and made explicit in mix design methodgt

Different views on service life performance and design lead to a number
of design strategies, Figure 5.1 (from Somerville, {1984 and 1986]) shows
the broad spread of durability performance from completion of
construction over time. Figure 5.1 also shows the three distinct design
strategies. Curve (1) illustrates the strategy of over-specifying the
concrete in order to ensure that there is no appreciable deterioration
over time. This option entails very high construction costs and does not
allow for any maintenance. Curve (2) shows the typical performance of a
structure designed to a reasonable initial construction cost and with
provision for periodic maintenance. Curve (3) represents the
consequences of a design without margins for safety, failing

catastrophically in unforeseen circumstances. ‘,

For the purposes of this thesis the ’design of durable concrete’ is

therefore loosely defined to be the design of concrete that will resist all

durability problems at the minimum construction cost with an intended
design life longer than that necessary for most durability problems to
cause manifest failure, given some reasonable level of maintenance. The

rest of this chapter will briefly describe the more common concrete

durability problems.

4 This inability to design structures with respect to servi'ce life and
predicted durability performance is in contrast to the design and .
maintenance of road networks where there are a number of commerleal
models in wide use. For example, HDM-III whic.h is used for' economic
comparison of alternative construction and mamtenange Optl'OYIS and
system BSM which manages road maintena.mce.by conmdera@op of
p;erformance indicators and critical deterioration levels, [Wilkins and

Tillotson, 1991].
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Figure 5.1: Relationship between Durability and Design Life of a

Structure

(after Somerville, [1984 and 1986])

5.2 Basic Mix Design

The basic mix design of concrete is the process of determining the main
quantities of the mix components - cement, aggregates and water. These
components must be combined in proportions that result in concrete with
the required properties of strength, workability and durability. There a

number of mix design methods, [Shirley, 1985, Neville, 1981, and
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Tevchenné, 1988]. These are based on the relationship between strength

and water/cement (W/C) ratio for a given set of ingredients. Figure 5.2

shows the relationship between compressive strength (in N/mm?) and W/C

for a range of cements. The yse of this diagram in calculating mix

proportions is explained in detail in chapter 10,

Strength is the measured compressive strength of the concrete at a
given age. The required strengths of the various structural components
including specific concrete members is determined from the structural
design. Workability is a relative measure of the ease with which the
concrete can be placed into position and compacted before setting and
curing. Durability will be discussed in more detail in the sections below.
Most durability problems are better resisted by concrete with low

permeability.

The compressive strength of concrete is influenced by a number of

factors - the age, temperature of curing, W/C ratio and degree of ‘
compaction. Compressive strength is usually specified as that to be

attained at a given age. The temperature of curing is limited to within a

narrow range for the conditions in which concrete is usually laid.

Concrete should always be fully compacted to avoid air voids.

The strength of concrete is therefore mainly influenced by its porosity
and this is proportional to the W/C ratio as shown in figure 5.2 below.
The curves in figure 5.2 represent contours of a surface. Each contour

corresponds to the relationship bewteen strength and W/C for a

particular combination of materials.

The type of cement used will affect the rate of strength development

due to the differing rates of hydration of various cements. The shape
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Day, [1984], describes an alternative mix design method that emphasises

the influence of the surface area of the aggregate on

water-requirements and the cohesion of the concrete

Workability is a property of fresh concrete and reflects the ease with
which the concrete can be transported, placed and compacted. Complete
compaction is vital for the concrete to achieve its full potential strength,
as mentioned above. Workability is measured by various means such as
the slump test or Vebe time. The main factor influencing workability is

the water content of the concrete. The secondary factor is the shape,

grading and type of aggregates used.

In addition to the specifications of strength and workability and any
additional specifications arising from durability considerations; location
and budget will determine that various materials will be used
preferentially. For example, aggregate is cheaper than cement so an
economic design will seek to minimise the cement content of the mix.
Generally, ordinary portland cement {(OPC) will be cheaper than special
cements designed to have particular properties such as rapid hardening
(RHPC) or resistance to sulphate attack (SRPC). Since a large component
of aggregate costs is transport, aggregates from a local source will be

preferable to those from a remote source.

Concrete mix design therefore has various conflicting goals; maximising
workability and minimising cost against maximising strength and
durability. The process admits some of these goals as constraints which
cannot be compromised (strength and durability) and the others as

factors to be optimised given the satisfaction of the constraints. Since
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many of the desired pProperties depend on factors of the various

it ) '
constituents that can vary over a short interval, the constraints should

reflect expected variations in quality of the materials

After the initial mix design bhases, it is the usual practice to make
several test batches. These can be tested to ensure that, for example,
the strength and density requirements have been achieved. The design }
process should facilitate redesign to correct any failings of the test !
batches. It should also be flexible to allow design engineers to alter the

model to reflect local conditions and materials, [Day, 1984],

5.3 Sulphate Attack

Solid sulphate salts are unable to react with concrete, In solution
however sulphates can react with Ca(0OH)2 and with calcium aluminate

hydrate. This reaction forms gypsum and calcium sulphoaluminate. The

reaction products have much greater volume than the original

compounds. Thus expansion and degradation of the concrete occur.

Magnesium, calcium and sodium sulphates occur in some clays and the
groundwater from these clays can contain sufficient sulphates to react
with concrete. Additionally sulphuric acid solutions can occur in run-off
from colliery tips and marshy country. Finally some building materials
can contribute sulphates to the ground water. BRE digest 250, therefore

lists several clays and other factors that can be considered to constitute

a potential risk to concrete.

Risk from sulphate attack can be increased by groundwater movement
and by mechanisms such as the migration of salts caused by concrete

with one face exposed to sulphate solution with another face subject to
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evaporation. Risk is decreased by the use of different cements with

various constituents. Specifically, the amount of tricalcium aluminate in

the cement is directly proportional to the potential sulphate damage.

Digest 250 and BS 8110: part 1 classify potential risk by reference to

the quantities of sulphate salts measured by various methods of
groundwater testing. Higher levels of sulphates indicate higher risk of |
attack. In addition the type of construction (mass or reinforced concrete J

and situation with respect to groundlevel) is used in the determination

of risk.

The degree of risk of sulphate attack has several effects on the
concrete mix design. In order to negate the risk of attack, digest 250
sets constraints on the type of cement used and the quality of the
concrete. As mentioned above, cements with lower levels of tricalcium
aluminate are less vulnerable to attack. Thus sulphate resisting Portland
cement (SRPC) or supersulphated cement may be specified in areas of
high sulphate-bearing groundwaters. Use of pozzolanas has the effect of

removing some Ca(OH)z and can therefore also reduce the reactions.

Good quality concrete in the context of durability means concrete of low
permeability, Permeability is a function of the porosity of the concrete
gel and this is in turn dependent on the cement and water quantities
used in the mix and also the methods of placement. This subject is
covered in more detail in section 5.3 on mix design. For the purposes of

ensuring durability against potential sulphate attack, digest 250 and BS

5 Mathews, [1987a and 1987bl, describes the properties of pfa and its
use in concrete and outlines other theories of how pfa influences

sulphate attack and other durability problems.




8110 set constraints on the minimum cément content and maximum W/C

ratio. These limits are determined by the risk classification and type of

cement used.

5.4 Alkali Aggregate Reaction

Alkali Aggregate Reaction (AAR) is a subject of confusion and ;
controversy® The main references used in this section are BRE digest ‘
330, [BRE, 1988] and the guidance notes on prevention of alkali

aggregate reaction produced by the Concrete Society, [1987].

AAR is a reaction between alkalis in the concrete pore solution and

silicates in the aggregates, It would seem that higher levels of soluble

alkalis imply greater potential reactivity, [Nixon & Page, 1987, Struble &
Diamond, 1986 and Dobie, 1986]. The product of this reaction is a calcium {
alkali silicate gel. This gel can imbibe water with a consequent increase ;
in volume. This increase in volume disrupts the concrete. Swamy & ‘(f
Al-Asali, [1986], report on the effects of AAR on compressive strength

and other engineering properties. A similar reaction can occur with

argillaceous limestone (alkali carbonate reaction).

Three essential conditions must be met before damage from AAR can

occur., These three conditions and their consequences for prevention of

AAR by design are discussed below.

The aggregate must contain reactive forms of silica. The most common
forms of reactive silica are those with a disordered structure - opal for

example. There is no British Standard test for susceptibility to AAR,

6 For example, BRE Digest 330 states that AAR affects onIy 170 1
structures in England. French, [1986], in contrast found AAR to be
present to some degree in 40% of a sample of 300 structures.
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[BRE, 1988 and Hudec, 1982]. Advice on avoiding reactive aggregates

therefore tends to focus on determining the history of previous

reactivity exhibited by a given aggregate?, Minerals recognized to

present some risk in the UK are microcrystalline and cryptocrystalline

quartzes, chalcedony and strained quartz. Thus flints and cherts are

usually classified as potentially reactive, Note that because of the high

transportation costs and increasing scarcity of aggregates, the use of

reactive aggregates may be unavoidable,

In addition, the proportion of reactive silica is critical. A figure of 60%
for flint and chert is given by BRE digest 330. At this proportion - the
'pessimum’ - the reaction is 'overwhelmed’ in some way and expansion
decreases. The pessimum proportion varies proportionately to the
reactivity of the minerals, The practical effect of this is that a coarse .
and fine aggregate that are individually inert can become reactive in

combination (and vis versa).

The second requirement for AAR to be possible is a sufficiently high
level of alkalis in the concrete mix. Alkalis are mainly contributed by the
cement as sodium and potassium oxides. Alkalis can also be found in
sea-dredged and other aggregates, [Gutt & Collins, 1987 and Stark &
Bhatty, 1986], and some types of admixture. The effect of NaCl, for

example, on OH- concentration is discussed in [Nixon et al, 1986, Nixon &

Page, 1987, Canham, Ian, 1987 and Chatterji et al, 1986].

7 Dolar-Mantuani, [1983], for example, gives a relatively comprehensive
list of reactive aggregates (in table 7.1). See also [Smith & Raba, 1986].

8 Struble & Diamond, [1986] reports a pessimum prpportion of 2—4% wifth
a narrow distribution for opal. They also report, [ibid], a pessimum o

30% for novaculite with a wider distribution.
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be limited to 0.6%% Such a low alkali cement should be unreactive with

any aggregate. Either low-alkalj cement can be specified or cement

replacements like pulverised fuel ash {(pfa), condensed silica fume or

ground-granulated blastfurnace slag (ggbfs) can be used, subject to

some considerations discussed below1o,

If there are significant amounts of soluble chlorides in the aggregates
or alkali bearing admixtures, a 3.0 kg per cubic metre limit is set for
the Na20 equivalent alkali content of the entire mix!l. The 3.0kg limit can
be met by limiting the amount of cement used; by washing the
aggregates; by using non-alkali admixtures or by using low alkali cement
or cement replacement materials. There is, however, some controversy as
to the amount of alkalis removed or contributed to the pore solution by

various cement replacements. Co

From a brief literature survey covering a short period of time and a
narrow range of publications; most commentators noted at least some
reduction in the alkali concentration entailed by using pfa, [Idorn &
Roy, 1986, Oberholster & Davies, 1986 and Durand et al, 1986]. The
reduction in concentration is usually explained by the actual removal of

ions from the pore solution rather than as a dilutant effectl2, Most of

9 A limit of 1.1% if ground-granulated blastfurnace slag is used.
10 In contrast to the generally detrimental effects of AAR; Idorn & Roy,

[1986] note some benefits of alkalis in concrete such as improved
rheological properties and increased density.

11 Canham, [1987] reports that the effect of OH- .copcentration is on the
speed of reaction whereas the extent of Fjamage is influenced by thef
total amount of OH- available. He uses this as an argument for use o

the 3.0kg limit in preference to the 0.6% limit.

12 For example, the preferential reaction of pfa with p;ot[alsgsgg]m ions over
sodium is reported in Canham, [1987] and Glasser et al, '
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these reports observe that the beneficial effect of pfa is dependent on
such factors as the alkalj content of the cement!3; the levels of

replacement of cement by pfa, and the chemical composition of the pfa

[Farbiarz et al, 1988, Dunstan, 1981, ang Kollek et al, 1986].

Most commentators reported beneficial use of ggbfs, [Hogan & Meusel
)

1981, Hogan, 1985 and Idorn & Roy, 1984114, The effect of ggbfs on the

alkali concentration is usually described as being due to dilution,
[Canham, 1987 and Nixon & Page, 1987115, Because this dilutant effect is
not based on a reaction mechanism, ggbfs usually takes effect more
quickly than pfa, [Canham, ibid, Nixon & Page, ibid and Glasser & Marr,

19841,

Micro silica fume is reported to decrease AAR expansivity, [Gjorv, 1983],
This effect is either due to the reduction of alkali ion mobility,
[Chatterji et al, 1986], or by decreasing the alkali concentration, [Nixon
& Page, 1987]. The use of other cement replacement materials is less well
documented although [Nixon & Page, [ibid] and Kollek et al, [1986],

report marked benefits from using zeolitic natural pozzolanas.

In contrast, some researchers found that pfa and ggbfs make a
significant contribution to the alkali content of the pore solution,
[Barlow & Jackson, 1988]. These researchers are therefore more

conservative about the potential benefits of cement replacement. Hobbs,

13 [Canham, Ian, 1987], [Nixon & Page, 1987], [Smit’h & Raba, 1912,3?]’ [Gazi
& Nixon, 1983], [Diamond, 1981], [Tenoutasse & Marion, 1986], [Nixon et al,

1986].

14 Kollek et al, [1986], report that ggbfs ingreases the OH- Concgntr§t1on
but still has a beneficial effect on AAR at higher levels of substitution.
15 Yamamoto & Makita, [1986], however, note an "inherent function of
slag" beyond dilution.
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This recommendation ig endorsed by BRE digest 330

Such pozzolanic additions are siliceous materials and therefore have some

contribution to the consideration of the pessimum proportion of silicals.

The amounts of pfa and ggbfs are therefore constrained to a minimum of

25% and 50% respectively,

The third requirement for AAR damage potential is sufficient moisture to

enable the reaction products to expand and cause cracking. A figure of

75% internal relative humidity has been given as a limit below which

there should be no risk of AAR damage. This figure makes most concrete

exposed to weather potentially at risk from AAR in addition to

foundations, water-retaining concrete and concrete subject to . (

condensation.

A secondary effect of the moisture conditions with respect to AAR is e
that of alkali migration due to moisture movement!’. No figures are given

for quantifying this effect. Instead some situations are simply classed as

extra-risk. An example of a high risk situation is a foundation slab with

one surface exposed to drying conditions. In these cases it is

recommended that the 0.6% alkali limit be used rather than the 3.0kg

limit, It is also recommended that the constraint on the alkali content

includes a factor for the possible variation of alkali content in the

materials over time.

16 See for example, Nixon & Page, [1987] and Fgrbiarz et al, [1986], on
the effect of silica fume on the alkali/silica ratio.

17 For example see, [Nixon et al, 1979] on the effect of concenpration of
alkalis by moisture migration (possibly countered by the leaching effect

of rain).
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5.5 Steel Reinforcement Corrosion

Reinforcing concrete with steel provides it with tensile strength which it

would otherwise lack. However corrosion of the reinforcing steel can
cause damage to the surrounding concrete in the form of cracking and
spalling. The concrete itself can protect the steel from corrosion by
preventing the ingress of water and oxygen and additionally by

maintaining the steel in an alkalj environment to prevent oxidisation.

There are two primary mechanisms by which the protective environment
provided for the steel by the concrete can become compromised and
corrosion ensue. The first of these is the proccess of carbonation. The
alkaline materials in the concrete react with acidic solutions of carbon
dioxide and sulphur dioxide. This reaction occurs initially at the surface
of the concrete. This reaction progresses inwards through the concrete
until the steel is exposed to the acidic solutions and corrosion |

commences.

The humidity and concentration of the acidic gases in the atmosphere
directly influence the rate of carbonation. Any cracks in the concrete
will expose the steel to attack immediately. The extent of carbonation is
also dependent on a number of factors which can be controlled to delay
the corrosion of the reinforcing steel. Decreasing the permeability of the
concrete will provide better protection by slowing the rate of ingress of
the acidic solutions and thus slowing the rate of progression of

carbonation, Increasing the depth of cover provided by the concrete will

also delay the onset of steel corrosion.

The second mechanism of attack is due to the presence of chloride ions

in the concrete pore solution which can cause corrosion. The chlorides
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introduced in a number of ways; as salt from sea-dredged aggregates or

as a set accelerator. The risk from chlorides can therefore be reduced

by limiting the chloride content of the mix.

Chlorides are also present in situations such as concrete exposed to
sea-water or road de-icing salts. The threat from these external sources
is subject to the same limiting factors as carbonation but the increased
risk to concrete in use in marine or highway environments can be offset
by more stringent requirements for depth of cover or quality of

concrete.

In situations of severe risk there are a number of special measures that

can be taken to prevent steel reinforcement corrosion. These measures .
include cathodic protection; coating the steel with some corrosion

resistant or sacrificial coating and use of corrosion inhibiting admixtures

to the concrete. These measures are subject to further research and are

each recommended for different situations. There is also variability in

protective ability between different commercial products.

5.6 Other Problems

Concrete may be subject to other durability problems. The three main

categories not covered in the previous sections are attack by aggressive

chemicals, frost damage and abrasion damage.

18 Note that this provision in is direct contrast to sglphate resistance
which increases in proportion to the levels of tricalcium aluminate.
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The main influences on the effect of chemical attack are usually the

permeability of the concrete and the type of cement used Neville
M ’

p444-445 gives a table of various aggressive chemicals and the normal
order of ability of cements to resist these chemicals. Attack by

sulphate-bearing groundwaters has already been discussed. The other
main sources of chemical attack come from seawater, acidic atmospheric

gases and soils and sewage.

Concrete in cold climates can suffer from frost damage. The mechanism
of damage is the expansion of the pore water in the concrete as it
freezes. The freezing water thus causes expansive damage of the
concrete. The expansion of the concrete is not reversed when the water

thaws thus successive freeze-thaw cycles cause cumulative damage.

The damage caused by freezing is dependent on a number of factors. " ,
The degree of saturation of the concrete prior to the freeze cycle is of

primary importance. The freezing itself can cause more moisture to be i
drawn into the concrete by osmotic pressure which exacerbates the

problem. This diffusion arises from differences in the concentrations of

salts in different areas of the concreteld,

The second main influence on frost damage is the pore structure of the
concrete. Large pores remain air-filled and therefore contain no water.
The freezing point of the pore-water varies with the pore size due to
the pressure of the surface tension which increases as size decreases.
The very small gel pores thus prevent the freezing of the pore fluid at

normal temperatures. The micro-structure of the pores is also influential

19 Note also the adverse effect of de-icing salts on steel reinforcement
and AAR durability problems.
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since discontinuous pPores prevent the diffusion of pore water. This can

lessen the movement of pore fluids towards the freezing areas and also

decreases the initial saturation of the concrete

Abrasion and erosion resistance are not easy to design or test for due

to the variety of abrasive mechanisms. The main criteria seem to be the

compressive strength of the concrete and the size and strength of the
aggregate used. The quality of the surface layers of the concrete are

also important so the method of curing and finishing are influential.

Other durability problems arise due to the use of new materials, for
example, high-alumina cement, [Newman, 1987]. Several authors also
comment on the possible implications of the changing properties of
existing materials on durability like the increasing alkali content of
cements, [Pomeroy, 1987, Newman, [ibid] and Somerville, 1986]. O’'Brien et
al, [1987], give an example of the compaction problems arising from the

use of high slump, self-compacting piling concrete.

A final point to note is that there are a number of attempts to simplify
the design of durable concrete, for example, specifying by strength only
[Deacon and Dewar, 1982], or by calculation of air-content from
gravimetric and volumetric yields, [Dilly et al, 1987]. Although these
methods would not address durability problems such as abrasion or AAR,
they do have the advantage of being easily specified and tested for. The
W/C ratio, for example, is easily specified but notoriously easy to ignore

H .
and impossible to measure in placed concrete. In Newman’s words:

if you cannot measure it, don’t specify it (pl263), [1987]
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subject as an expert system domain. The knowledge in the domain is, in
?

some cases, not generally agreed. The life span of concrete structures in

relation to its history of use entails that there is no firm basis for

life-cycle prediction of structures, even those using common materials.

The specifications of the basic material, cement, have changed

significantly over the previous decades. In addition, new materials are

constantly being introduced. Many of these materials have poorly

understood properties, especially in the long term. Thus the domain

requires exhaustive research to quantify the basic properties of S

concreting materials and their reactions with each other,

In the absence of such conclusive understanding there remains a wide

range of results arising from different concrete research projects. In » N
the light of the instability of concrete durability knowledge and the

diversity of current opinion among experts, the only suitable knowledge

source for concrete durability expert systems is the published

documents of acknowledged authorities.

The use of such publications as British Standards, BRE digests and
other codes of practice ensures that inferences based on such
knowledge sources can be stated with some certainty within the scope of
the document. However an expert system based on a code must limit its
scope to the extent of that code. This entails that concrete durability

expert systems can confidently be created for code compliance checking

or as requirements generators.
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There is currently no Possibility of Producing an expert system that

could claim to cover the entire domain of concrete durability design with

acceptable authority., The literature search of current concrete design

systems confirms this conclusion. Most design systems in general are

king within the scope
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Chapter 6: Early Work: VAX -~ PROLOG

6.1 PROLOG as an Expert System Implementation Language

PROLOG is a language developed at the Universities of Marseilles and

Edinburgh in the 1970’s, "PROLOG’ s derived from 'PROgramming in

LOGic’ and the language itself is based loosely on the ideas of logic
programmingl. It is not hecessary to describe PROLOG in detail here as
various examples throughout this chapter will illustrate the pertinent
features of the language. There are many books available about PROLOG
emphasising its variant dialects, uses and levels of subtlety. The
standard for the language is usually accepted as being set in
"Programming in PROLOG", [Clocksin & Mellish, 1984]. Hu, [1987] and
Vadera, [1989], give practical introductions to the language and Taylor,

[1988], makes comparisons between PROLOG, LISP and C.

PROLOG was chosen as the language for early development of this _
project for a number of reasons; primarily its availability on the VAX

main-frames at Aston University. The specific version of PROLOG chosen

was that implemented under the University of Sussex/System Designers

plc POPLOG system. POPLOG combines PROLOG, with LISP and POP-11

1 The fundamental difference between PROLOQ and logic is that in a
logic system all 'true’ propositions are true s%multaneously tvghere&s
PROLOG processes its rules and facts seq’uent‘lall}f. There c()} er v be
differences such as the meaning of 'false’ which in PROLOG can only

interpreted as 'not-provable’ in the current state.
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into one integrated Programming environment. It was felt that this would

not restrict the choice of representation and inference strategy as

drastically as a shell system, [Allwood et al, 1987]2,

Various authors provide positive evidence that PROLOG is a useful

language for expert systems work, Clark & McCabe, [1982], give several

examples of existing or easily implemented features of PROLOG that
facilitate its use for expert Systems. Pereira & Oliveira, [1983], also
illustrate the utility of PROLOG for expert systems work and describe a
case study. Finally, familiarity with PROLOG and the versatility of the
POPLOG VED editor made it a fairly productive medium to work in, thus

enabling the system to benefit from a rapid development cycle.

It is possible to use PROLOG itself as a simple expert system. The basic

elements of the language are facts and rules. For example, the following
rule:
IF the specification is for low workability,
AND water/cement ratio is 0.4
AND aggregate is uncrushed

AND maximum nominal aggregate size is 20mm
THEN the required aggregate-cement ratio is 4

is the rule-based representation of a row of table 5, (pl6), in
"Introduction to Concrete", [Shirley, 1986]3, This rule could be

implemented in PROLOG as:

2 Allwood’s main criticism of expert system shells is that tbey may
reduce generality. Hickman, [1986], comments on the undesirable d.egree
of determinism which may bias the way in which a knowledgg eng1r1eer
interprets knowledge and therefore advoc;ates the use pf obJect—or;)ented
programming techniques (see the discussion of frames in chapter 2).

3 This document provides a simple mix-design method and was used as
the knowledge source for the PROLOG system described in the chapter.
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agg_cement_ratio(4):-
workability(low) ,
water_cement_ratio(0.4 ),
max_nominal_agg size(20 )
agg_typeluncrushed),

The rule could have both declarative and procedural interpretations. For

example, if the water/cement ratio (W/C) exists as a fact:

water_cement_ratio(0.4).

Then the rule is, in part, declaratively stating a relationship between
W/C and the aggregate/cement ratio (A/C) required for the mix, If there
are no matching facts about W/C the rule might cause another rule to

fire that calculates the desired ratio.

water_cement_ratio(X):-
water_quantity(w),
cement_quantity(C),!,
X=W/C,

Or infers W/C from the strength grade specification, or from the user:

water_cement_ratio(0.4):-!,
strength_grade(44).

water_cement_ratio(0.5):-!,
strength_grade(33).

water_cement_ratio(X):-
write("What is the water/cement ratio ?"),
read(X),
X>=0,X<=1,,

water_cement_ratio(X):- .
write("Error: water/cement ratio must lie between 0 and

1"),nl, )
write("Please input a valid value'),nl,
fail, ¢

4 This rule is a simple example of one of the {nost powgrful features of
PROLOG - backtracking. If the third clause fails (by virtue of" thg value
being outside the valid range) the fourth <.:1au'se is called. This displays
the appropriate error message and thep fails itself. PROLOG the}?‘ o
backtracks to the previous rule which it seeks to re—evalugte. : e .
first-rule succeeds the system is pre;zegltetc:ihfrgg)t ??sziaciigfngt?vzvigv
of the failure of a later rule perhaps) by the N, \
i i e rule would be to make the second .clause have a
izcllﬁ'zli?:e:;ilngtot?he predicate itself in place of the fail statement.
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PROLOG could use all of these rules in any order. However, in practice,

the knowledge engineer would know at what stage in the consultation

the W/C ratio is required. For example, the system would already have

determined its value (

for rules to ask the user for the valuye directly. Thus PROLOG can make

use of meta-knowledge inherent in the ordering of the rule-base and the

order of the clauses in the top-level’ rule.

Without specifying the rest of this basic system it is possible to see how
PROLOG could make use of this sort of direct implementation as a very
basic expert system. In practice however there are many ways in which
PROLOG can be extended. Sterling & Shapiro, [1986], for example, show
how to develop the basics of the language into more advanced

techniques such as meta-interpreters for expert systems (see below).

There are a number of advantages to be gained from not using PROLOG
directly to represent the rules of the knowledge-base. It can be used as
an interpreter of rules represented by some other method. To continue
the example, the rule given above for determining the A/C ratio might

be represented thus:

kb_rule( mixtab, [ low, w/c(0.4), mm20, uncrushed, a/c(4) 1).5

PROLOG would be used to create an expert system shell that would
consist of rules that could interpret this representation. This rule would
be used in the context of needing a value for A/C ratio. The shell would

interpret the rule so that when determining A/C the relevant kb_rules

5 It is possible to see from this example how PRCCi)LtOGbcogl?ﬂZet;:&ssdw(gzld
i i ix design data-bas

read this design 'knowledge’ from a mix ~bas

more closely reflect the original tabular representation i1n the source

text.
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1" : 1" .
have "mixtab" as the first value (the context). This particular rule would

have the interpretation that the A/C ratio is 0.4 if the other values are

valid (matched to facts in working memory or otherwise determined).

Other rules might provide a simple ‘canned-text’ explanation facility:

explanation( mixtab, "The value is needed in order to determine
the aggregate/cement ratio")

This could be used to provide support in case the user was asked to

provide a value for aggregate type, for example, and wanted to know

why.

This representation method could be developed into a full frame-based

system.

mix_design{ design_ID: ask_user,
workability: basic_spec,
strength_grade: basic_spec,
environment: basic_spec,
reinforcement: basic_spec, .
cement: infer_cement_type(environment.S0O3_content), "
fine_aggregate: material spec,
coarse_aggregate: material spec,
water_quantity: calc_water_quantity(W/C_ratio),
alkali_quantity: calc_alkali_quantity(cement_alk,agg alk),
expl_text: "You are determining the basic mix quantities" }.

coarse_aggregate{ classification: ask_user,
maximum_nominal_size: calc_max_agg(reinforcement.spacing),
chloride_content: test,
silica_content: ask_user,
crystal structure: ask_user,
shape: ask _user }. 6

One of the simplest extensions to PROLOG to facilitate its use as an

expert system shell is the use of ’'syntactic sugar’ to make the rules

6 In practice, the specification of frames is only posglble ;fter .
knowledge elicitation and analysis in order to determine the corrfec .
structure for the hierarchy. These examples are.not the' result of suc
deliberations and are provided only as a rough illustration.
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more easily read, [Clark & McCabe, 1982]. For example many PROLOG

dialects allow the use of alternative reserved words and operators that
would allow the following statement of the A/C rule:
agg_cement_ratio is 4 IF
workability is low
AND water;cement_ratio_is 0.4

AND max_nominal_agg_size_is 20
AND agg_type is uncrushed,

Having briefly discussed the use of PROLOG in expert systems; the rest
of this chapter will describe the first prototype system developed as

part of the exploration of expert Systems in concrete design and the

conclusions from this initial phase.

6.2 The Mix Design System

The first practical problem tackled was the development of a system to
derive the basic mix proportions from the strength and workability
requirements of the concrete. This work was intended as a test bed for : N

the exploration of the use of PROLOG for expert system applications.

The knowledge source chosen for the prototype system was
"Introduction to Concrete", [Shirley, 1985]). This is an elementary
publication with background material on cement and concrete in addition
to a very simple mix design method?. It was felt that implementing the
knowledge contained in the document would constitute a useful

introduction to both expert system methods and the domain itself.

7 The method used is similar to but much simpler than that used in the
later work, [Teychenné et al, 1988].
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6.2.1 The Inference Engine

1 . 1K .
The method described in "introduction to Concrete" is an algorithm for

determining concrete mix proportions based on specifications of strength
grade, workability required, coarse aggregate size and nature and fine

aggregate grading. This algorithm is implemented at the top level of the

system and is one of the basic options, designer, open to the user at

the start of a consultations,

Designer first of all consults the knowledge-base? to discover what must
be specified for the problem. This is a list containing such items as
strength-grade, workability and maximum aggregate size. The list of

values that must be specified is Spec_tags in the listing given below.

Specifier performs the function of extracting the specifications from the
user. That is, it obtains the actual value of the strength-grade and
other Spec_tag items. These values are held in the Spec_list. Describer
informs the user what it is he has specified. The knowledge-base is
again consulted to discover what must be inferred and calculated from
the specifications, (the Calc_tags). Finally, designer calls the predicates
which actually calculate the mix proportions, describe the design to the
user and save it to disk. Once all this is done the user is returned to

the top level of the system.

8 The other options editor and saver are described below.

9 This knowledge base is in fact the PROLOG data-base or worklngt |
memory. Its contents are the items of kngwledge the user hasllcy;ea e
using the editor described below. These items 1ncl}1fie ttf)le i})]cp 1cs1;er oy
meta-knowledge about what data needs to be specified by the u

what must be calculated.
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designer:-
fact(specifications,Spec_tags)
specifier(Spec_tags,Spec_list),
describer(specified,Spec_tags,Spec list)
fact(calculations,Calc_tags), %})art ’of the k~base

design_describe‘save(Spec tags,Calc t :
start. 10 -tags,Calc_tags,Spec_list)

) %part of the k-base

’

It is not necessary to describe specifier and describer in detail. They

emphasise the use of knowledge-base items to provide lists of
alternatives, range-values and text to be used in obtaining replies from
the user. The intention was to create generic predicates that could be
used in other modules and which had no domain-specific information
content. For example there is just one get_spec predicate which is
applied recursively to the list of things to be specified by the user in
order to obtain appropriate values. Get_spec prompts the user; finds a
list of optional responses and gets a valid response off the user.
specifier([Htag!Rtag],[Hspec|Rspec]):-

get_spec(Htag,Hspec),
specifier(Rtag,Rspec).

specifier([],[]).

get_spec(Tag,Spec):-
write('Please specify ’),
write(Tag),nl,nl,
findall(Opt,fact(Tag,[Opt|_]),Optlist),
get_rep(Tag,Optlist,Spec),!.

Design_describe_save is called with lists of what must be specified; what
must be calculated and what the user has actually specified. The first

clause checks to see if a mix has already been saved that conforms to

the given specifications:

10 This predicate and the following code fragments do not constitute an

exhaustive program listing. They are reprod'uced n ogder Eio ;i}l;it;rate
the essential features of the system. Some lines of code atn ntribute to
predicate definitions have been omitted where t},ley d;‘) rc]i()bcoa % sign
clear understanding. Comments to the code are identifie y .
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design_describe save(Spec ta
-d _sa _tags,Calc ta ist):-
des1gn(Spec_hst,Results),!, ’ —ags:Spec list):

write(v’Existing design consulted’),nl,
describer( resulting,Calc_tags,Results ).

The system therefore can use the results of earlier design sessions. This

facility could have been made more useful by enabling partial matches

and slight modifications. The code shown will only use the results from

an existing design with identical specifications.

If a satisfactory design does not exist, the second clause for
design_describe_save determines what must be calculated (according to
the Calc_tags list) by calling calculator. Then the new design is asserted
into the knowledge-base once it has been described:
design_describe_save(Spec_tags,Calc_tags,Spec_list):—
calculator(Spec_list,Calc_tags,Results),

describer( resulting,Calc_tags,Results),
assert(design(Spec_list,Results)).

If it was not possible to calculate or infer the necessary characteristics
of the design, the third clause informs the user that this is the case.
Ideally the advice on how to re-specify a feasible design will be part of

the domain knowledge and would be consulted by this final clause.

design_describe_save(Spec_tags,Calc_tags,Spec_list):- .
write(’Your specifications are beyond the scope of this

system’),nl, o .
write(’Please try again. This time try specifying either

higher’),nl, ’
write(’workability or higher strength.’),nl.

Calculator is called when it is necessary to use the calc clauses in the

knowledge-base to work out a mix design:

calculator(Spec_list,Calc_tags,Results):-
setspecs(Spec_list),
length(Calc_tags,L),
scheduler(0,L,calc,Calc_tags),
collect(Results).
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This predicate makes extensive yse of PROLOG facts in working memory
rather than using a list containing the required elements. Calculator
calls setspecs to create the working memory of items that the user has
given specifications for. Given a list of specifications it simply asserts
each element into the memory. Once all the calculations have been done,

the results are collected from the working memory by collect

The core of the calculator predicate is scheduler. This takes as its
parameters two values that are used in its consideration of whether the
attempt to perform all the calc clauses will ever terminate. The second
two parameters are an atom (in this case calc) representing the tasks to
be performed and a list of things that the task is to be performed on

(in this case the list of things to be calculated).

The first definition attempts to call the functor on the parameter at the
head of the things to be done by creating an instance of the general
clause of the form, for example: calc(w/c_ratio). If this call is successful,
the L parameter is reduced by one. This parameter represents the
length of the list of things to be done. Then scheduler makes a

recursive call to itself with the rest of the list of things to be done:

scheduler(S,L,Functor,[Param|List]):-

Clause =.. [Functor,Param],!!
call(Clause),!,
L1 is L -1,

scheduler(0,L1,Functor,List).

11 This is an example of a PROLOG meta—predicate..lt creates a new
PROLOG clause from a data-item (or vis versa). This can then be
executed by PROLOG. For example

?- Clause = [ foo, a, b, cl.
Clause = foo(a,b,c).

Most PROLOGs have this meta-programming fac
useful for programming expert system shells.

ility which is extremely
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If the first clause fails, probably because the attempt to call the calc
clause failed, the second definition checks to see whether the list of
things to be done is longer than the s bparameter. This parameter

represents how many attempts have been made to cajl a clause since the

last successful attempt.

If L is greater than S, it is worthwhile continuing. The item at the head
of the list has already been the subject of the last unsuccessful
attempt. Therefore it is not worth trying it again immediately. Hence, the
head item is put at the tail of the list of things to be donel?, The S
parameter is incremented by 1 and scheduler calls itself on the newly
ordered list.
scheduler(S,L,Functor,[Param!List}):-
L > S,
append(List,[Param],Newlist),!,

S1 is S + 1,
scheduler(S1,L,Functor,Newlist).

The final clause is called when the S parameter finally becomes equal to
the L parameter. If the number of unsuccessful attempts is equal to the
length of the list of things to be done then all of the things have been
attempted unsuccessfully since the last successful attempt and there is,

therefore no point in making further attempts. The user is informed of

which calls were unsuccessful:

scheduler(_, ,Functor,Params):-!,
write(’Unable to perform ’),
write(Functor),

write(’ on '),

writelist(Params,1),nl, fail,.

12 This is is done by appending the rest of the list iq front of the
'failed’ element. It is possible that some items on the list a}re lo?lg .
capable of being calculated after other '1tems havg begn ca Cutz;e bwklc :
is why a failed attempt results in pushing the failed lten; Eg) e back o
the queue rather than failing the entire attempt at calculation.
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The scheduler predicate is a pPrototype inference engine for the PROLOG

shell for mix design. The calc clauses that are interpreted by scheduler

are of the form:

calc(Tag,Result):-Procedure.

This means that PROLOG code is stil] required for each knowledge-base

rule. A fully independent shell implementation would require all of the

code to be held as a data item:

calc(Tag,Procedure,Result).

This however would require a more sophisticated knowledge-base editor.

6.2.2 The Mix Design Knowledge-Base

Much of the early work on the system was concerned with experimenting

with different utilities for manipulating a knowledge base; in particular

developing a group of functions which together loosely comprise a crude i
knowledge base editor. During this development work, the intention was

that a single data structure should be used to represent the data and

knowledge of the system. As explained above the

knowledge-representation should capture all the data-processing needs

of the domain without requiring any specific PROLOG coded clauses.

The items in a knowledge-base for the system are ideally all of one
form. The form used so far is that items should be single PROLOG facts
i.e. unit clauses. This entails that the knowledge-base editor can use

PROLOG data-base facilities such as matching, assert and retract. Each

item has three distinguishing features: its type, its tag and a list. The

structure used is:
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Type(Tag,List).

or, as it is often accessed in the system:

Item =.. [Type,Tag,List]

The types currently used by the system are:
metafact
fact
rule
vocab
design
calc

For example:

metafact(rule, [’ relationship exists between 7).

This states the metafact that, in context: ’rule’ means that a ’relationship
exists between’ some properties or objects. These metafacts are used in

describing newly created rules to the user.

metafact(properties, [ rate_hydration, ;
cement_fineness, i
other ] ).

This metafact states that the properties currently existing in other fact
and rule definitions in the knowledge-base are rate_hydration,

cement_fineness and other.

design([ strength(15),
work(high),
size(mm40),
nature(uncrushed),
fine grade(coarse) ],

[ w / c(0.7),

prop(40),
a / c(7.5),
fine_cont(3.0),
agg _cont(4.5) ] ).

Design items are a little different because the tag for a design is a list

of specifications rather than an atom as in the other types. The second

- 123 -

%______"




list in design items is the Properties resulting from the list of
specifications. It is thesge designs that are used to save the results of

previous design sessions and which can be recalled by the designer

predicate described in section 6.2.1.

The bulk of the items in the knowledge-base are usually facts:

fact(str_grade, [strength(30), w/c(0.4)]).

fact(workability, [ work(high), proc(congested_reinforcement) ]).

These first two examples state that it is a fact that for strength grade
of 30 you need a water-cement ratio of 0.4, and that for concrete to be

used in congested reinforcement you need high workability.

To design a mix the calc rules in the knowledge-base need to be able to
relate the specifications to the actual amounts of cement, water and
aggregate. The knowledge-base therefore contains a large number of
facts which effectively comprise a mix~table. The mix table in question is
that on pl6 of "Introduction to Concrete". The sheer bulk of this table
when implemented as rules was the original motivation for much of the

work on the editor functions described later.

There is provision in the knowledge-base editor for the creation and

modification of facts that could have uses other than mix design. For

example:

fact('RHPC’, [cement_ fineness(high}]).

This could be interpreted as stating that rapid hardening portland

cement (RHPC) is of fine consistency.

Such facts could be used in conjunction with the rules such as:

rule(direct, [cement_fineness, rate_hydration]).
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has a high rate of hydration,

6.2.3 The Knowledge-Base Editor

The mix design system implemented g large amount of data and
knowledge. During the development and refining of the system much of
the knowledge inevitably has to be altered. These considerations make
the provision for some fast method of adding to and altering the
knowledge base of primary importance. Thus much of the work on the

system has been concerned with developing a knowledge base editing

facility.

The editor should be able to perform a number of tasks. Firstly it
should facilitate the creation of new items for the knowledge-base. It !
should be able to access any item in the knowledge-base and alter or

delete it entirely. Although this is not something that is necessary yet,

the editor might also have some facility for checking for consistency in

the knowledge-base, that is it should be able to check whether a new

item contradicts, duplicates or supersedes an existing item.

The task of changing an item involves deleting it from the
knowledge-base; extracting the changes in it from the user and then
replacing it in the knowledge-base. The task of creating a new item
could follow a similar routine but simply copying a blank template item

(or indeed a more complete existing item that is similar to the intended
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new item) and changing it. Ideally, different types of item should all be
handled by the same procedure. This is one of the main motivations for

having the items all in homogeneous form.

The editor is called by the user in response to a prompt by the top
level of the system. Editor prompts the user for a task to perform then,
relying on interpretl3 to extract a meaningful response, then calls what

the user asks for.

editor:-
write(’Do you wish to create a rule type (r) ’),nl,
write(’ or a fact type (f) ’),nl,
write(’or inspect the knowledge-base type (i) ’),nl,
write(’ or quit type (q) ?’),nl,
interpret(Rep),
call(Rep).

Rule is one of the options given by editor, it creates rule items for the

knowledge-base:

rule:- ;
metafact(rule_types,Subj_list),!,
write(’These are the types of rule you can choose
from:’),nl,
get_rep(rule_type,Subj_list,Reply),!,
template(rule,Reply,Rule),
write(’You should specify the properties related by the
rule’),nl,
metafact(properties,P_list),
get_props(P_list,Prop_list),
asserta(rule(Rule,Prop_list)),nl,nl,
editor.

The possible varieties of rules and properties are represented by
metafacts!%, One option that is always available is ’other’. This is to allow
for the creation of new varieties of rule items. This is essential,

especially when the editor is being used to create an entirely new

13 see section 6.2.4 for an explanation of the interpret predicate.

14 These metafacts effectively comprise the domain lexicon - the names
of the concepts, objects and properties, [de Greef & Breuker, 1985]
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knowledge-base. Once the type of rule to be created has been chosen by
the user, rule calls template to find out what to call it. If it is a new
variety of rule, template prompts for a name for it and does the
necessary book-keeping to keep the metafact up to date. Get_props
obtains the properties related by the rule being created. The creation of

facts is similar to the creation of rules.

A sample session is given below to illustrate the creation of a new fact
using the knowledge-base editorls, The other editor functions to inspect

the knowledge-base will not be detailed.

Do you wish to consult an existing knowledge-base (y/n) 2
i n

Do you wish to make a design, edit the knowledge-base or stop
(d/e/s)?
i e

Do you wish to create a rule type(r) or a fact type(f) or inspect
the knowledge-base type(i) or quit type(q) ?

IEE |
These are the subjects you can choose from:
Please choose an option number option subject

1 other

A |
You are creating a fact for a new subject area !
What is the subject to be called ?

i RHPC
What items should be on the property list ?
Item...

i: cement_fineness
Item...

i+ USA_classification
Item...

it <return>
These are the properties you should specify for the subject
1 cement_fineness
2 USA_classification
property is......cement_fineness:

¢ high
property is......USA_classification:

i1 typelll :

15 In this sample session the system prompt is '':’ and the user’s replies

are bold
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The fact you have just created implies that 'RHPC’ has the
properties:

1 cement_fineness(high)

2 typelll

Do you wish to create a rule type(r) or a fact type(f) or inspect
the knowledge-base type(i) or quit type(q) ?

i+ q
Do you wish to make a design, edit the knowledge-base or stop
{d/e/s)?
8
Do you want to save the current knowledge-base ?
vy

under what name do you wish to save the Knowledge-base ?
¢ Example
New File Knowledge-base saved and Session Ended

It is necessary to have some way of describing the various items in the
knowledge-base to the user, for example during the creation and
modification of items. It is not sufficient to simply copy the PROLOG code
that the items are actually written in; the user is not expected to be

able to understand PROLOG.

Describe takes three arguments comprising the three components of a
knowledge-base item: the type, the subject and the list of properties.
For each type of item there is a corresponding metafact that gives an
interpretation for that type, for example: metafact(rule, [’ relationship
exists between ’]). Describe determines the interpretation for the type of
item it is dealing with by calling up the relevant metafact. Then it uses
the interpretation to describe the item. For example, when called to
describe the following item: rule(direct, [cement_fineness,

rate_hydration]). the actual message written on the screen would be:

This rule implies that direct relationship exists between
1 cement fineness

2 rate_hydration
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Describer is a simple predicate used to inform the user of his choices
when making design specifications and of the results of the design
calculations.
describer(Tag,[H1!T1],[H2!T2]):-

write(Tag),

write(’ '),

write(H1),

write(’ as ’),

write(H2),nl,nl,
describer(Tag,T1,T2).

In use it would be called with Tag instantiated to either 'specified’ or
'resulting’. The first list would be either the list of things to be
specified or the list of things to be calculated and the second list would

either be the actual specifications or the results of the calculations.

6.2.4 User Interface

During development of the system it became apparent that the major
factor in the ease with which the system could be used by both the
designer and other users was the amount of typing the user had to do
to respond to system prompts and questions. Another factor was the
response of the system to ’incorrect’ replies. With this in mind, the
system was given the facility to accept any of a number of replies from
the user for each desired response. In most cases there is a single
letter key for any response that the user wishes to make to the system.
The key responses and the other alternatives are stored in a small data

base,

The clauses for these 'vocab’ facts are of the form:

vocab(Meaning,[ List of alternative responses]).
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vocab(calc,[c,calc]).

vocab(design, [d, des, desi]).
vocab(editor,[e,ed,edit,editor]).
vocab(saver,[s,sav,save,saver,q,quit]).
vocab(rule,[r,rul,rule}).
vocab(fact,[f,fact]).
vocab(metafact,[m,met,metaf,metafact]).
vocab(vocab,[v,voc,vocab]).
vocab(inspect,{i,ins,insp,inspect]).
vocab(yes,[y,yes]).

vocab(no,[n,no]l).

This vocabulary list is useful in determining responses to menus and
other prompts as illustrated below. It would also have a use if the
system were to require a natural language front end. The vocab clauses
could constitute the basic terminal items of a language parserl!s, When a
response from the user is required, interpret(Response) is called. If only
one particular response is desired interpret can be called with the
argument already instantiated to a constant. For example, interpret(yes)
would read a reply from the user and fail unless its ’meaning’ was yes.
interpret(Meaning):-

readword(Reply),
lookup(Meaning,Reply).

Readword was written to replace the standard PROLOG predicate: read.
This was done because as already explained the effort required from the
user in responding to the system is of paramount importance. During the
development of the system it was found that even one extra key stroke
made a crucial difference to the time it took to reply to prompts,
especially when the reply could be as brief as a single letter or number.

The standard PROLOG read requires the user to delimit his response

16 Natural language facilities were not implemented at any stage of the
project development and will therefore not be described in detail.
Clocksin & Mellish, [1984], (chapter 9) and Sterling & Shapiro, [1986],
(chapter 16), give simple definite clause grammar implementations in
PROLOG.
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with a full stop before submitting it with <CR>. There is no reason why,
for the brief responses used within this system, the response should not

be delimited by <CR> alone. Thus readword was developed to allow thisl’.

Once the reply has been read its meaning is determined by lookup:
The ’Meaning’ of an integer is that integer (used for selecting an option
off a menu):

lookup(N,N):-
integer(N),!.

Otherwise the meaning of a response is determined by checking vocab
clauses until one is found which contains the response in its list of
alternatives:

lookup(Meaning,Reply):~

vocab(Meaning,Tokens),
member(Reply,Tokens),!.

If no vocab clause is found to offer a meaning for the response then an
error message is written on the screen and the user is prompted to try
again,
lookup(Meaning,Reply):-
write(’Your reply: ’),
write(Reply),
write(’ was not understood.’),nl,

write(’Please try again.’),nl,
interpret(Meaning).

Sometimes the reply from the user is in response to a menu supplied by
the system. These menus are created and used by get_rep. This takes

three arguments: a Tag which is a name for what the menu is offering a

17 Despite its apparent simplicity this readword predicate was very
difficult to discover. This is a common difficulty with writing definitions
for functions which closely resemble but modify PROLOG system
predicates. In particular they are difficult to write because they are
Just too simple to provide useful trace information to aid debugging.
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choice of; a list of options to be displayed on the menu and the third
argument which is instantiated by the predicate to the choice made by
the user from the menu:
get_rep(Tag,0Opt_list,Reply):-
write(’Please choose an option number’),nl,

menu(Tag,0pt_list),
response(Opt_list,Reply).

menu(Tag,0Options):-
write(’option ’),
write(Tag),nl,
writelist(Options,1),nl.

Menu itself is fairly self explanatory once an example has been seen:
Please specify str_grade

Please choose an option number

option str_grade

1 strength(15)
2 strength(20)
3 strength(25)
4 strength(30)

6.3 Conclusions from the PROLOG Work

Experimentation with the problems of a mix proportioning system brought
to light a number of features. The knowledge involved in this task is
best represented in tables as in the original texts describing the mix
design method. Thus a rule-based system is not very appropriate. The
system could have made use of a database containing the original
mix-table knowledge in_addition to those items better represented by

rules.
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The first conclusion of this work was therefore that a critical factor in
the application of expert system technology to concrete durability would
be the large volume and variety of types of knowledge that the domain
involves. The mix design method used was itself extremely limited in
scope and had only been adopted as an initial training exercise. As
familiarity was gained with the problem it was seen that it did not
require powerful inferencing abilities. The specific problem of fixing the

initial mix quantities is largely a simple procedural algorithm.

The second conclusion was therefore that the problem of proportioning
mix quantities is not a suitable problem for expert systems methods. This
was also illustrated by the existence of systems that used much more
simple computer methods for mix design such as traditional algorithms,

[Day, 1984] and spreadsheets, [Brewer, 1987].

As development progressed, it became obvious that the majority of the
work was focussed on developing a shell rather than on the expert
system itself. The mix design system program was not originally intended
to result in an expert system shell. The goal of developing a PROLOG
program that performed mix proportioning necessitated a means of
representing the knowledge required more concisely than PROLOG
clauses. This pragmatic consideration entailed developing a set of editing

functions and an interpreter for the representation.

The development of a scheduler to execute the procedural
representations unintentionally transformed the system from a PROLOG
program for mix design into a rudimentary expert system shell with a
mix design knowledge base. The development of the shell facilities
proved to be extremely resource intensive and could potentially have

unbalanced the emphasis of the project. In particular it was felt that it
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would be necessary to investigate another area of concrete design in
order to be able to obtain a more general awareness of the inference
and representational needs of the domain. There is little benefit from

developing a shell which can only be used in one domain, [Miller, 1985]18,

Using PROLOG as the implementation language entails duplicating a lot of
the features that are an integral part of an expert system shell., Other
PROLOG implementations have library modules with facilities such as
knowledge representation, inference engines and sophisticated user
interface functions!®, These were not available for PROLOG on the VAX
mainframes at Aston. The PROLOG phase of the work was therefore

concluded in March, 1988.

18 The methods used in this initial PROLOG prototype shell were later
developed for use in the implementation of an intelligent front-end for
various FORTRAN-based models such as the World Bank HDM-IIT model
and TRRL’s Transyt, [Wilkins & Tillotson, 1991]. Instead of having
expert-system rules in the knowledge-base this system uses a
knowledge-base of template clauses to create, edit and validate a set of
input files for the FORTRAN models.

19 Allwood et al, [1987], lists several problems inherent in using PROLOG
as an expert system implementation language such as inefficiency and
lack of real number arithmetic. Many of these objections can not be
applied to PROLOG implementations in general and especially not those
which have large toolkit libraries.
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Chapter 7: Early Work: VAX - OPS5 and C

OPS5 is an expert system development tool available on the VAX
mainframe cluster at Aston University. OPS5 is based on the
production-rule paradigm of expert svstem knowledge representation,
[Brownston et al, 1985], Brownston et al, [ibid], provide the definitive
reference for the language. A summary of OPS5 and an example
application for oil spillage management is given in [Hayes-Roth et al,
1983]. A detailed description of the language will not be given. Several

examples of OPS5 rules and consultation sessions will be presented.
OPS5 rules obey the following syntax:

(p name-of-rule
(condition-element)
(condition-element)

—=>
{action)

(action)
vee )

Rules are executed by a recognise-act cycle. The condition elements of
each rule are matched against working memory elements (WMEs). If a
matching rule is found, the actions on the right-hand side of the rule
are carried out. There are various actions, performing tasks such as
making or removing WMEs, and general input and output functions. The
usual modus operandi in OPS5 systems is to use task WMEs to factor the

knowledge-base into groups of rules concerned with particular goals.

These tasks are not part of the OPS5 language but are defined by the

user in the same manner as any other WME:

(vector-attribute agenda)

(literalise task mode ;; task-group
name ;; first task
agenda) ;; rest of tasks in a list
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OPS5 was chosen for the next phase of the project in light of the
conclusions regarding the use of PROLOG to implement expert systems in
the domain. OPS5 provides the bare minimum of necessary structure
without imposing any unwanted limitations on knowledge representation
or inference strategy. It was also available on the VAX and was
relatively simple to usel, It was decided to investigate a new sub-domain
that was more central to concrete durability design. The domain chosen
was that of sulphate attack. This is less complex than some of the other
sub-domains and is treated very concisely by BRE Digest 250, [BRE,

1981].

7.1 Sulphate Attack

Following the protocol implicit in the digest, the sulphate attack system
(503), had three main tasks in its consultation with the user. BRE
digests are written with the intention of providing practical advice.
They are therefore relatively easy to interpret in terms of rules and

other provisions.

Firstly the OPS5 module determined the likelihood of risk of attack from
sulphate~bearing soils and groundwaters. This simply involved asking
the user whether certain soils or contaminates were present on the site.
The user was assumed to be able to identify these factors but it was

possible to implement a help system to provide advicel.

1 ENVISAGE, another shell available on the VAX, was rejected after initial
consideration. Previous experience with this shell did not encourage its
use in this domain, [Chidley et al, 1986].

2 OPS5 does not itself provide any explanation facilities. Help is
provided by rules that fire in response to certain user input such as
'help’ or ’?'. Given the context of the response these rules then present

explanatory text to the user.
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Consider the following paragraphs from BRE Digest 250, [19811]:

Aston University

Content has been removed for copyright reasons

An example of an OPS5 rule is given that implements the first of these

paragraphs:

{(p risks-soil ;; establishes risk of sulphate attack from
soil
(task "mode so3 “name site-risk)

(risk “source nil “presence n)

(write (crif) (tabto 10)
is the soil-type of the site any of the following (crif))
(write (crif) (tabto 20)
london clay ? (crif))

(write (crif) (tabto 20)

lower lias ? (crif))
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(write (crlf) (tabto 20)
oxford clay ? (crif))
(write (crif) (tabto 20)
kimmeridge clay ? (crif))
(write (crlf) (tabto 20)
keuper marl ? (crif))
(write (crif) (tabto 10)
answer (y/n)| (crlf))

(make response “doing soil “resp (accept)) )

The first condition of this rule matches a working memory element (WME)
task with the attribute mode matching so3 and name attribute matching
site-risk. The second condition matches a risk WME with nil as the
source attribute and n as the presence attribute. In other words, the
rule fires if the task is determining site risk for the sulphate attack

module and if the risk has not yet been determined.

The action part of the rule presents a textual prompt to the user and
obtains a response which is placed into the working memory by the
make command. If response to this rule was "n" the system would then
fire other rules asking similar questions about the risk from underfloor

fill and run-off from colliery sites or marshy country.

If some risk was evident the system proceeded to quantify this risk by
classifying the site by the results of tests on the soil for SO3 content.
Finally, this classification was used to specify types of cement and mix
quantities of cement and water that would negate the risk of damage

from sulphate attack.
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This scheme of risk identification and classification and subsequent
prevention illustrates Clancey’s description of heuristic classification

[1985]3,

Soil Classification — Suitable “ement *‘,F_e

Simple Timple

Abstraction Refinement

Sail test resylte

Figure 7.1: Simple and Heuristic Classification in Sulphate Attack

Prevention

(After [Clancey, 1985] (p295)

The system could produce a Justification of its conclusions. This
Justification was based on a combination of the canned-text and
rule-trace methods. Each rule has attached Jjustificatory text. If
Jjustification is required by the user, the mode attribute of the task WME
is set to explanation. The rules are then fired in reverse order to
provide a sequence of justifications of each step in the induction. The
explanation starts from the current state of the consultation and

proceeds backwards through previous stages.

3 See chapter 3 section 4 for a discussion of classification as a generic
task in design expert systems.
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An example of the output from this explanation technique is given below.
In this and the following sample OPS5 prompts are in CAPITALS and the

user responses are lower case,

IS THE SOIL-TYPE OF THE SITE ANY OF THE FOLLOWING
LONDON CLAY ?
LOWER LIAS ?
OXFORD CLAY 2
KIMMERIDGE CLAY ?
KEUPER MARL ?
ANSWER (Y/N):
N

THIS QUESTION IS BEING ASKED BECAUSE IF THERE ARE ANY OF
THE FACTORS MENTIONED AT THE SITE IT WILL BE NECESSARY
TO CONDUCT FULL TESTS FOR SULPHATE LEVELS IN THE SOIL

IS THE SOIL-TYPE OF THE SITE ANY OF THE FOLLOWING
LONDON CLAY ?
LOWER LIAS ?
OXFORD CLAY ?
KIMMERIDGE CLAY ?
KEUPER MARL ?
ANSWER (Y/N):
y

AS THERE SEEMS TO BE SOME RISK OF SULPHATE ATTACK, IT IS
NECESSARY TO ESTABLISH THE AMOUNT OF SO3 PRESENT.

DO YOU HAVE THE RESULTS READY ?

ANSWER Y OR N:

n

PLEASE PERFORM A SO3 TEST AND SUBMIT THE RESULT.
DESIGN SAVED.

SESSION TERMINATED.

THANKYOU

(At this stage the user conducts the tests or otherwise acquires the
necessary results.)

DO YOU WISH TO RESTORE AN EXISTING DESIGN ?
ANSWER Y OR N:

y

AS THERE SEEMS TO BE SOME RISK OF SULPHATE ATTACK, IT IS
NECESSARY TO ESTABLISH THE AMOUNT OF SO3 PRESENT.

DO YOU HAVE THE RESULTS READY ?

ANSWER Y OR N:

y

WHAT WAS THE LEVEL OF SO3 FOUND ?
(EXPRESSED AS A PERCENTAGE): 0.6
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WHAT WAS THE SOURCE OF THIS FIGURE ©
RESPOND EITHER: ’S’ FOR SOIL SAMPLE
"W FOR GROUNDWATER SAMPLE
'M1’ FOR 1:1 WATER:SOIL EXTRACT

OR ’M2’ FOR 2:1 WATER:SOIL EXTRACT
s

SITE CLASS IS 3

PLEASE CHOOSE ONE OF THE FOLLOWING CEMENT TYPES
CEMENT: RESPOND:
OPC WITH 70-90% GGBFS PCSLAG
RHPC WITH 70-90% GGBFS RHSLAG

OPC WITH 25-40% PFA PCASH
RHPC WITH 25-40% PFA RHASH
SULPHATE-RESISTING SRPC

PCASH

WHAT IS THE NOMINAL MAXIMUM SIZE AGGREGATE?
ANSWER 10, 20 OR 40: ?

IT IS NECESSARY TO KNOW THE AGGREGATE SIZE BECAUSE THIS
AFFECTS THE CONSTRAINTS ON CEMENT QUANTITY ETC ENTAILED
BY THE SULPHATE RISK.

WHAT IS THE NOMINAL MAXIMUM SIZE AGGREGATE? ANSWER 10,
20 OR 40: 20

DOES THE JOB ENTAIL ANY OF THE FOLLOWING:

SECTIONS WITH ONE FACE EXPOSED TO THE
SULPHATE-BEARING WATER WITH ANOTHER SUBJECT TO DRYING
CONDITIONS 2

THIN SECTIONS EXPOSED TO THE SULPHATE-BEARING WATER

Lo

ANSWER (Y/N): n

THE RESULTS OF THIS CONSULTATION ARE AS FOLLOWS:
THE SITE WAS CLASSIFIED AS: CLASS 3
THE CEMENT CHOSEN WAS: PCASH
THE MINIMUM CEMENT CONTENT IS: 380 KG PER M3
THE MAXIMUM W/C RATIO IS: 0.45

NOTE ALSO THAT IT IS IMPORTANT TO AVOID SHARP EDGES AND
ROUGH SURFACES EXPOSED TO SULPHATE-BEARING WATER

DO YOU WISH TO SAVE THE STATE OF THE DESIGN ANSWER 'S’
QUIT ANSWER ’QUIT’
SEE THE CHAIN OF INFERENCE EXPLAINED ANSWER
'EXP’
OR CONTINUE ANSWER 'C’ 2 :
exp

THE EXPLANATION WILL PROCEED ONE RULE AT A TIME
STARTING FROM THE MOST RECENT. AFTER EACH RULE TYPE
'EXP’ TO CONTINUE THE EXPLANATION. ANY OTHER RESPONSE
WILL HALT THE EXPLANATION.
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RULE: CONSTRAINTS IF SITE IS CLASS 3 AND CEMENT TYPE IS
PCASH THEN MINIMUM CEMENT CONTENT IS 380 AND MAXIMUM
W/C RATIO IS 0.45

exp

FACT: CEMENT IS PCASH
exp

RULE: CLASS SITE IF SO3 LEVEL IS 0.6 % FROM A SOIL TEST
THEN SITE IS CLASS 3
exp

FACT: SOIL TEST
exp

FACT: SO3-LEVEL 0.6

exp

FACT: SOIL IS A KNOWN SULPHATE RISK THEREFORE TEST FOR
S03 LEVEL NECESSARY

exp

EXPLANATION COMPLETE.

As can be seen from this sample session log, the OPS5 system has a
number of disadvantages. The input of user responses and the display
of results is crude in contrast to more modern shell systems many of
which emphasise sophistication in this area. Although the explanation
facilities were relatively easy to implement, they too are crude and

inflexible.

This prototype sulphate attack module was capable of generating multiple
solutions for a particular case. These multiple solutions were based on
the different choices of cement that could be made for a given
soil-classification. For the narrow scope of this particular problem this
did not present any difficulties from the point of view of combinatorial

explosion.

Another experiment with the SO3 system divided the code into further
sub-modules each of which was concerned with a sub-problem of the
prevention of sulphate attack. For example one module was solely

concerned with identification of initial risk; another was concerned with
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risk classification and so on. There was little practical difference
between code-size or performance for the single system and the modular

system,.

The main benefit of sub-modularisation would be in the creation of a
diagnostic system. The relevant sub-modules (risk indication and
classification) could become part of a diagnostic system (through modular
compilation). Only the knowledge concerning relevant cement restrictions
and proportion constraints would then need to be rewritten specifically

for a diagnosis system4.

The SOS prototype system based on the BRE digest was relatively simple
to implement. The system illustrated the utility of using the digest as a
knowledge source. It also suggested that modules based on similar
publications would provide a suitable modular decomposition of the
overall goal of durability design. Despite the poor quality of the user
interface, initial feedback from the domain experts was encouraging. It
was therefore decided to extend the experiment with OPS5 into a less

trivial sub-domain.

7.2 Alkali Aggregate Reaction

The problem of alkali aggregate reaction (AAR) is significantly more
complex than that of sulphate attack. There are three separate factors
which determine the risk - the alkali content of the concrete; the type
of constituents in the aggregates; and the likely internal humidity of the

concrete. The knowledge source used for the AAR module, [Concrete

4 As mentioned below the implementation of the design knowledge as
tables rather than production rules could also facilitate the use of the
knowledge in diagnosis.
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Society, 1987], outlines critical values or thresholds for each of these
factors but there are many ways of specifying the critical values and of

seeking to ensure compliance with them.

For instance, one recommendation is that the alkali content of the
cementitious materials does not exceed 0.6% Na20 equivalent - in some
cases this merely involves specifying that the cement itself has a
manufacturer’s certified average reactive alkali content of not more than
0.6%. This limit can also be met by combining Portland Cement with other
material, either ground-granulated blastfurnace slag (ggbfs) or
pulverised fuel ash (pfa), so that the total reactive alkali content of the

combined cementitious materials has a value of less than 0.6%5.

In other cases (as when sea-dredged aggregates are used), the other
materials used in the concrete also contribute significant alkalis (that is,
greater than 0.2kg per m3) and so the 0.6% limit becomes inapplicable. In
this case a 3.0kg per m? limit should be used unless the aggregate

combination can be considered unreactive.

In addition, there is disagreement among the experts as to the net effect
of cement replacement materials on the alkali content of the mixf. Unlike
some expert system domains it is not desirable to use any computational
or inferential method of dealing with this disagreement and uncertainty.
Most inferential methods that utilize uncertainty factors do so as a

means of handling uncertainty of data’. In this domain it is the

5 Note that the consideration of sulphate attack resistance also often
entails the use of pfa-or ggbfs-portland cement combinations to a
specific degree of replacement that has to be ensured in order to
prevent sulphate attack.

6 Refer to chapter 5 for an illustration of the range of opinion
pertaining to the effect of pfa cement replacement on AAR.

7 See chapter 2 for a discussion of uncertain inference techniques.
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knowledge that is equivocal. There are methods for dealing with
contradictory knowledge items, [Reboh, 1983]. However none of these are

useful in the domain of design of structures.

Choosing between alternative views on the effect of pfa on alkali content
is very different from choosing between different interpretations of
geological data, [ibid]. In the domain of concrete durability design it is
necessary to take the more conservative of two otherwise equally
precedented alternative views. This is advisable in order to safeguard
the legal liability of the engineer in the event of deterioration of the

concrete.

The specification of mix parameters with respect to negating the risk of
AAR is therefore not as simple a procedure as for sulphate attack. The
system has to cycle through a number of measures suggested by the
user; assessing each for its effectiveness until one of the critical values
is complied with. However it is possible to provide a simple analysis of
the alkali content of the mix as it is at any stage and make
recommendations as to the most practical method of reducing it below

the relevant threshold.

THIS IS A SIMPLE PRODUCTION SYSTEM TO GIVE ADVICE ON
PRECAUTIONS NECESSARY FOR THE PROTECTION OF CONCRETE
FROM ALKALI SILICATE REACTION THE RULES IT USES ARE
TAKEN FROM THE 'REPORT OF A WORKING PARTY’ CHAIRED BY
M.R. HAWKINS PUBLISHED IN DEC 1986

AT ANY TIME A RESPONSE MAY ENTAIL THAT THE SYSTEM
CONSIDERS THAT THERE IS NO FURTHER RISK FROM AAR

IN MOST CASES A RESPONSE OF ’X’ WILL TEMPORARILY HALT
THE SYSTEM,

'H> WILL INVOKE THE HELP FACILITY

2’ WILL TELL YOU WHY A QUESTION IS ASKED

WILL THE SECTION'HAVE, AFTER CURING, AN INTERNAL RELATIVE

HUMIDITY GREATER THAN 75 % ? ANSWER Y N

n

DOES THE SECTION EXHIBIT ANY OF THE FOLLOWING FEATURES:
CLADDING OR EXTERNAL MEMBERS WHERE CONDENSATION

CAN OCCUR ?
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EXPOSED CONCRETE FRAMES/PANELS ?
INTERNAL MEMBERS SUBJECT TO CONDENSATION OR HIGH
HUMIDITY ?

ANSWER Y OR N
y
DOES THE SECTION EXHIBIT ANY OF THE FOLLOWING ’HIGH RISK’
FEATURES:
FOUNDATIONS (EVEN WATERPROOFED) ?
WATER-RETAINING STRUCTURES ?
MEMBERS PROTECTED UNDER BRIDGES ?
BRIDGE COLUMNS, BEAMS OR PARAPETS ?
OTHER HIGHWAY STRUCTURES ?
MULTI-STOREY CAR PARKS ?

ANSWER Y OR N

y

PLEASE NOTE THAT IT IS HIGHLY RECOMMENDED THAT, WHERE
THERE IS RISK OF AAR, AGGREGATES CONTAINING OPALINE
SILICA SHOULD NOT BE USED

IS THE AGGREGATE TO BE USED CONSIDERED TO ENTAIL ANY
RISK OF AAR ?
ANSWER Y N
y
DOES THE AMOUNT OF FLINT OR CHERT IN THE AGGREGATES
AMOUNT TO MORE THAN 60 % BY MASS ? ANSWER Y OR N OR ?
n
WHAT IS THE TARGET MEAN CEMENT CONTENT OF THE CONCRETE
IN Kg/m3
330
WHAT IS THE MANUFACTURER’S CERTIFIED MEAN ALKALI
CONTENT IN THE CEMENT EXPRESSED AS NA20 EQUIVALENT % ©?
0.65
IS THERE ANY CEMENT REPLACEMENT INTENDED ?
ANSWER ’'N’ FOR NONE
'G’ FOR GGBFS
OR 'P’ FOR PFA

n
DOES THE FINE AGGREGATE CONTRIBUTE, IN THE FORM OF
CHLORIDE IONS, TO THE ALKALI CONTENT ? ANSWER Y OR N
n
DOES THE COARSE AGGREGATE CONTRIBUTE, IN THE FORM OF
CHLORIDE IONS, TO THE ALKALI CONTENT ? ANSWER Y OR N
n
DO ANY (OTHER) ADMIXTURES CONTRIBUTE ALKALIS TO THE MIX
o .
ANSWER Y OR N
n
SINCE THERE IS RISK OF AAR IT IS NECESSARY TO CONSIDER
THE FOLLOWING ALTERNATIVE OPTIONS:

USE NON-REACTIVE AGGREGATE. OPTION: NRA

USE CEMENT WITH LESS ALKALI. OPTION: LAC

EXCLUDE MOISTURE FROM THE SECTION. OPTION: DRY

INCREASE CEMENT REPLACEMENT LEVEL. OPTION: POZ

OPTION:poz
REPLACE CEMENT WITH PFA OR GGBFS
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IS THERE ANY CEMENT REPLACEMENT INTENDED ?
ANSWER N’ FOR NONE
'’G’ FOR GGBFS
OR 'P’ FOR PFA
p
WHAT IS THE TARGET MEAN CONTENT OF THE CEMENT
REPLACEMENT IN THE CONCRETE. ANSWER IN KG/M3
75
WHAT IS THE MANUFACTURER’S CERTIFIED MEAN ALKALI
CONTENT IN THE REPLACEMENT EXPRESSED AS NA20 EQUIVALENT
% 7
0.9
SINCE THERE IS RISK OF AAR IT IS NECESSARY TO CONSIDER
THE FOLLOWING ALTERNATIVE OPTIONS:
USE NON-REACTIVE AGGREGATE. OPTION: NRA
USE CEMENT WITH LESS ALKALI. OPTION: LAC
EXCLUDE MOISTURE FROM THE SECTION. OPTION: DRY

OPTION:lac
IS IT POSSIBLE TO USE A CEMENT WITH ALKALI CONTENT LESS
THAN 0.65 ANSWER Y OR N

y
WHAT IS THE MANUFACTURER’S CERTIFIED MEAN ALKALI

CONTENT IN THE CEMENT EXPRESSED AS NA20 EQUIVALENT % ?
0.45

WITH ALKALI CONTENT OF LESS THAN 6% AND INSIGNIFICANT
OTHER ALKALIS THERE IS NO FURTHER RISK OF AAR

DO YOU WISH TO SAVE THE STATE OF THE DESIGN ANSWER 'S’
QUIT ANSWER ’'QUIT’
SEE THE CHAIN OF INFERENCE EXPLAINED ANSWER 'EXP’
OR CONTINUE ANSWER ’C’ ?

q
AAR FINISHED

Both the SO3 and AAR systems follow the same general schema. This
schema can be summarised as successive consideration of the following
factors: risk indicators; risk classification; risk prevention measures.
This schema is illustrated by the flow chart in figure 7.2. In some cases
such as alkali aggregate reaction prevention it is necessary to iterate
the cycle as each attempt to prevent the risk may not be completely
successful. It is expected that other durability systems based on BRE
digests (such as the digest on steel reinforcement corrosion [BRE,

1982a]) will also follow this regime.
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Figure 7.2: General Control Strategy for Concrete Durability Design

As with the SO3 module, the AAR system was well received by the
domain experts. It was felt, however, that the problems encountered with
the state of the knowledge in this sub-domain illustrated the desirability

of having some deep fundamental knowledge available to the system.

Recent research results in the domain could be used to provide this
deep knowledge. Candidates for implementation included the reactivity of
various aggregates [Dolar-Mantuani, 1983]; the prediction of hydroxy! ion
concentration in the pore solution, [Taylor, 1987] and the effect of
hydroxyl concentration on AAR risk [Nixon et al, 1986, Nixon & Page,

1987 and Canham, 1987].
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7.3 Hydroxyl Ion Concentration

It was decided to proceed with an attempt to implement the Taylor model
of hydroxyl ion concentration prediction, [ibid]. The intention was to use
this hydroxyl ion concentration prediction in conjunction with knowledge
relating hydroxyl levels to AAR risk to more accurately specify the AAR

risk. This endeavour raised some representation difficulties in that OPS5

lacks the mathematical functionality required by the model.

The model does not, in itself, present any computational difficulties.
However the interpretation of the paper outlining the model was
extremely difficult and much experimentation was required before the
program implementing the model was able to reproduce the four examples
given8, It is not necessary to reproduce the program listing but an
outline of the algorithm derived from the original paper is given in

appendix A.

Having developed a program in C that could predict hydroxyl ion
concentrations to the required accuracy, additional work was required to
make this prediction available and useful to the AAR expert system
module. This work was not felt to be central to the concerns of the
project. A major problem encountered at this stage was the difficulty of
directly interfacing C and OPS59% Further development of the Taylor

model implementation is discussed in chapter 10.

8 This is not meant to imply any deficiencies in the model or the paper
qua technical research paper. There is however a difference between the
mathematical rigour required for a research paper in chemistry and the
rigour required for implementation of the paper as a computationally
correct algorithm.

9 Alternative methods such as an indirect interface via disk-files was
not conceived at this stage of the project.
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7.4 Conclusions from the OPS5/C Work

The quality of user-interface provided by OPS5 is detrimental to the
usability of the system through a consultation of any length. It was
therefore necessary to investigate a shell which was more directly

orientated to user—interface considerations.

The combination of a primary OPS5 module with sub-routines written in
C is not itself an easy task and is highly impractical since it greatly
reduces the portability and maintainability of the system. Thus a prime
consideration in the evaluation of languages and shells for use in the
domain is the ability to support a modularised approach to the problem
and a high degree of mathe’matical functionality. Alternatively, the shell
must provide a useful interface to other languages that can provide

mathematical functionality.

Other issues brought out by the OPS5 phase of the project include the
disadvantages of representing some knowledge as production rules,
which is the only representation directly available to OPS5. The obvious
alternative to production rules is decision tables (Dts) which in many
cases would better reflect the original, tabular, presentation of the
design knowledge in the source textl®, These DTs could be stored in a
data-base which would reduce the bulk of the relatively inefficient

production rule system.

Tabular representation has the advantage of readability and thus
maintenance of the system code. Tabular representation might also allow

the modules to perform tasks other than design. The systems developed

10 See, for example, table 1 on p3 of Digest 250 on sulphate attack [BRE,
1981].
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in OPS5 are dedicated to just one main goal: constraining a mix design
with respect to an environmental loading. There are several other
possible uses of the knowledge, held in the digests, for example in

diagnosis of failed structures.

It would therefore, be highly desirable to have the same knowledge
sources usable in different modes of consultation without duplication of
knowledge in different representations. Tabular representation of the
design knowledge would, perhaps, make this easier because a table does
not have the explicit interpretation of a ’direction’ of use as in

'IF...THEN’ with production rules.

Another issue raised is the general nature of the knowledge in the
domain. The codes of practice which have provided most of the
knowledge incorporated so far are good sources of directly applicable
design knowledge. However this knowledge is shallow in the knowledge
engineering sense. All that is generally presented in the Standards are
prescriptive rules for durable concrete. This is acceptable and even
necessary in the standards where extensive explanation and justification
of the prescriptions would detract from the ease with which they could

be used.

In contrast an expert system usually is required to be able to provide
sufficient explanation and support to allow confidence in its conclusions.
In the domain of mix design the simple outlining of the chain of
inference which most expert systems provide is not adequate to ensure
this confidence. Secondly, the advice given in the standards, while
extensive in its scope, inevitably can not cover every single case where

durability advice is necessary.
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The knowledge in the domain is subject to constant revision and growth.
As new materials, techniques and environmental situations constantly
arise the knowledge used by an expert system should reflect these
changes. It is therefore desirable to incorporate extensions to the
knowledge presented in the standards, wherever possible, to allow the
system to provide in-depth justification and explanation; to reason about
cases outside the scope of the standards and to find methods of
incorporating recent research before it is universally accepted or even

complete.

These extensions, using current research in the domain, can effectively
increase the search space of feasible designs and give greater depth to
the inference, explanation and justification facilities of the system.
Experts in the domain are able to give advice on ’difficult’ and marginal
areas so they must have some knowledge that is not encoded in the

Standards.

Apart from the usual problems of distiling expert knowledge there is an
additional difficulty in obtaining this knowledge for an expert system in
the domain of durability. As mentioned in chapter 2, legal liability makes

the provenance of knowledge embodied in design expert systems crucial.

The OPS5 phase of the project has demonstrated the utility and
feasibility of using BRE digests and other similar codes of practice as
knowledge sources for design-orientated expert systems. A structure and
theory of concrete mix design with respect to durability has been
developed based on the decomposition of the mix design task into
sub-tasks based on the specific problems covered by BRE digests and

similar publications.
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The advantages and disadvantages of OPS5 as an expert system

development tool are listed below:

* OPS5 is very easy to learn and use for reasonably large

knowledge-bases

* It provides a flexible development capability through the use of

modular compilation

* Some expert system features that are provided as standard in PC
shells are not present. The most notable deficiencies include the lack of
sophisticated user interface functions and facilities for explanation and

Jjustification

* The language has insufficient mathematical ability for engineering

applications

* Interfaces to mathematical languages such as C are difficult to
implement and would reduce the portability and maintainability of the

combined package

* OPS5 is based on production rules which are not appropriate for all

the knowledge representation needs of a design system
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Chapter 8: Relevance and Evaluation of Expert System Shells

Expert system shells offer a number of obvious advantages over
lower-level languages. The deficiencies of the user interface facilities
implemented in PROLOG and OPS5 have been illustrated in the previous
chapters. Both OPS5 and PROLOG also require significant development
effort to create the necessary tools required for expert svstems
implementation such as explanation and Justification methods and
knowledge-base editors. The need to program expert syvstems tool-kits
for a language before satisfactory applications can be developed reduces

the immediate utility of that language.

O’Neill & Morris, [1989], reveal that 65% of expert systems developers in
the United Kingdom preferred to use micro-based shells and languages.
Rada, [1990], also reports that most expert systems deliveries are of PC
shell-based systems. In contrast the sales revenue is greater from

non-PC language-based systems.

Because of the nature of the micro-computer software market, languages
are more likely to have available expert system tool-kits. Shells are more
likely to have source-code licensesl. Many small shells are available in
the public domain or as shareware. The existence of language tool-kits
makes PC AI languages comparable to low cost shells. For example
Turbo-Prolog 1is provided with predefined predicates and tool-kits that
make expert system shell creation much easier than is the case with

VAX-PROLOG, [Wilkins & Tillotson, 1991].

1 Jackson, [1986], provides an example were the shell EXPERT was used
in order to gain rapid development benefits. Availability of the EXPERT
source code resulted in modification of all but 20% of the shell program.
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As mentioned in chapter 6, there are also some possible disadvantages in
using shells as an implementation methodology. The main potential
problem is that a shell might limit the representational and inference
strategies available, [Allwood et al, 1987]. Initial experience in the domain
indicated that production rules (possibly in combination with a database
representation for tables) and simple goal-driven inference were
appropriate for a concrete design system. This entails that a wide choice

of shell systems are potentially applicable in the domain.

This chapter will discuss the general relevance of shells for use in the
broad domain of engineering design. The evaluation and choice of shells
will be elaborated in section 8.2 and The CRYSTAL shell will be
described in section 8.3. This section will also summarise the selection

criteria and highlight those that are satisfied by CRYSTAL.

8.1 Speciality Shells

For any given expert systems project, if time and resources permit, it
may be beneficial to create an expert system shell from scratch. This
may be necessary if none of the commercially available shells are found
suitable, Shell development is usually the result of a development
programme for a specific application using a low-level language?.
Alternatively shells may arise out of top-down considerations of a wide
domain. A number of such academic specialist shells have arisen out of

design system research. Rychener, [1988], comments that the

2 Most of the early shells had this origin, for example EMYCIN and the
various shells based on the HEARSAY and PROSPECTOR paradigms.



specification and development of specialist design shells is still an open
research topic; of necessity since design itself is still a research

subject, [ibid] (p9).

An early prototype specialist shell is the General Engineering Problem
Solving Environment (GEPSE), [Chehayeb et al, 1985]. One of the
foundations of GEPSE is the recognition that there are three primary
engineering tasks: analysis, design and diagnosis. Chehayeb et al
maintain that each of the three tasks utilise a common body of
knowledge. The tasks differ only in the order in which they are applied.
Thus decomposition of the tasks at the correct level would allow the

creation of a common set of generic tasks and knowledge3,

Knowledge in engineering is categorised as either static or active, [1bid].
Static knowledge consists of a number of elements: objects, descriptions
(attributes or parameters), links (relating objects) and functions
(procedural attachments). Active knowledge includes both algorithmic
procedures and heuristic rules. GEPSE consists of representation
methods for the static and active knowledge types and additional
features such as user interface and meta-level control. GEPSE can
therefore, be seen as a variety of frame- or object-oriented system with

additional facilities for forward- and backward-chaining rules.

There have been a number of shells specifically targeted at design
applications? The BUILD shell followed a bottom-up development starting

from the realisation of the importance of building codes in design and

3 Although it is true that design shares common generic tasks with
analysis and diagnosis, it has one feature - synthesis, which is unique.
As synthesis is the essential feature of design, any system that ignores
it may have limited design ability.

4 Each of the remaining shells: BUILD, DOMINIC, and DSPL, has been
mentioned in chapter 4.
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the difficulties inherent in using them, [Rosenman & Gero, 1985, and
Rosenman et al, 1986a, 1986b, 1986c, 1989]. Early versions of the BUILD
shell facilitated the use of codes for requirement finding and therefore
were used for creating design assistants rather than design systems per

se, [Rosenman & Gero, 1985].

Later developments added the facility for compliance checking and the
use of knowledge from experts in addition to code provisions. Svstems
built under the later version of BUILD could also use interfaces to
external CAD and analysis packages. The ability for the user to select
from alternatives completes the functionality required of a simple design

system?,

DOMINIC, [Howe et al, 1986], is based on the model of design as
redesign, [Dixon & Simmqns, 1983, and Dixon et al, 1984]. The interesting
feature of DOMINIC is its use of a blackboard architecture that
anticipates the DESTINY integrated design model, [Sriram, 1986, 1987a,
and 1987b]}. DOMINIC therefore facilitates design that extends across
more than a single narrow concern. DOMINIC, however lacks the explicit
hierarchical representation of the structure of domain tasks and objects

proposed by the DESTINY model.

DSPL (Design Specialist and Plans Language) is a language based on the
generic tasks idea developed by Brown & Chandrasekaran, [1986]. The
other primary feature of DSPL is the facilities for failure handling.

Failure at any level in the task hierarchy is resolved by the ability of

5 The S0O3 and AAR systems described in the previous chapter followed a
similar development path. From an initial intention to capture the
compliance requirements embodied in a code it can be a simple step to
create a design system by the addition of facilities to select from viable
alternatives (either by user choice, expert heuristics or optimisation).
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each specialist to utilise an alternative plan for the execution of lower
level design agents or to fail itself and thus pass the failure back to a
higher level which may in turn execute a different plan or fail itself,

{Brown, 1985].

As a language DSPL lacks many of the features desirable in a full shell.
However a number of research programmes have been instigated in order
to provide tools for the language. Examples include explanation and

knowledge acquisition facilities, [Chiang & Brown, 1987].

8.2 Evaluation of Shells

During the duration of the project described in this thesis, facilities
were available within the systems group of the civil engineering
department for the evaluation of a number of PC-based shells. The
Science and Engineering Research Council made available an IBM PC-AT
and several shells: KES, SAVOIR and XiPlus® Additionally the department
had access to a number of shells such as, Sage and Envisage,

Super-Expert and TIMMT.

6 Each shell was reviewed by a different member of the systems group.
The collective report of the results of this evaluation has been
submitted to SERC but has not been published. In light of the following
discussion of shell evaluation it would not be useful to present the
results in this thesis.

7 The department has been sufficiently encouraged by the results of
initial expert systems projects to purchase a more advanced integrated
expert system development tool - Leonardo.
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A number of different projects within the group had made significant
use of these shells and so there was significant experience of shell use,
see, for example, [Chidley et al, 1986]. The eventual decision to use
CRYSTAL was made after a further evaluation of this shell on the

recommendation of an experienced shell userS.

There have been several published reviews evaluating various shells.

The criteria used in these evaluations and in the shell reviews within
the civil engineering department at Aston University are described in
the following section. Appendix B offers a list of shells and references

where they have been described or evaluated.

There are a number of problems with attempts to evaluate shells
objectively. Firstly it is rare that any organization can make a wide
selection of shells available for comparison. Commercial shells range in
price from hundreds to tens of thousands of pounds. Although shell
suppliers make demonstration versions available, these perforce
emphasise finished applications in trivial domains. Thus the collection of
sufficient legal copies of shells for evaluation of development facilities

can be prohibitively expensive.

Another important factor is the amount of human effort required to test
a shell. Allwood et al, [1987] review 9 shells. As a rough estimate the
evaluation took the 3 reviewers 12 months. This implies that a period of
approximately 4 months per shell per reviewer is required. Similarly,
Vedder, [1989] reports a review of 5 shells. Each 2 man evaluation team
covered a single shell and the programme took 14 weeks. This results in

the approximate figure of 31/2 months per shell per evaluation.

8 Dr. Alan Harget, the examiner for the first year project report leading
to this thesis.



It is important that the reviewers are not experienced in using the shell
and that a single test case is used for all the shells. Furthermore each
reviewer must only conduct a single test. A final condition is that each
of the reviewers should be equal in terms of experience and skill as
knowledge engineers and have equal expertise (or lack of) in the target
domain. If any of these criteria are violated then the evaluation is
potentially devalued due to bias, unequal test conditions or the benefits

that always arise from a second implementation of a single test case.

In common with most problems of software selection the choice of shell
Is, in theory, determined by both objective and subjective factors.
Previous experience is probably the most important factor in shell
selection. There are no firm conclusions to be drawn from the
comparisons listed in appendix B other than to reinforce the essential
subjectivity of the choice. However, if the prerequisites for evaluation
can be achieved, it is possible to make some objective statements about
the criteria that can be used to guide the choice of shell. The following

sections will describe these criteria then provide an illustration of the

The most obvious evaluation criterion is that a shell must support the
knowledge representation and inference strategies required by the
domain, [Palmer & Mar, 1988, and Vedder, 1989]. Thus for non-trivial
domains it may be the case that the best shells are those that use a
number of representations, [Sloman, 198419, Additionally the shell should
support the mathematical functionality required or interface to

appropriate languages, [Palmer & Mar, 1988].

9 Hickman, [1986], cites the need for a variety of knowledge
representations as support for the use of object-oriented languages
rather than specific AI languages or shells. Jackson, [1986], notes that
integrated tool kits such as ART provide access to a plurality of
formalisms.
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Another prominent criterion is the suitability of the hardware required
and the development environment provided, [Palmer & Mar, 1988, and
Vedder, 1989]. For example, the environment should provide wversion
control, trace, session-save and -logging facilities, [Born & John, 19861,
Another useful feature is the ability to use graphic tree representations

of rule-trees or frame topographies, [Nguyen et al, 1985].

The syntax of the representation should be easy to read so that
non-specialists, such as the domain experts, can read and understand
the knowledge-base, [Born & John, 1986]. Another useful feature in this
context is an editor that structures the knowledge-base, [ibid]. A
structured representation and presentation allows the developer to move
around the knowledge-base in a manner that reflects the actual
structure of the rule-tree. This would allow, for example, movement
directly from a parent rule to a child rather than the rule immediately
below or above the current one which is all that is possible in a ’flat’

knowledge-base.

All of these features contribute to a rapid development cycle. The speed
with which an expert system can be used to develop a knowledge-base
is vital. The power of expert systems lies in the extent of the
knowledge-base. Therefore, all else being equal, the shell that facilitates
more rapid development generates more competent expert systems, see

for example, {Roesner, 1988, and Vowler, 1989]10,

10 The proviso for ’all other things being equal’ can not be overstated.
It is not the case that any given problem domain can be turned into a
successful expert system by the creation of a massive knowledge-base.
Given that successful knowledge structures, representations and
inferencing methods can be found; a larger knowledge-base will
generally improve and broaden competence.
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The shell should provide a user interface that is easy to use, [Palmer &
Mar, 1988, and Vedder, 1989]. It should therefore insulate the user from
the command or programming level, [Born & John, 1986, and Muir, 1987].
Additionally there should be facilities such as several different types of
help, and what if capability, [Born & John, 1986, and Savory, 1986]. The
user interface should also emphasise ergonomic factors such as the
minimisation of screen clutter and keyboard use and the ability to use

graphics for input and output, [Muir, 1987].

The shell should have the ability to exchange data with external
software, [Born & John, 1986, Palmer & Mar, 1988, and Vedder, 1989].
This is particularly important if the expert system application is to
share data with existing software. Potential users of an expert system
are much more likely to be appreciative of its power if they can see
that it makes use of dBase3 data bases or LOTUS123 templates that theyv
are possibly familiar with, [Powell, 1989]. In many cases the application
will have data-processing needs that are more applicable to other
software paradigms and so will benefit from interfaces to such software

even if the system is not to be embedded in existing systems.

Finally, selection should be guided by factors such as the training
required to use the shell, [ibid]. Other considerations include the quality
of documentation provided and any hidden costs such as run-time
licenses and add-ons such as induction engines or interfaces, [Vedder,

1989]1L All of the above criteria need to be weighed against the price of

11 On the other hand, Born & John, [1986], note the attractions of a
shell with separate development and delivery executives. The delivery
system does not need many of the facilities required by the development
system. The delivery system may therefore be smaller, more efficient and
cheaper (but may be an additional hidden cost).
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the candidate shells and hardware requirements. This consideration is
complicated by the need to calculate the potential value of the target

applications and the long term value of possible future developments.

With the benefit of the experience gained from the PROLOG and OPS5
work it was possible to confirm that most of the above criteria are
relevant for the shell selection in the domain of concrete durability
design., In addition it was possible to identify the particular knowledge

representation and inference needs.

Consideration of the knowledge source texts showed that often the
prevention of a possible risk could be reduced to a simple set of
procedures. In general, design requires goal-directed inference.
Additionally, design usually requires some cycling through design and
redesign and some complex interaction between sub-modulesl!2 Design
does not usually require use of degrees of certainty or other

probabilistic methods.

8.3 CRYSTAL

CRYSTAL4 is the latest version of a shell produced by Intelligent
Environments!3, CRYSTAL is a low price (c£350 with academic discount),
PC-based shell emphasising simple goal-directed inferencing, rule
representation, a sophisticated user interface and mathematical functions.
In addition, CRYSTAL has a very easy learning curve despite the

indifferent introductory documentation.

12 See chapters 3 and 4 for discussions of computational models of
design,

13 Intelligent Environments Ltd., Northumberland House, 15-19 Petersham
Road, Richmond, Surrey, TW10 6TP

- 163 -



CRYSTAL is based on a development system that includes a dedicated
knowledge-base editor. It is possible to use any other editor to create a
knowledge-base and to then compile the result. The built-in editor, has

the advantage of imposing the CRYSTAL syntax and rule-base structure

directly on the user.

The format of CRYSTAL rules is:

<NAME OF RULE>
IF <condition>
AND <condition>

AND ...

OR <condition>
AND <condition>

AND ...

Thus the syntax has a primarily declarative interpretation: the rule is

true if one of the alternative condition sets is true.

The top level of every CRYSTAL rule-base is the CRYSTAL MASTER
RULE. This is the rule that CRYSTAL seeks to prove when the rule-base
is run. Each condition may itself be a rule. To create a new rule, the
developer types its name as a condition in a higher level rule. The new
rule may then be expanded into supporting conditions. Each rule can be

placed as a condition in another rule by accessing a pop-up dictionary
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containing all the current rule-names. If a rule is not expanded it may
still be used by the run-time system. CRYSTAL asks a default yes/no

question requesting the user for the truth-value of the rule.

CRYSTAL has a large number of functions and commands. Commands
execute functions and are used as rule conditions. Each command and
function is selected from a dictionary. Functions can test or assign
values to a variable. Assignments and tests can utilise a wide variety of
numeric, string, file and time/date functions. Commands also allow the
system to interact with the user through a variety of types of form
(yes/no, input, output, help, print, menu, graphics displays). These
commands and functions can be seen as side-effects of the declarative

rule-base that give it a strong procedural bias!4,

A final feature of CRYSTAL that enhances development of large and
complex rule-base is the ability to display and navigate through a
graphic representation of the rule-tree!5, This sample rule-tree for the
SO3 module is reproduced in figure 8.1. This figure has been enhance to
clarify the illustration. In normal use only a portion of the tree is
displayed at one time and the developer moves to the level of interest

for greater detail. Each rule is only expanded once to aid clarity.

14 It is possible to use CRYSTAL as a straight-forward procedural
language with traditional control mechanisms such as for- and
while-loops. The only thing the shell lacks in this regard is the ability
to use rules as procedures and functions with direct parameter passing.
It is, however, possible to use the system’s working memory of global
variables as an alternative to parameters. Georgeff & Bonollo, [1983],
stress the importance of a methodology that allows:

formal algorithmic knowledge to be uniformly integrated with
heuristic declarative knowledge. (pl151)

15 The screen and printer drivers required must be purchased and
installed separately.



Additionally the system only displays rules and not CRYSTAL commands.
Each horizontal line joins parent-rules to children. A vertical line

indicates rules linked by the AND operator.

The rule-base editor itself explicitly checks for and eliminates circular

rules, The context dependent movement through the rule-tree structure
instils awareness of the structure of the knowledge-base in the
developer. In combination with the rule-tree display, this helps eliminate
most of the other potential logical problems of a rule-base such as
inconsistency, incompleteness and redundancylé, [Nguyen et al, 1985, and

Saouma et al, 1989].

16 CRYSTAL maintains a list of unused rules that have been expanded
into conditions but which have been pruned from the rule-tree.
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Figure 8.1: Sample CRYSTAL Rule-Tree Display
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The criteria for selection of shells for design systems are summarised in

the following lists. The criteria that are met by CRYSTAL are marked

with an asterix.

General features required in design systems:

* Suitability of inference engine with respect to design

* Ability to implement a design/redesign cycle

* Ability to easily integrate modules to reflect problem decomposition
* High degree of mathematical functionality

* Ability to interface to other packages and languages

Development:

* Environment that automates the edit/compilation/run cycle

* Editor tailored to the syntax of the knowledge representation

Automatic version control
* Trace facilities at varying depth of detail

On-line help for shell commands and functions
* Graphic representation of the rule-tree or frame-topography
* Context dependent movement through knowledge-base file

User Interface:

Provision of facilities for a majority of the six w-words especially -

* Why (is this question being asked)?

* How (can I answer it)?

* Explain (the meaning of this question)!
* Justify (those conclusions)!!

What IF (I had answered otherwise)?

* Windows to allow formatted and overlaid questions and answers

* Menus and Yes/No questions to aid and constrain answers

17 All of the responses to these questions should preferably be tailored

to each particular user’s level of expertise.
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* Data-input screens to allow question shortcuts
* Colour and graphics to highlight important input and output
* Minimal screen clutter and keyboard use
Overall speed of operation
Costs:
Initial cost of shell versus long term value of application(s)
Hardware requirements
Training costs
Hidden costs such as ’essential’ add-ons (induction engines,
interfaces)

Run-time licenses

8.4 Conclusions

The selection of a shell rather than a low level language and the
consequent choice of a particular shell is a significant decision point in
the development of an expert system application, [Rowlinson, 1987].
Unless there is an existing source of experience with a number of shells
this choice will probably be determined by purely financial
considerations or by accident. The financial resources required to
conduct a comprehensive survey of commercial shells are rarely
available. The number of available shells and the rate of development of

up-grades and new products will limit the period of use of any survey.

Even if the human and financial resources are available, use of a shell
for evaluation purposes is not sufficient to develop a true
understanding of its potential and limitations. It is possible to find

significant new methods of using the features of a shell even after
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several years of experience developing a number of different
applications with it. All the above considerations limit the utility of the

reviews of expert system shells published in the literature.

If objective and comprehensive evaluation is possible, a number of
criteria can be specified. Within the limited scope of this project it was
possible to experience several shells. CRYSTAL was found to embody a
significant number of the criteria thought to be desirable for shells in
the domain of concrete design. CRYSTAL was therefore chosen for
further development. The CRYSTAL version of the concrete durability

modules will be described in the following chapter.
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Chapter 9: The DEX Concrete Durability Expert System

A broad literature search, combined with initial experience in
implementing expert systems for various concrete durability design
problems, suggested a number of salient features of the domain. These
features entailed a number of characteristics required for an expert

system in the domain.

The most important of these features and requirements are simple,
goal-directed, deterministic inferencing; a combination of production
rules, decision tables and possibly frames; access to mathematical
functions and external programs; modular decomposition of the design
process and a sophisticated user interface. In addition there is also a
critical requirement for a development environment that facilitates rapid

prototyping.

In the light of the above considerations the CRYSTAL shell was chosen
as the main tool for the further investigation of the use of expert
system techniques in the domain of concrete durability design. CRYSTAL

has been briefly described in the previous chapter.

9.1 Translation of Existing Work Into CRYSTAL

With the benefit of the experience gained with PROLOG and OPS5 it was
possible to produce improved versions of the sulphate and AAR modules
very quickly - 1 man-day for the prototype sulphate module {as opposed
to a week in OPS5) and 1 man-week for the AAR module (2 months for

OPS5)!. The AAR module was slightly modified in order to incorporate the

1 Koskela et al, 1988 report a similar speed-up in development time for a
translation of a system written in ES/P translated to Insight 2 (2 months
initial development time and 2 weeks translation time).



recommendations of BRE digest 330, [BRE, 1988]. This made the AAR
module consistent with the intention of the project to embody the

knowledge contained in BRE publications.

It was also possible to implement a CRYSTAL version of the hydroxyl ion
concentration model without using embedded C procedures. All three
modules were capable of producing context-dependent help, explanation;
Justification and hard-copies of results. The next phase of the project
concentrated on the exploration of various expert system methods within
the CRYSTAL implementation and the development of a prototype system

for integrated concrete design - DEX.

An example of the first few conditions of the CRYSTAL master rule from
the SO3 rule-base is given below in figure 9.1, The fragment shown
tests a rule called initialisations with the side effect of instantiating
variables and importing results from the blackboard file2. The next rule
#new window is a tool-box rule (common to all rule-bases in the system)
that sets up a standard window configuration for the system. The top

level help creates a help window that may be popped-up by using the

key.

The help screen details the default help for the module that outlines the
users options (including how to get context dependent help). The next
line contains a menu command. This displays a screen of menu fields;
prompts the user and obtains a response. In this case the response is

the string variable r$ which represents the user’s choice of top-level

2 The blackboard memory is necessarily a file because of the inability of
CRYSTAL to directly access RAM. However this is not to imply that the
file needs to be stored on disk. It is possible to configure PCs with
sufficient RAM so that part of RAM is reserved for a virtual disk drive.
This entails that access to the blackboard file can be almost as efficient
as direct use of RAM.
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actions. The quit rule exits the rule base if the user’s choice is to quit.
If the user’s choice is other than quit the first disjunction of the

master rule fails and CRYSTAL attempts to prove the second.

The second disjunction tests for a response indicating that the user
wishes to see a map. The map shows the user’s current location in the
network of modules. Each of these may be called in an arbitrary order
or not at all. The map is therefore of great potential comfort to the

user. A general view of this map is reproduced as figure 9.10.

If map succeeds, the restart command returns the user to the top level
menwd. If map fails, the system attempts the next disjunction (to call the

relevant hypertext resource), and so on.

CRYSTAL MASTER RULE Sp
< Rule >
* IF initialisations
* AND #new window Sp
AND top level help Sp
AND :Menu r$
Xx AND quit Sp
* OR map Sp
AND :Restart Rule
* OR hypertext Sp
Files JRun {|Clear {Build {Utilities Quit (107:18:25 pm IE

Figure 9.1: Sample CRYSTAL development system screen

3 In this and other CRYSTAL rule displays the following conventions
should be noted. A colon : is used to denote a CRYSTAL system
command. A bullet * indicates a child rule. The # sign before some rules
is a convention that ensures that often used or generic rules occur first
in the rule dictionary. The Sp markers indicate that a rule can be called
more than once. Without the Sp, designation the Initialisations rule, for
example, will only be called the first time the master rule fires.

- 173 -



The run-time menu presented by this CRYSTAL master rule is illustrated
in the following figure. This figsure also shows the other options

presented by the system. These are described in more detail in section

9.2, below.

Design exampla DEX U5 . 1-

Options:
Continue with Durability Design
Hypertext system
Revus results
fAlter input
File operatians
Map of systenm
Pick a module to consider
Output to printer

Log errors/bugs encountered
Quit
status:
Structural Data input:
Sulphates:
Steel:
Mix Design:
Trial Mixes:
AAR:

Figure 9.2: Initial Screen of the DEX system

Although CRYSTAL rule bases are tedious to describe they are very easy
to develop and debug. The provision of automatic dictionaries for rules,
variable and functions profoundly decreases the amount of typing the

developer has to perform and consequently reduces mistakes® These,

4 Allwood et al, [1987], cites the facility for such variable dictionaries as
being essential for the development of large knowledge-bases.
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along with the other features of the editor such as context dependent
movement through the rule-base and automation of the

edit-compilation-execution cycle, allow for very fast prototyping.

9.2 Evolution of Enhanced Features

9.2.1 User Interface

The initial enhancement offered by the translation between OPS5 and
CRYSTAL was the implementation of an improved user interface. The
CRYSTAL output system is constructed around discrete screens rather
than continuously scrolling text. Input is based on a variety of
screen-forms and input fields. The forms can present menu, yes-no or
ordinary input fields. Forms with input or menu fields provide a much
friendlier interface than a system based purely on commands or

sequences of questions, [Saouma et al, 1989].

Another advantage of menus is that the list of acceptable responses is
effectively an item of concise and explicit meta-knowledge concerning the
limits of competence of the system. The addition of windowing facilities
allows the developer a great deal of flexibility in screen design. A single
background screen can have windows superimposed on it in positions
and order that can be determined at run time. Figure 9.3 illustrates the
use of windows on a schematic diagram. This diagram summarises the
possible placings of concrete with respect to various exposure

conditions.
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Decign example Exposure Conditions;
A co:crete member in any of the areas below may have durability problenms.
NN
\ \
N [ ]
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\.
1 ] [YININIWINIP ]
4 . w 7]
VAR A u
/.. .77 HERERRRRE
INININANANININY [
W w L
W
W 7] ] ] No (other) considerations
W W

Figure 9.3: Exposure Conditions for Concrete

Windows can also be super-imposed onto graphic displays. This allows
use of graphics for active input. Figure 9.4 shows a map of the
distribution of sulphate-bearing soils in England and Wales. DEX is able
to display this map to the user and have the user indicate the proximity

of the construction site to sulphate-bearing soil deposits.

I e X -0




Figure 9.4: Sulphate Distribution in England and Wales
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It is also possible to use analogue indicators, such as sliding scales, for

relative and imprecise input such as certainty factors. Figure 9.5 shows

the use of a sliding scale to indicate the required adjustments to mix

quantities in response to trial mix results. In this diagram the figures

"175" and "205" represent the extremes of the allowable range and "190"

the currently selected value that changes as the bar is altered.

FDBS ign exanple

(Kg/n3)
3868 68-188

36

285
238

188
218

168
198

Table 3 Approximate f{ree—water contents
required to give various levels of workability

Slump (rem) 8-18 18-38

Uebe time(s) 12 6-12

Maximum Type of

size aggregate

aggregate (mm)

18 Uncrushed 158 188
Crushed 188 205

28 Unerushed 135 168
Crushed i78 198

48 Uncrushed 115 148
Crushed 155 175

Trial Mix Re-Design

-3

225
258

195
225

175
285

196
]

Please estimate required uater content (cursor keys alter value)

Figure 9.5: Mix Proportion Adjustments from Trial Mix Results

9.2.2 Justification and Explanation

Once the translation of the OPS5 modules had been completed to the

extent of their previous competence, the SO3 module was used as a

test-bed for various user-support systems.
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CRYSTAL supplies a trace-like justification system that allows the user
to move backwards (and forwards) through the rule-tree from the
current position. The use of this method allows the user to answer for
himself questions such as "WHY is this being asked?’. The rule-trace
method depends greatly on the use of significant and meaningful rule
and variable names. Also, the user is expected to be able to use

CRYSTAL commands to navigate the rule-tree5.

CRYSTAL also provides the facility for help-screens and help-file display
so that each question or conclusion that the system puts to the user
can be supported by text screens either detailing how to answer or
what the significance of a conclusion is. This is a slightly more
sophisticated version of the canned-text support that was provided for
the PROLOG and OPS5 modules. Various researchers note the inadequacy
of the rule-trace and canned-text explanation facilities in general,

[Neches et al, 1985, Dieng et al, 1987].

There are various methods of enhancing explanatory abilities such as
filtered rule-trace or natural language enhanced rule-trace. However, the
CRYSTAL development system does not provide access to source-code.
This limits the ability of the developer to build or enhance low level
tools such as the trace facility. The first attempt to provide a better
user-support system therefore by-passed the CRYSTAL system trace
facility. The CRYSTAL help system was still used to provide flat support

in the form of a screen of relevant text.

5 The CRYSTAL animation of the rule-tree answers the conceptual
dependency aspect of user queries but leaves the user to fathom the
details of the particular question category of interest (that is WHY,
WHAT, HOW, WHEN, WHERE, WHO etc, the so-called w-words), [Savory,
1986, Hughes, 1987, and Gilbert, 1988].
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The rules in the knowledge-base where modified so that each rule
utilised in the inference chain created a simple report of its
significance. Each rule-report was appended to a file. A request for
Justification of a conclusion from the user caused the report file to be
displayed. On conclusion of each module the report was appended to the
overall report file for that design consultation. The user was thus able
to call for justificatory explanations at two levels of detail: 'local’ and

'global’. A sample fragment of a local justification report is shown:

Risk Result: Site class 2

User Data-input: concrete with 40mm aggregate
OPC cement with pfa replacement between 25 and

40 %

Therefore: maximum water/cement ratio is 0.55
minimum cement content is 310 Kg per m3

adjusted for 40mm aggregate size

Therefore: maximum water:cement ratio is 0.63

minimum cement content is 270 Kg per m3

This method proved adequate at the local level but could only reflect
the state of the consultation as a linear sequence. Thus the result of
the determination of the minimum cement content would be remote from
other considerations concerning the constraint such as minimising alkali
levels in the AAR module. Other problems arose when it became

necessary to be able to backtrack through previous module
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consultations. The use of a static text file to summarise the inference
chain proved too inflexible to permit reconsideration of earlier responses

and conclusionss,.

This use of inference reports still failed to address the wider issues of
user support for questions other than simple justification. The
structured approach to user-support was later abandoned in favour of a
hypertext system that provided an easy means for the user to explore
the conceptual linkages of the current theme for the consultation from
any relevant viewpoint. The DEX hypertext system and the implications

of hybrid hypertext/expert systems is described in detail in chapter 11.

Hypertext support provides a number of valuable features for an expert
system., For a complex domain such as concrete durability, hypertext can
be used to provide user support for all the various w-word questions.
This support is possible without provision of distinct program code for
each type of question or consideration of other factors such as
user—-expertise as is necessary using established expert system

techniques.

Additionally it was found that hypertext could be used as an alternative
and possibly superior interface to the expert system itself. Special input
buttons on the relevant pages of the source document constitute an
acceptable user-input alternative to expert system generated questions

or forms.

Finally, the creation of hypertext documents makes demands on the

developer that are similar to those of knowledge elicitation from textual

6 These problems could have been addressed by keeping each module
report as a separate file and using hypertext browsing abilities to
explore the conceptual dependency relationships.
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sources. In the case of BRE digests the creation of hypertext pages and
links is easier than the extraction of rules and therefore can serve as a

useful introductory exercise for the knowledge engineer.

9.2.3 Alternative Representations

One result of the growing size of the DEX system was a need to explore
alternative representations for some of the design knowledge. Much of
the knowledge embodied in the digests is tabular’. The inefficiency of
rules for representing tabular knowledge was discussed in chapter 4.
Various methods of tabular representation were tried using the various
interface facilities provided by CRYSTAL. These interfaces include direct
use of files such as structure ASCII files and files produced by dBased
and LOTUS123. Each interface used adds greatly to the RAM required by

the CRYSTAL environment.

The memory requirements of the CRYSTAL interfaces was extravagant in
comparison to the modest amount of knowledge that required tabular
representation. The final solution was to use CRYSTAL rules to determine
the value of an index to a simple array of values. These arrays are
created by a once-only CRYSTAL process and then stored in a
permanent write-protected export filed, Various other code-based systems
such as SPIKE, [Rasdorf & Wang, 1987, and 1988] and COMIX, [Miller,

1985], have emphasised use of tables wherever possible to replace rules.

7 See, for example, table 1 on p3 of Digest 250 on sulphate attack [BRE,
1981].

8 Because of the heterogeneous nature of the tables in digest 250 and
the mixture of numeric and textual criteria it is not possible to directly
calculate the values held in the table other than by the use of an
individual rule for each entry.
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9.2.4 Provision of Flexibility for the User

As with the OPS5 systems, the CRYSTAL sulphate attack and AAR
modules were initially split into 3 sub-modules. The first sub-module was
called by the user (or blackboard) to check for the possibility of risk.
If necessary, the second sub-module quantified this risk. Finally the
third sub-module produced a set (or sets) of constraints on the mix
design. It was later seen to be more efficient to combine the
sub-modules so that the SO3 and AAR systems each comprise a single

module.

Within each area of durability consideration the design is organised
using the original OPS5 regime (as illustrated in figure 7.2 in a previous
chapter). At various points during a consultation with a specific
durability module, the user is presented with the initial menu shown in
figure 9.6. This offers several options in addition to continuing with the
design task. The user is able to review results from the module, alter

previous responses and to enter the hypertext sub-system.

In order to provide a comparison with the OPS5 user inierface a
sequence of screens from a consultation with the CRYSTAL version of
the SO3 system are given. As explained above, figure 9.6 shows the

top—level control options presented by the module,
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Design exanmple Sulphate Attacki

The follouing options are possible:

Continue in EXPERT Mode ( KWIK Mode option)

Contimue in HYPERTEXT Mode browsing BRE Digest 258
Alter a response

vieu system Map

Review Results generated by this module

Pop up to Master Module (i.e. to alter earlier ansuers)
Quit DEX

Figure 9.6 Initial screen of the S0O3 module

The normal sequence of tasks for the system is executed by the Expert
Mode. In this mode the user is returned to the top level after each
stage. This allows the user, for example, to review or alter intermediate
results. In contrast, the Kwik Mode accesses the stages in an
uninterrupted sequence. This makes the consultation faster for a more
experienced user but also reduces the opportunities to change responses

and utilise the hypertext system.

Figure 9.7, illustrates the potential indicators of sulphate attack risk.
The user simply uses this menu to select one or none of the options. If
the user is unsure it is possible to provide further help, in this case in

the form of the sulphate distribution map shown above in figure 9.4.
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Design example Sulphate Attack,
In order to determine if there is any risk of sulphate attack the following
information is required: ?

Is the soil any of the following?
London Clay

Oxford Clay

Kimmeridge Clay

Louer Lias

Keuper Marl

Is the site proximate to either a
colliery tip or
Marshy country ?

Are any of the following used as under—floor £ill7?
Colliery Shale

brick-rubble

ashes or

industrial/mine waste

No Risk

Figure 9.7: Sulphate Risk Indicators

If a particular module requires an input result, it will ask the user for
a value. If, however, the particular variable has already been
instantiated, the module will check the value for wvalidity (with respect
to an appropriate range) and conformity with any relevant constraints.
Thus the modules may be used for passive {code compliance checking) as

well as active design {(design decision making), [Kalay et al, 1987].

Figure 9.8 shows the input screen for the results of a soil test. This
screen closely reflects the actual layout of the left-hand side of table 1
of [BRE, 1981]. This formatted input screen is a better alternative to the
original use of a number of questions to obtain the test type and test

results.
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Design example Sulphate Attack
Select appropriate test result to determine site classification
rigk from Kimmeridge Clay

Class Total S03 S03 in 2:1 S03 in 1:1 In ground-
water . soil water:soil water

(%) axtract g1 axtract g/1 g/1
1 8.2 1.8 1.8 8.3
2 B.2-8.5 1.8-1.9 1.8-2.5 A.3-1.2
3 A4.5-1.8 1.9-3.1 2.5-5.8 1.2-2.%5
4 1.8-2.8 3.15.6 5.p-19.9 2.55.8
5 over 2.8 over 5.6 over 18 aver 5 Cont inue

Figure 9.8: Soil Test Results Input Form

Finally, figure 9.9 illustrates the results of the S0O3 consultation. The
user is presented with a form detailing his responses, earlier information

from other modules and the resulting constraints on the mix constituents

and proportions.



Design example Sulphate Attack;

Tl)ekfollouing information is required for the prevention of sulphate attack
risk:

Cameant type: OPC
Cement Replacement Material: pfa 257 - 48%
Max nominal aggregate size!48mn

These values entail the following constraints on the mix design at class 3:

Minimum cement content: 348Kg/cu m 7
Maximum W/C ratio: 8.58
|

You have entered these as relevent factors
in the sulphate attack prevention for the
concreta. Is this corract?

Figure 9.9: SO3 Results Screen

9.2.5 Representation and Use of Constraints

Once the degree of risk, from sulphate attack for example, has been
classified, appropriate measures can be taken to prevent that risk. This
consists of setting various constraints on the mix parameters as
illustrated above in figure 9.9. The CRYSTAL SO3 module was used to
explore various methods of representing these constraints. It was
initially thought advisable to use a general method of constraint

representation and handling.

Each constraint produced was given a unique number (in sequence) this

number was an index tc a number of arrays representing the various
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aspects of the constraint. Initial attributes that were thought to be

potentially useful included the name of the parameter being constrained,

the value being imposed, the type of constraint (either minimum,

maximum or identity) and the source module. Example constraints from

consideration of sulphate attack are given below.

Constraint:

Parameter:

cement$

agsg

cement

w/c ratio

rep$

rep

rep

Value:

OPC

40mm

270kg/m3

0.8

pfa

40%

25%

Type:

ident

ident

min

max

ident

max

Source:

so3

sod

503

so3

so3

so3

so3

As each area of potential risk generated a set of constraints, this set

was compared with the total set previously generated by other risk

prevention modules. Conflicting constraints were either reconciled

logically or by heuristic strategies. For example, if there were two

constraints both setting a maximum water/cement ratio, from

structural-strength and sulphate attack prevention considerations, the

smaller maximum value becomes the operative constraint.

If this logical reconciliation is not possible it becomes necessary to find

an alternative strategy such as re-running one of the two conflicting

modules in order to generate a new constraint that can be reconciled
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with the old. In practice, analysis of the possible conflicts should
exhaustively identify a small number and a heuristic can be written
detailing how to deal with each conflict in its probable context. This

method is therefore similar to Ferrante’s characteristic error approach:?

information about characteristic error classes enables the
resolution of a specific conflict to be dependent on the

Immediate context of the problem.

The correct response in terms of identifying which module to rerun is
represented by a heuristic rule. In the case of a clash between sulphate
attack considerations and workability requirements it might prove easier
to rerun the sulphate module specifying a more resistant cement that
requires less stringent w/c ratio controls. Since each module has the
ability to run with any of its input and output variables already
instantiated it is a simple matter to have the reconciliation heuristic

supply a suitable compromise value to a contradictory parameter.

This conflict resolution strategy can therefore be seen as collecting a
set of consistent constraints!®. There were a number of problems with
this resolution method. The success of a particular design depends on
the inclusion of all pertinent constraints in the consistent set. The
process of comparing each constraint in a new set against all the others
required a separate dedicated module and was itself time-consuming.

CRYSTAL only has arrays of single type, either string or numeric. This

9 [Klein & Lu, 1989] also recognize the need to use or develop domain
dependent conflict resolution expertise.

10 Quinlan, [1983], describes PONDEROSA, a similar system for finding
consistent sub-sets of a model containing possible contradictions. Quinlan
compares the method with alternatives such as Bayesian and
non-Bayesian uncertainty, (PROSPECTOR and INFERNO).
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entails that the array handling functions must be duplicated and
executed in parallel. This ensures that both string and numeric

constraints can be accommodated.

9.2.6 Further Knowledge Acquisition

Knowledge acquisition for the earlier OPS5 modules was a simple matter
of deriving rules from the text. These rules were limited in scope and
appropriate for the narrow concerns of the individual modules. For
example, the section quoted above in section 7.1 can be interpreted in a

number of ways depending on the requirements of a particular system.

The general significance of the text is that there are a number of
factors that may be present at a particular construction site that may
indicate possible risk from sulphate attack. The OPS5 sulphate attack
system made use of this knowledge in a number of rules that simply

succeeded or failed consideration of the potential risk indicators.

Later versions of DEX have more global data needs. Thus simple
affirmation or otherwise of risk became inadequate. The CRYSTAL version
of DEX, therefore, uses a menu to record the actual source of sulphate
attack risk. Figure 9.7 above, illustrates this menu from the user’s point

of view.

Unlike the OPS5 system, the CRYSTAL implementation uses a global
variable to record the actual source of risk, such as soil, ground-water
run-off or underfloor fill. This information may be used later in the
consultation by other modules. For example, the consideration of steel
reinforcement corrosion risk is based on exposure conditions. These are

given in the following table taken from BRE Digest 263 [1982]:
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Nominal cover to reinforcement

Nominal Cover mm

Condition of exposure Concrete Grade

20 25 30 40 50 and
over

Mild: e.d. completely protected against weather or aggressive 25 20 15 15 15
conditions, except for brief period of exposure to normal

weather conditions during construction

Moderate: e.d. sheltered from severe rain and against freezing - 40 30 25 20
whilst saturated with water. Buried concrete and concrete

contnuously under water.

Severe: e.g. exposed to driving rain, alternative wetting and - 50 40 30 25
drying and to freezing whilst wet. Subject to heavy

condensation or corrosive fumes.

Very severe: e.g. exposed to sea-water or moorland water and - - - 60 50
with abrasion
Subject to salt used for de-icing - - 30 40 25

Table 9.1: Cover required for Structural Steel in Various Exposure
Conditions {(from [BRE, 1982al).

Thus moorland water is a potentially very severe corrosion risk. It is
therefore possible to use the consideration of sulphate risk to assign a
value to a global variable that indicates the location of the construction

site with respect to marsh or moorland.

In a similar manner, the presence of corrosion risk from de-icing salts
may be used to infer that the concrete under consideration is a highway
structure. This is then used in the consideration of AAR risk to indicate
that the structure is particularly vulnerable and that the 3.0 kg Na20

equivalent alkali content limit is inapplicable, [BRE, 1988].

9.2.7 Data Flow Analysis of Domain and Potential Constraint Conflicts

Further analysis of the potential interactions among the modules
covering each risk area resulted in a realisation that there was a

optimum sequence that would avoid potential conflicts. The optimum

agenda is as follows:
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Sulphate Attack
Steel Corrosion
Mix Proportioning

Alkali Aggregate Reaction

The sulphate attack and steel corrosion modules are independent of each
other. Both of these modules must run before the mix design module
because the mix design is dependent on their results. The AAR module
must run after the mix design because it needs to calculate alkali
content of the mix and this requires the mix proportions. In some
circumstances, the AAR module may set a maximum cement content
constraint. In this case the mix design must be rerun with this

additional constraint.

Because of the above considerations the generalised constraint
representation was abandoned in favour of the use of a single variable
for each individual constraint. The results of the data-flow analysis of

the relevant modules is summarised in table 9.2,
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Table 9.2 ignores local control variables and only includes variables that
are used in more than one module. A U indicates user input, a C
indicates the result of an inference or calculation. Conflict is only
possible where there are two modules which calculate or infer the same
value, There are conflicts of this type where SRC and MIX may both
specify an admixture; and SRC (steel reinforcement corrosion) and AAR
both specify protective coatings. Further knowledge elicitation will be
required to gather expertise in order to resolve these possible

conflictsil,

A final conflict may occur when AAR requires a reduction in cement
quantity (cem_g) or increase in cement replacement quantity (rep_q) in
order to lower alkali contents. In this case it becomes necessary to
rerun the MIX module with new maximum cement and minimum
replacement constraints. It is possible to run the module with the
relevant constraints set automatically so the user need not be directly
involved in this redesign phase. The mix design module is described in

the next chapter.

As other modules are added to the system, it may be possible that other
conflicts arise. It is not anticipated that these will require any
techniques beyond those in current use. This method of ad hoc solution
places emphasis on the need for additional knowledge acquisition in
cases of further conflict in order to determine methods of resolution,

{Klein & Lu, 1989].

11 The domain of concrete durability design is not deep in the sense of
a hierarchy of sub-tasks. The entails that it would not be viable to use
the method of failure handling developed by Brown, [1985]). This method
is dependent on a rich use of hierarchical decomposition of the design

task and plans for execution of sub-tasks.
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User S03 SRC MIX AAR
Input
C Admix$ C Admix$ Admix$
U admix g U admix_q admix_q
U Agsg Agg Agg Agg
U air_p U air p
C Cement$ Cement$
C Cem_g C Cem_q
C Coating$ C Coating$
U Exposure$ Exposure$ Exposure$
C Fines_q Fines g
U Floor$ Floor$ Floor$ Floor$
U Form$ Form$ Form$
U Grade C Grade Grade
U G_waters$ G_waters$
U Humidity$ Humidity$ Humidity$
Max_cem C max_Cem
C max_Rep max_Rep
C max WC max_ WC
C min_Cem min_Cem
C min_Rep C min_Rep
C qlOmm q10mm
C q20mm q20mm
C q40mm q40mm
C Rep$ Rep$ Rep$
C Rep_q Rep_q
U Workabil$ Workabil$

Table 9.2: Data Dependencies in DEX

In a few cases there is no definitive determination of a mix quantity, for

example, the amount of cement replacement material is constrained but

not to a unique value. When a figure is required for the mix design

method, the user can be asked to provide a value between the

established limits. Another method would be to subject the alternatives

or range of valid values to a cost analysis and use the cheapest.

9.2.8 Overall Organisation of Modules
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With a number of separate sub-modules each contributing advice for

concrete mix design it was decided to organise them in some manner




whereby a series of sessions with various modules could produce a
coherent set of specifications for an actual mix. The obvious architecture

for such a task was a blackboard.

Blackboard architectures are discussed in chapter 2. A number of
blackboard-based systems such as DESTINY, [Sriram, 1986, 1987a, and
1987b], are described in chapter 4. The organisation of the integrated

DEX system is shown in figure S.10.

Mix Hydrox! lon|
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{___interface via DOS .BAT” Files |
'vh« """"" f----| Data rmgut Toylor"g »»»»» Data_input User """ '
Me*hod | . Paper # iNotes i
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B | i
|| DEX SYSTEM DEX SYSTEM
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etwork Main Menu 1
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1330 §_[Initial 265§ [Tnitial || 1250 & [initial | |
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___________ Risk & L | Risk x
; Classification | 2 Classification | o

o Data inéut »»»»»»»»» { Data inéut
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""""""" Constraints T Constraints
Steel Corrosion AAR

Figure 9.10: DEX Blackboard organisation

The durability modules such as SO3 and AAR correspond to the specialist

level in Sriram’s model. The modules for hypertext support, mix design
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and hydroxyl ion concentration are the equivalent of Sriram’s resource
level modules, [ibid]. Communication between cooperating modules is
performed via a number of blackboard files. Each on-going design

project has a separate file summarising the current state of the design.

In addition there is a working memory file for the actual design in
proccess that is used by each specialist module to retrieve required
input and to post results to the rest of the system. These files are
CRYSTAL system export files. The LOTUS123 resource modules require
individual communication files that present data in formats required by
the LOTUS123 spreadsheets. The interface with LOTUS123 will be

described in the next chapter.

It is possible to configure a PC so that spare RAM is utilised as a
virtual disk., A virtual or RAM disk has the same operational
characteristics as a magnetic disk in that files are written to or read
from it in the normal manner. However the entire disk structure is
stored in RAM. This entails that RAM disk access is very much faster
than a magnetic disk. Thus it is possible to use a file for the common

blackboard memory without the usual drawbacks of file interfaces.

Overall control of the consultation, file management and other general
user support such as facilities to consult individual specialists are dealt
with by the DEX blackboard module. Refer to figure 9.2 for an
illustration of the options that are presented by the blackboard
controller. The DEX module itself, corresponds to Sriram’s strategy level

module, [ibid].

The DEX blackboard module initiates a new design by requesting

information from the user that is required by a number of the durability
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and resource modules. This information includes the placement and
exposure of the concrete being designed. This input form was shown in
figure 9.3. Additional information required results from earlier stages of
the building design process that are not addressed by DEX. These
include considerations such as strength grade specifications, maximum
nominal aggregate size and the use of reinforcing steel or mass

concrete.

A typical collection of this initial information is shown in Figure 9.11

which illustrates a DEX result report.

Dasign exanmple Revwue Resulte
The following information resulting from structural design considerations uas
input by the user:

Form of construction: Mass concrete

Strength grade: 35 N/mmtat 2B days

Vorkability: med—high

Max nominal aggregate size:48mm

The following environmental placement considerations have been indicated:
half-buried
exposed

Figure 9.11: Initial Input Results Screen



DEX schedules the specialist modules in accordance with rules that
reflect the optimum order. DEX has rules that embody a prototypel?
dependency network among the modules’ global variables. This network
arose from the data-flow analysis work presented in section 9.2.7. The
network allows the system to be used for general consultation of any

module in any order.

This ability to allow the order to pursue non-optimum paths through the
specialist modules follows the specification and implementation by Kalay
et al, [1987], of a system which combined passive assistance with active
design. Like Kalay’s system, DEX allows the user to choose any module
but then proceeds to complete any unresolved issues in the optimum

order.

The network also allows the user, at the strategy level, to alter
responses given at the specialist level. As the user calls for a particular
module or alters a response, the system uses the dependency rules to
undo any results further down the dependency chain. This entails that
the integrity of any on-going design is not compromised by conflicting
input or results. Figure 9.12 depicts the pop-up window that informs the
user of the forward-effects of a call to a specialist module out of

sequence.

12 That is prototype meaning not yet fully developed rather than
prototype as a schema for design.
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(Design example DEX U5 1-
Optians:
naiat would you like to change: 7 Effecting:
Exposure Corraosion risk,ARAR risk
Ground level Sulphate risk,Corrosion risk,AAR risk
Concrete type Sulphate risk
Strength grade Corrgsion resistance,Mix quantities
Workabillty Mix quantities
Max Agg =ize Sulphate resistance,Mix quantities
Soil type etc Sulphate risk
cenment type Sulphate resistance,Mix quantities
cement replacement type Sulphate resistance,Mix quantities,AAR resistance
alkali content Corrosion resistance,;AAR resistance
aggregate type Mix quantities,AAR risk
No changes
Mix Design: dove
Trial Mixes: not reqd
AAR: risk from quartzites — negated by low alkali

Figure 9.12: Design Dependencies

An example of a rule implementing the dependency network is given in
figure 9.13. This rule disjunction is executed if the user is altering the
form of construction. The condition-rules sure? and ?yes ensure that the
user is aware of the consequences of altering the form of construction.
If this is the case, the rule sets the form$ variable to a blank string!.
The dependency rule then calls a child rule that initialises all the

variables set by the SRC module.

13 The initialised given$ variable is used to represent the fact that it is
now necessary to rerun the rules that gather the structural design
input specifications from the user.



If there is a site classification of 1 (from the sulphate attack module)

the rule initialises all of the variables set by the S03 module. This rule
is only necessary if the site is class 1 because the form of construction
is only relevant in class 1 soils. Both the dependency rules call further
rules to initialise variables set in modules further down the chain such

as the mix design.

Alter Inputs Sp
< Rule >
!
OR :Test r$="Concrete"
AND :Assign r$:="Sulphated”
* AND sure? Sp
* AND ?yes Sp

(ARA]

AND :Assign given$:=
AND :Assign Form$:=""

* AND initialise SRC results and down Sp
AND :Test Class=1
* AND initialise SO3 results and down Sp

Files [Run {Clear }(Build |[Utilities Quit [[07:53:01 pm I1E

Figure 9.13: Rule Fragment of a Dependency Relationship

Although mechanisms for managing the dependency network have been
created it is not clear that rule-based representation is the best method.
In addition, it will be necessary to conduct further knowledge elicitation

from the domain experts to confirm the results of the original analysis.

As has been explained, it is not obvious that any conflicts will arise
between modules. If however, later additions or alterations do make
conflicts possible, the dependency network might be used to reconcile
these conflicts. Kumar and Topping describe a more flexible method of

representing a dependency network that facilitates dependency directed



backtracking, in order to resolve non-monotonic states such as
constraint violation, [Kumar & Topping, 1990, and 1991], (see chapter 4

for further discussion of this method).

The dependency rules effectively comprise the ability of the system to
perform redesign at the global level. This is in addition to the redesign
abilities of the individual modules at the specialist levels. In practice, in
the domain of concrete durability, redesign has only been required to
offer flexibility to the user rather than as an enforced response to

conflicts.

9.2.9 Testing DEX

Different commentators identify different evaluation criteria for
completed expert system applications. Berry & Hart, [1990], and Preece,
[1990], include maintainability, reliability, validity, user acceptability and
verification Each of these were considered during the development of

DEX.

Verification in conventional software development consists of the formal
proof that the system satisfies its specifications. In practice, formal
verification is impractical for all but the most simple conventional
algorithms. Informal verification determines whether or not the software

produces the output that would be expected from a given input.

Testing of output is an acceptable substitute for formal verification to
the extent that the full range of possible input is considered. The

verification of a system is therefore the primary responsibility of the
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developer. FEach distinct task within each DEX module has been
exhaustively tested and therefore verified during development through

rapid prototyping.

At a higher level, verification entails the consideration of all the
permutations arising from execution of each module in every possible
order and must also encompass the full range of output possible from
each module. The testing of the system would also encompass extraneous
factors such as operating system errors. This level of verification is
appropriate for a system intended for public distribution but is not

necessary for an academic project.

Validation of a system determines the success of the system in meeting
the real-world requirements of the original project. Validation therefore
requires explicit high-level system specifications. These specifications

may evolve during system development.

Validation is therefore the responsibility of the body that commissioned
the system development. This Beta-testing is only possible after the
Alpha-testing or verification phase conducted by the developer.
Validation of DEX by BRE is appropriate if the prototype is a potential
basis for further development and use with more definitive specifications

as a design system, [St. Johanser & Harbidge, 1986].

A second aspect of the periodic Beta-testing at BRE has been the
identification of misinterpretations of the digests. For example an early
version of the AAR module included the contribution of alkalis from
aggregates in the consideration of the 3.0 kg alkali content limit but the
alkalis from aggregateé were omitted from the calculation of the binder

alkali content for compliance with the 0.6% limit.
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The relevant passage from digest 330 does not make it obvious that
aggregate alkalis should be considered when calculating the cement

alkali content:

...Portland cements with an equiv. Na20 (acid soluble) of less
than 0.6% are unlikely to suffer from ASR even In combination

with a reactive aggregate. (pbd)

Other examples of possible misinterpretation arise from cross-module
inferences such as the equivalence of marshy and moorland ground
water for steel reinforcement corrosion and the assumption that the
presence of exposure to de-icing salts entails that the concrete in
question comprises part of what digest 330 refers to as a highway

structure.

User acceptance is obviously determined with respect to the likelihood
that potential users will find the system easy to consult. As a feasibility
study, one of the central concerns of the DEX project has been the user
interface facilities. To some extent the degree of user-friendliness
required of a system can be determined by the developer. If a system is
tedious for the developer to test then it is likely that a user would also

object to the interface.

Beyond these considerations the evaluation of user-acceptance can only
be conducted by further Beta-testing among the intended users. The
DEX project has implemented a variety of interface techniques from
simple dialogue in the early OPS5 systems through forms, menus and
graphics as well as hypertext in later versions. Actual evaluation of the
resulting interface is Beyond the scope of the DEX project as an

academic exercise.
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9.3 Potential for Rule Induction

Induction techniques are attempts to automatically create rules from
tables of example data. As an experiment, the shell Super-Expert!% was
used to induce a set of rules from a table of data relating AAR
performance to sandstone aggregate properties such as density, moisture

retention and shape, [Collins, 1986].
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Figure 9.14: Rules from Induction

14 CRYSTAL has its own induction engine but this must be purchased
separately and the experiment did not justify the expenditure.
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The rule-tree resulting from the induction session is shown in figure
9.14. Each node of the tree represents a decision based on the value of
an attribute. For example, the top node entails that AAR risk
classification is 3 (high) if water absorption is greater than or equal to

11.5%.

A technical and philosophical discussion of induction is beyond the scope
of this thesis, Dr. Collins is in possession of these results but has not
yet been able to express an opinion of their provenance. The general
nature of the inferences implied by the rule-tree is unconvincing. The
most obvious criticism is that the use of exact limits on the values is
unrealistic., The immediate conclusion of this induction experiment is that,
for this data at least, inducted rules should be evaluated by a domain

expert.

9.4 Discussion of the CRYSTAL Prototype

The work described in this chapter was intended as an exploration of
the use of expert system techniques in the domain of concrete durability
design. One practical result of this work is a framework for building
cooperating expert systems in the domain. This framework includes a set
of rules implementing techniques for user-interface, explanation,
durability design control and the use of external softwarel5 This

infrastructure was used for the implementation of the module for the

15 CRYSTAL lacks facilities for modular compilation. Therefore the
commonly used rules must be replicated in each module. As much as 25%
of the rule-base of each module could be implemented as a single shared
object file in a more traditional language such as Turbo-Prolog or C.



prevention of steel reinforcement corrosion. The rapid development of

this module demonstrates the utility of the DEX blackboard architecture

and common rule-set.

The development of the DEX prototype has demonstrated the utility of
the BRE digests as knowledge sources and as models for durability
design. The extension of the system to cover new areas of durability
and less common materials should utilize similar sources. The use of such
material addresses the concern of Clifton et al, [1985], that user
acceptance of expert systems in the domain of concrete durability design

crucially depends on their prior acceptance of the knowledge sources.

Further development of DEX could seek to extend the capabilities of the
system within the limits of the BRE digests. In some cases these digests
have been shown to be incomplete. For example, digest 250 on sulphate
attack, [BRE, 1981], includes a provision that allows for further
relaxation in the cement content and water/cement ratio when the
concrete is to be used for strip foundations and trench fill for low-rise
buildings in class 1 soil. The digest omits to specify the extent of this
permissible relaxation. The digest also fails to provide explicit advice for
increased protection for those cases that are identified as most

troublesome such as ground floors.

As a prototype, the system has potential for use as a teaching system.
Hover, [1985], describes a traditional program for mix design which is
used for training students. The main benefit of a computerized mix
design system is in the ability of the user to make changes in the input
parameters and see the results immediately. This capacity for rapid

exploration of the relationship between input parameters and mix
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proportions emphasises results rather than procedures, [ibid]. In
addition, expert system training aids allow the novice to explore the

logical reasoning underlying expert decisions.

Wwithin the scope of the cases covered explicitly by the digests, DEX may
have practical application as a system anywhere that the source
documents are already used. As a reference or compliance checker the
system would become more useful as more modules are added in other
areas and from other sources such as British Standards. In addition to
this passive use as a reference system, DEX is also able to perform

active design.

At a practical tool for concrete designers DEX is therefore a useful
implementation of design codes in a vein similar to the DURCON system
described in chapter 4. DEX is a valuable development in that it
embodies UK design knowledge. From the details published about DURCON
and the other systems described in chapter 4, DEX would seem to use
more sophisticated knowledge representation and user interface than

existing systems in the domain.

Further additions to the DEX modules could address issues such as
resistance to frost, abrasion and those aggressive substances not
already covered. In addition to extending the knowledge taken from the
digests, and the number of digests covered, DEX could also incorporate
established knowledge about materials such as high-alumina cement,
light-weight aggregates and silica-fume used as a cement replacement

material.

One of the most interesting results of this later work is the analysis of

the data-flow implicit in the digests. The conclusion that arises from this
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analysis, that there is little potential for conflicting advice between the
digests so far studied, is important in that it further illustrates the
utility of the digests as knowledge sources. This result also entails that
there is no need to develop general purpose techniques for conflict

resolution in the domain.

The realisation of the power conferred by hybrid hypertext/expert
systems is the most valuable result of the project described in this
thesis. The use of hypertext in conjuction with an expert system
provides greatly enhanced user support in complex domains. Hypertext
also delivers an attractive alternative to user input through guestions
or forms. The final benefit is the advantage to be gained from the
development of hypertext documents as a supplement to knowledge
acquisition. The brief summary given in this chapter anticipates the

detailed discussion given in chapter 11.
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Chapter 10: DEX Modules in LOTUS123

CRYSTAL includes a wide variety of mathematical functions. It is
therefore possible to use CRYSTAL to program most aspects of the areas
of durability covered by the DEX system. For example, CRYSTAL was
used to implement the hydroxyl ion concentration model described in
chapter 7. This was possible without the use of embedded sub-routines

written in FORTRAN or C.

Although CRYSTAL has this mathematical functionality, the production
rule representation is not the most appropriate method of implementing
some aspects of concrete durability design. Chapter 4 included a number
of references to projects that use tables to implement some forms of
design knowledge taken from codes of practice, for example, [Stahl et al,

1983].

It was therefore decided to investigate the ability of CRYSTAL to
interface with external software applications. CRYSTAL provides standard
interfaces to dBase3, LOTUS123 and structured ASCII files. All three of
these interfaces were used to implement the table relating sulphate soil
classification to mix proportion constraints, from page 3 of Digest 250 on

sulphate attack [BRE, 1981}

As was explained in the previous chapter, the use of the built-in
CRYSTAL interfaces made unacceptable demands on random access
memory (RAM). Although an alternative method was found for
representing the design table, LOTUS123 provided a number of features

that were of potential use in concrete design.
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The nature of spreadsheet use is such that most worksheets are created
by individuals for private, limited circulationl. Fischer & Rathke, {19881,
describe spreadsheets as convivial tools. Conviviality emphasises
software that is both useful and usable by common users rather than
programmers. A number of references describe the use of spreadsheets

in a variety of applications in the broad domain of design.

Brewer, [1987], reports a spreadsheet for concrete mix design?. Dilly et
al, [1987], use a spreadsheet to calculate durability based on strength
considerations. These applications exploit the ease with which
spreadsheets can be used incrementally to generate solutions to complex
calculations. Spreadsheets also provide a means for exploring the effects
of altering input parameters. Intermediate and subsidiary results can be
displayed easily whereas a procedural language tends to obscure these

by-products.

Saouma et al, [1989], note that LOTUS123 spreadsheets constitute a
convenient data entry option. The authors describe a system for code
compliance checking. This system requires a lot of input data. Entry of
this data through a series of questions as generated by an expert
system proved to be tedious to the user. LOTUS123 provides a means of

capturing the initial data through input forms. Spreadsheets are one of

1 Spreadsheets are a mature technology and therefore it is not
necessary to describe common spreadsheet facilities in this chapter.

2 This spreadsheet is similar in scope to that described in section 10.1.
Brewer’s system is based on the ACI committee 211 standard: "Standard
Practice for Selecting Proportions for Normal, Heavyweight and Mass

Concrete".
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the most common computer programs, [Fischer & Rathke, 1988]. Saouma et
al therefore assume that most potential users of the system will be

familiar with the typical spreadsheet user-interface3.

The utility of spreadsheets for training and what-if analysis is
described by Wenzel, [1987]. Skwara, [1987], notes several other
advantages of spreadsheets for structural engineering design. In
addition to those features already mentioned in this section, Skwara lists
the speed of spreadsheets and the ease with which results can be

presented as a variety of charts and other graphical forms.

10.1 Mix Design Spreadsheet

It is possible to view mix proportioning as the top-level goal of concrete
design with durability consideration being relatively minor sub-tasks.
The DEX system takes the alternative view that the proportioning is a
comparatively trivial final procedure that is only possible after
exhaustive durability design. This reflects the emphasis on durability
that was revealed by initial consultations with experts at Aston

University and at BRE.

Each durability module described in chapters 7 and 9 sets constraints

on mix constituents and proportions with respect to potential durability
problems. Teychenné et al, [1988], describe a mix design method which

uses these constraints to provide a basis for the mix proportioning

procedures. This method is based on the same relationship between

3 The safety of this assumption is demonstrated by the fact that the
LOTUS123 user-interface is widely copied by other spreadsheets. The
LOTUS system has become a de facto spreadsheet standard. Therefore if
the expert system user has any spreadsheet experience it will probably
be of relevance to use of LOTUS123.



specified strength and water/cement ratio as that used for the initial
PROLOG mix design system, [Shirley, 1985]. The Teychenné method is
considerable more sophisticated and broader in scope than the Shirley

method.

The method is described as a number of procedures for determining the
various mix proportions based on specified strength and workability.
These procedures are mostly simple arithmetic and data table look-ups.
The method is summarised by a mix design form. A modified version of
this form is given in figure 10.1. The form is intended to be copied and
to be filled in by the engineer as the design proceeds. The mix
proportions presented at the end of the mix design method are the final

results of the entire concrete design process.

The nature of the mix design form suggested its implementation as a
computer spreadsheet. The worksheet itself is divided into a number of
different areas. The presentation area closely resembles the original
design form and it is this area that is reproduced as figure 10.14,
Figure 10.1 shows the state of the worksheet before any data has been
input. The rest of the worksheet is a hidden area containing the

formulas and tables embodied in the mix design procedures.

The initial implementation of the method as a spreadsheet was relatively
complex. The method uses simple arithmetic and data tables for most of

the mix proportioning procedures. However, Stage 1, [ibid], (pl13)}, uses

4 The presentation area differs from the original form in that it includes
the modified tables for air-entrained concrete and concrete with
replacement of cement by pfa or slag. The additional lines of this
enhanced table can be conditionally hidden or displayed depending on
the use of entrainment or cement replacement.
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Concrete Mix design form Job Title:  .ievennes cereessenee .
Stage: Item: Reference or Calculation Values:
1.1 Characteristic spec ... N/mm?2 at  .eeees days
Strength Proportion defective ... %
1.2 Std dev F3 .. Samples..... N/mm? N/mm?
.3 Margin (K= veren ) X = veen N/mm?
or spec e N/mm?
1.4 Targ Mean Str C2 .. Foereon = N/mm?
1.4.1 Air Content vervees %
1.5 Cement Type spec OPC/SRPC/RHPC +
1.6 Agg Type: Coarse Crushed/Uncrushed ........
Agg Type: Fine Crushed/Uncrushed ........
1.7 Free-w/c ratio T2 & F4 }
} use lower value
1.8 {Max w/c) (Spec)  ceveres }
2.1 Slump or Spec slump ......mm or Vebe time ....secs
Vebe Time
2.2 Max Agg Size Spec mm
Prop of pfa Spec
2.3 Water Content T3 kg/m3
3.1 Cement Content C3 / = kg/m3
3.2 (Max Cement) (Spec)  veeenns kg/m3
3.3 (Min Cement) (Spec) kg/m3
use 3.1 if <= 3.2
use 3.3 if > 3.1 kg/m3
3.4 Modified free-w/c ratio
3.6 pfa Content C17
4,1 Relative Density of Agg (SSD) eere@ssumed 2.7
4,2 Concrete Dens F5 271 kg/m3
4,3 Total Agg C4 271 - - = kg/m3
5.1 Fine Agg % passing 600um sieve A
5.2 % Fine Agg F6 %
5.3 Fines Content C5 X = kg/m3
5.4 Coarse Content C5 - = kg/m3
Quantities per m3 Cement pfa Water Fine Agg Coarse Agg (kg)
(kg) (kg) (kg) (kg) 10mm 20mm 40mm
(to nearest 5kg)

Figure 10.1: Modified Mix Design Form

after [Teychenné et al, 1988] (Table 1)
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visual interpolation from a graph for the basic relationship between
strength and water/cement ratio (W/C). The use of this graph is

summarised in figure 10.2.
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Figure 10.2 Visual interpolation in mix design

after [Teychenné et al, 1988] (Figure 4 pl6)
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Firstly, the strength value is obtained for concrete with W/C of 0.5, (1}
This value is plotted on the graph. The engineer must then draw an
imaginary curve parallel to the existing curves that passes through the
desired strength value, (2). Finally, the corresponding W/C ratio is read
off from the imaginary curve, (3). Although this procedure is easy to
describe and to perform, it does not lend itself to computer

representation.

The curves shown in figure 4 of the method and reproduced here as
figure 10.2 are based on empirical data. From the text, it is not clear
how many different factors are included in the relationships. The
relevant factors include specified strength and age, type of cement and
type of aggregate. These factors are therefore qualitative summations of
many lower level quantitative attributes. Thus it is not possible to

represent the curves as contours of some n-dimensional surface.

The strength-W/C relationship was therefore represented by exhaustively
reading the data-points from the given curves. These points were then
tabulated. The spreadsheet makes the assumption that the given data
points are sufficiently close so that intermediate points can be
approximated by linear functions. The engineer’s imaginary curve can
then be approximated by a simple linear interpolation from the given
data-points. The results of this approximation is satisfactory for the
degree of accuracy required by the method and achieves perfect

agreement with each of the examples given by the authors.

The mix design spreadsheet uses a similar linear interpolation for the
procedure given in stage 5. This procedure relates maximum nominal
aggregate size, workability, fine aggregate grading, W/C ratio and the

proportion of fine aggregate. This, more complex, interpolation also
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achieves near-perfect accord with the given examples. The data-base
facilities of LOTUS123 that are required for the interpolation entail that
these procedures would be extremely difficult to implement using

CRYSTAL.

The mix design spreadsheet can be run as a stand alone application. As
such it would be useful to any engineer who uses the BRE mix design
method described by Teychenné et al. The user is able to run the
spreadsheet in two modes. The first mode relies on the user to move
through the spreadsheet supplying the required input values in the
appropriate cells’, The second mode makes use of extensive macros to
automate the input requirements and to ensure the correct completion of

the design.

In the automatic mode it is possible to disguise the worksheet to the
extent that the user need not be aware that he is actually running a
spreadsheet. The DEX system uses the mix design spreadsheet in this
automatic manner. In addition DEX includes a CRYSTAL module that
provides the necessary pre-processing of the mix design input values.
The effect of this pre-processing is to make the spreadsheet completely
invisible to the user. The system runs from CRYSTAL to the spreadsheet
and back again with the spreadsheet simply performing the calculations

and posting the results to the blackboard.

Part of the input requirements of the mix design spreadsheet is the
constraints on various proportions established by durability

considerations. In many cases these constraints are sufficient to

5 As explained above, it may be valid to assume that most users of a
PC-based system would have the require familiarity and skill with
LOTUS123 spreadsheets.
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determine a unique mix design solution. In other cases the user is left
to decide, for example, on the type of cement to be used and the use
and extent of cement replacement materials. The options are presented in
an order that implicitly mirrors the relative cost implications. Addition of
information regarding the price of materials would allow the spreadsheet
to calculate the optimum cost solution, [Brewer, 1987]. This optimisation

is therefore a candidate for future development of the system.

10.2 Hydroxyl Ion Spreadsheet

A VAX C program to implement the Taylor ion concentration model,
[Taylor, 1987}, has been described in chapter 7. It was possible to
translate this model as a CRYSTAL module. In both cases, the complexity
of the concentration prediction algorithm provoked some difficulty in its
realization as a program. During the development of the proposed
CRYSTAL program, LOTUS123 was used to provide a means of analysing

the intermediate steps of the algorithm.

The LOTUS123 hydroxyl ion concentration model was relatively easy to
create and reproduced the results for the four examples given in the
paper. This worksheet was also used to provide sensitivity analysis for
the ion concentration model. Using the spreadsheet it was possible to
graphically illustrate the effects of incrementing various input
parameters. The increase in concentration of the main cement ions over
time is shown in figure 10.3. This figure shows significant agreement
with the calculated results and observed data given by Taylor ([1bid],

p9).
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Figure 10.3: Ion Concentration Predictions

In a similar manner it is possible to use intermediate results of the
calculations to investigate other features of the prediction model, For
example equation (5) of the Taylor paper: F = 1 - exp[-kz * (T-k3)kl}, is
used throughout the model to calculate the proportion of a phase that

has reacted within a given time period, (T).

Each phase has different values for the three k constants. Additionally

the constants are altered by the use of pfa. Hence the effect of pfa



cement replacement on rate of reaction can be graphically illustrated by
iterating the model over increasing time periods. The results of such an

iteration are shown in figure 10.4.

These results are available from the spreadsheet with no additional
calculation or output procedures. To obtain the same results from a
program written in a procedural language such as FORTRAN or C would
have required some modification of the original program for ion

concentration prediction.

The success of the LOTUS123 ion concentration model determined that it
should be used directly by the DEX system. Thus the attempt to
implement the model as a CRYSTAL module was abandoned. In common
with the mix design spreadsheet described in the previous section, the
ion concentration model can either be run directly by a user or
executed by a CRYSTAL module which gathers and validates the required

input.

The potential use of the hydroxyl ion concentration prediction requires
the development of heuristics that match the predictions and aggregate
type to potential AAR performance. It is also necessary to test and
calibrate the implementation of the model against published experimental
results. This work is outside the scope of the expert system research

described in this thesisS.

6 For example, Kollek et al, [1986] report mortar bar results relating OH-
concentration to AAR damage. These results imply that a OH- concentration
of 0.3M at 180 days prevents AAR with Opal. These results would have to
be repeated and verified. The implications for mortar bar tests would have
to be decided for concrete in real environments. Similar results would have

to be obtained for other aggregates
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10.3 Lotus - Crystal Interface

Both the mix design and ion concentration spreadsheets utilise the same

method for interfacing between LOTUS123 and CRYSTAL. Initial
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development of these spreadsheets made use of the proprietary interface
supplied with the CRYSTAL development system. This interface supplies
CRYSTAL functions that can be used to read and write values in cells
contained in the Lotus spreadsheet file. These interface functions were
therefore used in both the spreadsheets and additionally in the

experimental use of LOTUS123 to implement lookup tables.

The CRYSTAL-Lotus interface provides many functions other than those
required for simple data-passing. The interface therefore uses a
significant amount of RAM. On a standard PC system with 640 kbytes of
memory, the interface reduced available RAM to the point where it

became impossible to load and run the durability knowledge-bases.

The simple interface requirements of the LOTUS123 spreadsheets can be
resolved by alternative methods. Communication from CRYSTAL to LOTUS
is accomplished by means of a simple ASCII file created by the CRYSTAL
modules. This file contains the values required by the spreadsheet in a
specific order with one value per line. A simple autoexec macro reads
these values into the spreadsheet through a file import command.
Communication from the spreadsheet back to the CRYSTAL modules is
achieved by another Lotus macro that copies the mix design results into

a template that is formatted as a CRYSTAL exportable file.

A spreadsheet template is simply a group of spreadsheet cells that
performs general operations on changing data. To illustrate, the
interface template is reproduced in figure 10.5. When printed, this
template produces a file in the CRYSTAL export file format. The relevant
CRYSTAL module can then import the values into the appropriate

variables.



*

MIX.kb Thu Oct 25 19:08:06 h1990
EXPORT RULES

EXPORT VARIABLES
Admix$ = "none"
Admix q = 0
Agg = 20
agg dense = 2.60
air p = 0.00
Cement$ = "PBFC"
Cem_q = 360
coarse_f$ = "Uncrushed"
defectives = 0.0
fine_f$ = "Uncrushed"
fine_grade = 70

fine_q = 490
Grade = 35
KB$ = "mix"

margin = 12
max_Cem = 0
max_WC = 0.60
min_Cem = 300

name$ = "Example"
qlOmm = 465
q20mm = 935
q40mm = O

Rep = 0

Rep$ = "none"
Rep g = 0

slump$ = "10-30"
strength = 47
strT = 28

str 8 = 0

Water_q = 155
wet_dense = 2405
work$ = "med-low"

Figure 10.5: LOTUS123-CRYSTAL Export File Template

Each entry in this template is a LOTUS123 formula. For example the
entry for the Water_q variable is +"Water_q = "&@string(water_q,0). This
formula concatenates the string "Water_q" (the name of the CRYSTAL

variable representing water quantity) along with the relevant formatting

- 222 -




string (" = ") and a string representation of the value held in the
spreadsheet range called water_q (formatted to zero decimal places

because the CRYSTAL variable is an integer.

Kumar and Topping compare two methods of providing an interface
between PROLOG and FORTRAN, {1987a). The first of these methods is the
file method adopted for the CRYSTAL-LOTUS123 interface. The authors
found that the method using a direct interface via C was significantly
more efficient than the file method. A direct interface is not feasible for
the DEX system since source code access is not available for either
CRYSTAL or LOTUS123. Fortunately the interface via files does not

appreciably delay the system.

In the present implementation it is necessary to return to the DOS
operating system in order to execute CRYSTAL and LOTUS123 in
alternation. Overall control of the DEX system is therefore accomplished
by means of a DOS batch file. This file iteratively calls either CRYSTAL
or LOTUS123 according to the current stage of the design consultation.
The design stage is deduced from the presence or absence of various

files used to communicate between the two packages.

It is theoretically possible to realise a better command interface. If
sufficient RAM can be reserved, for example by use of expanded memory,
either CRYSTAL or LOTUS123 can load a copy of the DOS command shell
in order to execute the other package. This would enable a direct and

integrated interface between the two systems.
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: D rtext Su rt S

Hypertext is a well established technique for the presentation of textual
and other information. Hypertext can be best understood by contrast
with traditional text representation methods. In a traditional text such as
a book or a plain ASCII file, the information is organized and accessed
linearly. Access to information in a linear text is achieved by reading
through the text in sequence. Cross references are found manually by
use of a table of contents and an index. References may also be found
automatically by searching the document for the required reference

string.

In a hypertext system the text itself may be stored in any convenient
manner. Access mechanisms make use of active links between words or
concepts in any area of the text and related concepts, definitions, notes,
digressions or illustrations from any other area of the text. Additionally,
links may be formed for references between different texts or even
executable code or sound or video devices. Thus hypertext embraces a
range of applications from the help facility of LOTUS123 to full

hypermedia systems.

In his paper introducing and surveying hypertext, Conklin, [1987],

quotes an early definition of hypertext as:

a combination of natural language text with the computer’s
capacity for interactive branching, or dynamic display ... of a
nonlinear text ... which cannot be printed conveniently on a

conventional page._[ibid] (p17)

- 9224 -




Conklin then describes hypertext as being implemented as windows on a
screen. The windows are associated with objects in a database. The
objects in this database are linked by pointers. Details of hypertext
database implementation vary from system to system. In general a
hypertext object-record will consist of a word, phrase or page (or
page-number). In addition there will be fields for links to various other
objects, There may be more than one type of link and therefore more

than one object to link to.

The user of a hypertext system is presented with a series of screens of
information. Each screen is called a page. On each page there will be a
number of key words or phrases that can be selected by moving a
highlight. These words are called buttons. The highlight may be moved
using the cursor keys or mouse or by some other method such as
typing the first letter. The user selects a particular button and the
corresponding link is retrieved from the database and the appropriate
action, or action script, performed. In addition, there will be buttons on

all screens to allow linear movement from page to page.

For example, a screen could have a button highlighting a formula name:
equation(5). This button represents a database object. The object could
have a number of links to different objects:

the general definition of the formula: "F = 1 - exp[-k2 * (T-k3)kl]",

a legend defining the terms used in the formula,

the values of the various constants depending on the current
location in the linear text,

a link to another page that provides an explanation of the origin of

the formula,

general information regarding the use of the hypertext facilities.
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The actual object-link used for the button selected by the user can be
determined by a number of factors. The required link may be decided
by the current location of the user in the linear text. Alternatively the
system may represent different links by different hot-keys. For example,
the @ key has come to be the de facto standard in many systems for a
request for help. Other more intelligent hypertext systems may use some
form of user model to determine the type of link generally required by
a particular user. An ideal hypertext system would allow individual users

to define and retrieve their own personal links, [Carando, 1989].

One of the attractions of hypertext is that links can be pursued in
either direction. For example, it is possible to follow a link from a
reference into that document. It is also possible to move back from the
referenced document to the original document. Additionally, it is possible
to store an arbitrary number of links steps and trace back through the

entire sequence.

Windows are a natural choice for displaying linked text items. Most
hypertext systems use a full screen to display the text in the standard
linear form. Smaller pop-up windows are then used, for example, to
show definitions or illustrations of a selected button. The use of
windows entails that in most systems the selective disclosure of a
number of textual or graphical objects is executed at a relatively low

level by screen-handling functions.

There are a number of disadvantages to hypertext. The most commonly
noted drawback is the possibility of the user getting lost in the

document, [Conklin, ibid]. In other words, the user becomes disorientated
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by a sequence of links between linearly distant sections of textl. Other
problems arise from circular references or sections of the text that
become disconnected from the whole. Carando, [1989], notes that it may

be difficult to retrieve precise facts efficiently from a hypertext system.

These problems are not necessarily intrinsic to the hypertext
methodology and it should be possible to develop systems that avoid
them. For example, the hypertext system may be developed from an
original linear text and incorporate the ability to follow links in either
direction and use an index. In this case most of the drawbacks such as

disorientation and redundant sections of text are circumvented.

Hypertext is therefore a general purpose tool that is suitable for
representing many varieties of textual or graphic material. Hypertext is
particularly suitable for animation of large amounts of reference material
especially if this material is usually distributed among a number of
separate paper publications? The complexity and scope of codes of
practice such as British Standards documents and BRE digests make

these an ideal candidate for hypertext representation3.

One of the most compelling conclusions arising from the investigation of

the expert system implementation of BRE digests is the realisation that

1 This lost feeling may be no more than a bias towards linear thought
styles that dictate that a book necessarily begins at the beginning and
ends at the end.

2 As evidence for the potential benefits of hypertext representation of
reference material it is possible to cite Hillier & Freeman, (1984}, who
report a survey that found that engineers spend approximately 70% of
their time searching for source material. A comprehensive hypertext
system tailored for the particular needs of individual engineers could
dramatically reduce this inefficiency.

3 The extensive diagrams, tables, formulae, footnotes, technical terms,
internal and external references in a PhD thesis would be an ideal

candidate for hypertext animation.
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both the BRE and British Standards Institute would have much to

benefit from developing a standard hypertext system for publication of

codes of practice.

11,1 Hypertext as an Expert System User Support Technique

Chapters 2, 8 and 9 included discussion of issues in the provision of
user support. The conclusion of these discussions is that explanation
facilities are often flawed. User support can be made more sophisticated
by provision of a rich variety of question and answer types; by
modelling the user’s level of expertise or by dressing the explanation in
more natural language, [Savory, 1986, Hughes, 1987, and Gilbert, 1988].
However, in the provision of such facilities it is possible to undermine
the original use of the system to perform design, make diagnoses or as

a front end.

The requirements of a user who presses the F1) button or responds

"Why?" to a question cannot be anticipated and resolved in general,
even by a sophisticated explanation or justification facility. In addition,
the concept of explanation may itself be invalid. Coyne, [1990], discusses
the difference between classical cognitivism and connectionism.
Explanation as used in expert systems, is dependent on the cognitivist
idea that reasoning can be decomposed into logical steps and that it
makes sense to explain reasoning by enumerating and describing each of

these steps*.

4 Although Coyne uses the idea of explanation to illustrate cognitivism,
he states that most AI research is based on the cognitivist ideal. This is
most obvious in the use of rules and inference in expert systems. To
some extent his discussion of cognitivist explanation can be extended to

Al in general.
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Coyne, {ibid], points out that there are in principle several difficulties
with the cognitivist view of explanation. The first difficulty arises from
explanations based on unsound or controversial theory. Coyne also
mentions the problem that each step in an explanation can itself require

explanation. There may be in principle no final explanation of anything.

For example, the explanation for the use of sulphate resisting portland
cement (SRPC) in areas with high levels of sulphate in the soil is that
SRPC contains less than 3.5% tricalcium aluminate (C3A)5. The utility of
cements with low C3A is explained by the propensity for the hydrates of
C3A to react with sulphates and cause damaging expansion. The
explanation can continue by describing the reasons why C3A should
react with sulphates. This explanation can then proceed into a physical
explanation of chemical reactions in general and so on, possibly ad

infinitun®.

The alternative view of explanation is based on the connectionist view of
language as enabling a cooperative domain of interactions {ibid] (p75).
Coyne relates that discourse occurs in the context of groups of people
influencing other groups. The result of this discourse is the underlying
matrix of a particular discipline - the kuhnian paradigm. A more
scrupulous mode of explanation therefore relates a particular decision to

its surrounding milieu.

5 C3A is cement chemists shorthand notation for 3Ca0.Alz0as.

6 Even a full explanation of cement chemistry would still omit to explain
why expansion occurs and why this is harmful to the concrete.
Furthermore, new discoveries in the physics of elementary particles
could add lower levels to the explanation. Although it is not likely, a
scientific breakthrough could falsify the higher levels of the explanatory
theory.
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In the case of the decision to use SRPC, the only sound explanation may
be to restate the actual heuristic in its context. The heuristic, as
expressed in Digest 250, is the simple provision for the use of SRPC in
areas with high risk of sulphate attack because SRPC tends to lessen
the occurrence of sulphate damage. Causal theory is therefore used
neither in the decision to use SRPC, nor in the explanation of that
decision. This mirrors the original emphasis of expert systems that they

embody heuristic reasoning rather than causal reasoning.

The milieu of design decisions is often embodied in codes of practice.
These codes summarise the group experience of committees of recognized
experts, [Clifton et al, 1985]7. The emphasis of the codes is the statement
of heuristic provisions rather than causal theories. Therefore the
justification of design decisions based on codes of practice is grounded
in the code provisions themselves. There is no need for further
elaboration. If an expert system can make explicit reference to the
relevant section of a code or standards document this is sufficient

explanation of its conclusions from inferences based on the standard.

11.2 Use of Hypertext in the DEX System

Much of the knowledge embodied in the DEX system described in the
previous chapters is derived from BRE digests. Initial attempts to
provide user support within DEX made use of large chunks of the
original text to answer queries. In effect much of the justificatory

ability of the early versions was of the variety "X is the case because

digest Y says so'.

7 Refer to chapter 4 where the similarity of codes of practice and Gero's
Prototypes is noted.
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The creation of numerous text extracts was made more efficient by
capturing the original document with a computer scanner device. The
entire text was then stored on disk as an ASCII file. Help screens and
other user support material was placed into the CRYSTAL modules by
elementary cut-and-paste methods. The use of large volumes of textual
material increased the size of the CRYSTAL knowledge-bases beyond

acceptable limits.

In order to reduce the memory demands of the textual support material,
the help screens were removed from the actual knowledge-base and
stored as disk files, with a single screen per file. It was then necessary
to create rules in CRYSTAL to retrieve the appropriate screen of
information in response to particular user queries. The difficulty of
anticipating user needs motivated the creation of CRYSTAL rules that

allowed the user to view screens in any desired order.

The browsing facilities became the basis of a rudimentary hypertext
system: DEX-HT8. Although Conklin, [ibid], describes hypertext in terms
of the data-base paradigm, any other formally equivalent programming
methodology can be used. Conklin himself refers to the resemblance of
hypertext to semantic networks. Thus CRYSTAL rules can be used to
represent the hypertext implications of selecting a particular screen

button.

DEX-HT contains a module for each of the digests used as
knowledge-sources for the durability expert systems, [BRE, 1981, 1982a,
and 1988]. Additional modules cover the BRE mix design method,

[Teychenné, 1988], and the DEX expert system user guide. Each

8 The details of the further development of the browsing facilities need
not be described here.
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document is split into screen sized pages with each page typically
corresponding to one or two paragraphs of text. For example, the text
fragment quoted in section 7.1 from BRE digest 250 corresponds to a
single page of the hypertext version of the digest (this actual page is

illustrated in figure 11.4 below).

The DEX hypertext system incorporates most of the facilities described
in section 11.1 that are commonly found in hypertext systems. The
required techniques have been fully developed and a common core of

rules has emerged that facilitates the addition of further modules.

An example fragment of a CRYSTAL rule is given in figure 11.1. The rule
is part of the knowledge of the hypertext representation of the DEX
system user guide. This rule is fired once the user has selected a
button. The buttons are represented by the string stored in the r$
variable. Thus each rule disjunction tests for a particular response and

executes a particular link action.

The first rule shown in figure 11.1 opens a link to another document (in
this case digest 330 on alkali-aggregate reaction, [BRE, 1988])% The next
link rule opens a small window on the screen and displays an

appropriate form. The final rule moves the user to page 2 of the current

document.

9 The hypertext system stores the page location of the user in each
opened document. If the document is opened for the first time or in a
specific context the system can open an appropriate page.
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Dex Notes Responses Sp
< Rule >
)
OR :Test r$="alkali-aggregate"
AND :Assign mod$:="330"
* AND swop docs Sp
OR :Test  r$="definition"
AND :Test window(10,25,13,58)
AND :Display Form
OR :Test r$="expert system"
AND note page Sp
* AND :Assign page:=2
)
Files §Run jClear [Build ] Utilities Quit §08:58:56 pm IE

Figure 11.1: A CRYSTAL Rule Implementing Hypertext Links

Figures 11.2 and 11.3 show an example DEX hypertext page from the DEX
user guide. The first figure shows the page as it would appear when
first displayed. The user can either move on to another page in
sequence or to an index for the current document. The other available

buttons can be displayed by pressing the return key .

Figure 11.3 shows the result of selecting the definition button (this is

the link action represented by the second rule in figure 11.1).
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I Dex Notes L-

3 What a Hypertext system is =
A hypertext system is a computer program that 'animates’ a body of text
so that, for example, distant but related items can be directly accessed
from each other and key concepts can have directly accessible

def initions and explanations. Typically a hypertext system arranges the
document as a number of ‘cards’ or screens each of which will contain a
number of 'buttons’ which can be activated in order to access other
areas of the document. expand a word into its definition or display a
table or diagran.

Hypertext is thus very useful for making large and complex docunments
easier to read. [t is particularly useful where an activity requires the
use of a number of such documents with many technical terms and cross
referances. Bacause of the very large quantity of textual material in a
gignificant application, hypertext systemns tend to make heavy demands on
computer menonry.

page 3-

[-Press Raturn for scresn buttons and space for index

Figure 11.2: A Hypertext Screen From the DEX User Guide

The use of CRYSTAL to represent links entails that DEX-HT is able to
use all the facilities offered by expert systems in its determination of
appropriate links. It would therefore be possible to make the CRYSTAL
hypertext system intelligent to a greater degree than would be possible
with a purely data-based system. The use of CRYSTAL also entails that
DEX-HT has a number of disadvantages. In many cases the

rule-representation is less efficient than a standard hypertext system.

In order to keep the expert system knowledge-bases within acceptable
size limits, all the hypertext rules are contained in separate rule-bases.

This means that there is some delay while the system moves between
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I Dex Notes L=!

3 What a Hypertext system is ==
A hypertext system is a computer program that 'animates’ a body of text
so that, for example, distant but related items can be directly accessed
from each other and key concepts can have directly accessible
definitions and explanations. Typically a hypertext system arranges the
document as a number of ’cards’ or screens each of which will contain a
nunber of buttons which can be activated in order to access other
areas of the document. expand a word into its|IEJUFMMer display a
table or diagram Map
Hypertext is thus veryldefin’ ition, n. statement of theflex documents

easier to read. It is Jprecise meaning of a tern ity requires the
use of a number of suc rms and cross

refarences. Because of the v material in a
significant application, hyp| Next Screen | Previous |eavy demands on

conputer memory

page 3

I-Pm:ss Return for screen buttons and space for index

Figure 11.3: The Result of Selecting a Hypertext Button

expert system and hypertext modes. It would be preferable to have the
hypertext system run as a memory-resident program, simultaneously with

the expert system proper.

The main advantage of using CRYSTAL to implement DEX-HT is that the
hypertext can be used as an alternative to the standard sequence of
questions in the consultation with the DEX expert system (DEX-ES). The
hypertext facilities are supplemented by an additional type of button
that instantiates one of the global variables used in DEX-ES. This
variable can then be posted to the blackboard file using the same

techniques as the expert system modules.
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Figure 11.4 shows a page from digest 250 , [BRE, 1981]0, The user is
able to select buttons that instantiate variables for soil-type, run-off,
ground-water contaminants or underfloor fill. In the figure the user has
highlighted the button indicating the possibility of contamination of
ground-water by run-off from a colliery tip. Once the user selects a
button, DEX-HT pops-up a small question window that ensures the user

is aware that he is providing input that may be used in inferences.

JDIGEST258L=

Occurrence of Sulphates ==

Sulphates occur mainly in strata of London Clay Lower lias
Oxford Clay Kimmeridge Clay and Keuper Marl . The most abundant
salts are: 7

Calcium sulphates (gypsum or selenits)

Magnesium sulphate (Epsom salt)

Sodium sulphate (Glauber’'s salt)
Sulphuric acid and sulphates in acid solution occur much less often
but might be found where pyrite in the soil is being slowly oxidised,
for exanmple nearm and in marshy country As uecll as
occurring naturally, sulphates are sometimes present in materials
such as colliery shale used as fill baneath solid concrete
groundf loore. Moisture from the ground carries the salts to the
underside of the concrete which is then attacked leading to expansion
and cracking of the floor and the surrounding structureg (see Digest
222). Brick rubble particularly with adhering plaster, ashes and
some mine/industrial wvastes are potential sources of damage by
sulphate attack.

Next | No Risk | Previous

page 3

lPress Return for screen buttons and space for index

Figure 11.4: Hypertext as a Means of Obtaining Input Values From the

User

10 The data input buttons on this screen are green on a colour screen.
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It would be possible for the user to use DEX-HT almost exclusively for
the consideration of durability risks. DEX-ES would still need to be

consulted to determine the constraints required for risk prevention.

A final year undergraduate project in the department of civil
engineering at Aston University has recently addressed the possibility
of using the Apple Macintosh Hypercard language to create a hypertext
system with design capabilities, [Howard, 1991]. This project
demonstrated the feasibility of such a system in a domain restricted to
partial consideration of sulphate attack, alkali aggregate reaction and

steel reinforcement corrosion.

The results of such a brief project cannot be conclusive. However, the
system demonstrated the feasibility of using the hypercard language for
the representation of digests. This representation included photographs
which could not be reproduced in the DEX-HT system. The hypercard
project also succeeded in the determination of design constraints from

digest provisions.

This system was, however, entirely passive. The onus was on the user to
provide appropriate input and to access the cards where the resulting
constraints were indicated. In addition the hypercard system has limited
calculation abilities and would have needed to use a spreadsheet or
other external language for the calculations required for the mix

proportioning.

11.3 Hypertext as A Methodology for Expert Systems Development

The creation of hypertext documents entails that the developer becomes

familiar with the organisation and conceptual structure of the original
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text. Additionally, the creation of the hypertext links instils an
awareness of the inferencing and computational implications of the

knowledge contained in the document.

Links are identified as the developer becomes more aware of the key
concepts of the document. For example, links may be suggested by the
multiple occurrence of several words and phrases in various parts of a
digest (and perhaps in other documents). Therefore the creation of links
in turn increases the familiarity of the developer with the domain by

unfolding a vocabulary of key concepts.

Breuker et al, [1985], note the need for an interpretative framework to
facilitate the transformation of knowledge into an expert system. Collins
et al, [1985], state that it is necessary for a knowledge engineer to
undergo an apprenticeship in a domain before developing an expert
system. To some extent the creation of hypertext links provides both the

required framework and the apprenticeship.

The practical result of the realisation of a fully animated hypertext
document is that the developer acquires some degree of expertise in the
domain covered by the documentll. To the extent that codes embody
much of Gero's Prototypes, the knowledge engineer is absorbing the
Prototype in the creation of the hypertext document. Thus hypertext
development serves as a foundation for the knowledge acquisition
required for the creation of an expert system in the domain. This is
particularly true if the hypertext facilities are implemented with the

intention of subsequently developing an expert system.

11 A possible supplement to the manual extraction of knowledge from
code texts would be the automatic creation of a knowledge-base through
natural language analysis of the text, [Rasdorf & Parks, 1987].
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The major conclusion arising from the creation of the DEX-HT modules is
that hypertext can make several important contributions to expert
system development. Firstly, hypertext can provide a philosophically
sound means of supporting the user in the expert system environment.
Hypertext animation of support text can be used in addition to or

instead of standard expert system explanation and justification facilities.

Hypertext can also be used as a supplement or addition to standard
expert system interface techniques such as inference driven questions
or input forms. In certain cases it may even be preferable to have the
expert system knowledge representation and inferencing completely
embedded in a hypertext system. In this case the user conducts a
consultation by moving through the appropriate hypertext pages and

selecting the necessary buttons.

Finally, hypertext development is a valuable addition to standard
knowledge acquisition techniques. The discipline of identifying and
creating links provides the knowledge engineer with a sound basis for

further specific knowledge acquisition.
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i Chapter 12: Conclusions

The introductory discussion in chapter 1 outlined a number of goals that
would guide the completion of this project. Later chapters have
described the attainment of these substantive goals. These goals are

summarised by the following list:

* Knowledge acquisition and analysis of data and task flows for the

domain of concrete durability design.
* Identification of research issues in expert system applications

* Realization of an expert system for concrete design through the

successive development of prototypes in number of sub-domains.

¥ Evaluation of expert systems methodologies through successive
prototypes developed in an Al language; a higher level language

and an expert system shell.

* Demonstration of the utility of BRE digests as knowledge-sources.

A description of the basic elements of expert systems in terms of
architecture and techniques was developed into a selective enumeration
of issues of current interest in expert systems applications. These issues

include:
* Use of uncertainty
¥ Combined use of rules and frames and other representations
* Use of mathematiqal and other deep knowledge

¥ The knowledge acquisition bottleneck
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*¥ Techniques for user support facilities such as explanation

¥ Provision of sophisticated user interface including minimal
keyboard use and uncluttered screens and the use of both passive

and active graphics

A number of theories and models of design have been described. This
discussion was intended to serve as a background for the description of
existing design systems given in chapter 4. The material in chapters 3
and 4 also provides a foundation and context for the development of a

concrete durability expert system.

Several commonly noted features of design are listed below:

* Goal directed search or exploration

* The search space is generated by the design objectives

* This space is then restricted by design constraints

¥ There is no guarantied optimal solution.

¥ The design process may be amenable to analysis in terms of

generic tasks.

* The use of these generic tasks could simplify the creation of

design systems.

* The synthesis of design solutions within the search space is
characterized as the recursive synthesis of lower level components

of the design

* The design itself is described by the set of instantiated variables

at the lowest levels of this component hierarchy
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*¥ The knowledge required for design can be chunked into prototypes
which include various types of knowledge such as heuristics,
previous experience, vocabulary, evaluation criteria and design

plans.

* Design systems incorporating the above features of design are

often based on a blackboard architecture.

* Within the blackboard, modules can be classified at three levels.

¥ Strategy modules plan and control the design.

¥ Specialist modules embody expertise in particular areas of the

design process.

* Resource modules can be used either by the system or by human
designers to perform low level tasks such as compliance checking

and interfacing to analysis routines.

¥ Additional modules may be required at any level to handle failure
of any design step, for example through constraint violation or

conflict.

* Another hierarchy within such design systems reflects the

relationship of structural components.

* The lowest level of this hierarchy is selection of specific materials.

A brief overview of concrete durability issues concentrated on the three
main problems covered by the project: sulphate attack (S03), steel

reinforcement corrosion (SRC), and alkali-aggregate reaction (AAR).
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Additional sections cover mix design and other considerations such as
design life. The overall impression of concrete durability knowledge is

that it is unstable and fragmentary.

The conclusions of the chapter on concrete design therefore prescribe
the potential uses of expert systems in the domain. Concrete durability
systems should be limited to the scope of the provisions set out in
accepted codes of practice. These codes embody the sum of the
relatively certain knowledge in the domain. Extension beyond these limits
would reduce the confidence of the system’s conclusions and expose both
the knowledge engineer and the domain expert to unacceptable legal

liabilities, [Sales & Topping, 1985, and Blum, 1986].

Chapter 6 presents the development of simple PROLOG expert system for
basic mix design. Chapter 7 describes other prototype systems written in
another AI language, OPS5. These systems incorporate knowledge from

BRE digests on sulphate attack and AAR. These prototypes established a

number of considerations for further work in the domain.

Although PROLOG could be used to write a program that creates mix
designs, this program could not then be used for another problem such
as ensuring resistance durability problems. Each durability problem
would require either a different system or significant extension of the
mix design system. The development of the PROLOG mix design system,
therefore, entailed the development of most of the features normally
expected in an expert system shell. This was required in order to give

the system greater generality.

Each of the OPS5 durability modules incorporates a common sequence of

tasks. This sequence is implicit in the BRE digests used as knowledge
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sources., Each durability module therefore conducts a consultation by
seeking initial indicators of risk; evaluating the risk; and then setting
appropriate constraints on the mix design to negate the risk.
Additionally the consultation can include a redesign cycle. This can
either occur because the precautions do not immediately negate the risk
completely or because the user wishes to alter a response or a

specification.

OPS5 was used in the hope that this would reduce the amount of
development effort required to investigate the use of expert systems
techniques in concrete design. Despite being a tool designed specifically
for expert systems development, OPS5 provides limited expert systems
facilities. In particular OPS5 lacks the sophisticated user interface
functions that are increasingly expected of computer applications in

general and expert systems in particular.

Both VAX PROLOG and OPS5 lack the mathematical functions that many
engineering expert system applications require. It is possible to
interface these languages to other languages that provide mathematical
capabilities, [Kumar et al, 1987a], However, the use of more than a single
language on a mainframe can entail considerable implementational
difficulties. Even if indirect interfaces are used, through disk files for
example, the solution is still unsatisfactory because of the potential

maintenance and distribution problems.

It was possible to draw on the conclusions of previous chapters in order
to consider those features that are desirable in a shell for use in design
systems. The problems of objective evaluation of shells are discussed.
Despite these problems it is possible to establish some criteria for shell

evaluation. In the light of the experience with shells available within the
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research group and the specific evaluation of a number of shells the
CRYSTAL system was chosen for the further investigation of expert

system techniques in the domain.

The most important of the technical criteria are included in the following

list:
* Suitability of inference engine with respect to design
* Ability to implement a design/redesign cycle
*  Ability to easily integrate modules to reflect problem decomposition
* High degree of mathematical functionality
* Ability to interface to other packages and languages

* Development environment that automates the edit/compilation/run

cycle and generally facilitates rapid prototyping
* User environment that encourages user acceptance specifically
* Colour and graphics to highlight important input and output
* Minimal screen clutter and keyboard use
* Overall speed of operation.

The remaining chapters recount how CRYSTAL has been used to develop
an integrated system for the consideration of the major durability
problems covered by BRE digests. The DEX system includes enhanced

CRYSTAL versions of the original OPS5 durability modules as well as an
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additional SRC module. These modules are organised under a blackboard
architecture. The final expert system module is responsible for

controlling the sequence of the durability and other modules.

In addition to the durability modules the system incorporates a
LOTUS123 spreadsheet that implements the BRE mix design method. This
method combines the constraints arising from the consideration of
durability problems. This integrated system, DEX, has progressed to the
Beta-test stage. Evaluation and possible development of the system has

now been passed on to BRE.

The development of the DEX system is described through a series of
experiments with various methods of implementing some of the expert
system facilities described in chapter 2. Other implementational
investigations sought to capitalise on the positive features of the shell
that correspond to the criteria for evaluation and which enhance its use

in the domain.

An extensive analysis of the data flow properties of the DEX system
revealed that there was little possibility of constraint violation or
conflict. The potential for conflict can be handled on a ad hoc basis with
the domain experts providing rules for conflict resolution where this is

not obvious from the context of the conflict.

Chapters 7 and 10 outline the implementation of an algorithm that
embodies Professor Taylor’s model of hydroxyl ion concentration, [Taylor,
19871. The LOTUS123 version of this model can be interfaced to the
DEX-ES system and could, in principle, be used as a resource module by

the AAR specialist. This would presuppose the successful testing of the
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model against a significant volume of experimental results. Additionally it
would be necessary to incorporate expertise that related the ion

concentration prediction to potential AAR performance.

Chapter 11 discusses the conceptual and implementational issues of
hypertext. The combination of hypertext and expert system paradigms is
the paramount achievement of the DEX development project. Hypertext is
an ideal medium for BRE, BSI or some third party to use in the

publication of codes of practice.

Hypertext is also proposed as a sound method for providing user
support within expert systems. The use of hypertext for user support
reflects the realisation that the concrete durability knowledge contained
in digests and codes of practice is essentially heuristicl. It is therefore
disingenuous to develop explanation facilities, for example, that go

beyond the level of restating the code provisions.

Within the expert system environment, hypertext provides a means of
supplying the user with the background information to just the level of
detail and in any order he requires within the scope of the source
matériel, Furthermore the development of hypertext animation of a
document provides the knowledge engineer with some degree of expertise
in that portion of the expert system domain covered by the document.
Thus the creation of a hypertext system is good preparation for the

development of an expert system based on the same material.

1 Codes of practice are summaries of the design experience of the
members of the committee responsible for establishing the code. Codes
are therefore compiled heuristic knowledge, [Hickman, 1986]. This is
precisely why they make good knowledge sources.
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The DEX system therefore includes both expert system modules (DEX-ES)
and hypertext animations of the source digests (DEX-HT). DEX therefore
exhibits a higher degree of sophistication in areas such as knowledge
representation and user interface functions than existing systems such
as DURCON. This hybrid system is proposed as a useful tool for the
training of students. The most useful feature of the system in this
respect is the ability to explore rapidly the global effects of changing
input parameters. DEX-HT provides useful support for students

investigating the problems of concrete durability.

Additionally, DEX could be used in design practice as an alternative, or
as a supplement, to the source digests, [Clifton & Oltikar, 1987].
Obviously the use of DEX in such circumstances presupposes that it
successfully passes the assessment by BRE. Further development of the
system could then be undertaken to increase the number of digests

covered by DEX-ES and DEX-HT.

Additional documents could be included in DEX-HT to broaden the scope
of the user support facilities. Development could also seek to include
knowledge that is outside the scope of BRE digests. Noting the caveat in
the conclusions of the literature search in concrete durability, it is
technically possible to include knowledge-bases that would deepen the
ability of the system to reason beyond the limits of the codes of

practice.

A different direction for development of the DEX system might arise as a
result of the Beta-testing of the system by BRE experts. The creation of
the knowledge-base and hypertext links has already brought to light

some minor problems with the digests themselves. Several of the authors

cited in chapter 3 and 4 note that codes of practice are prone to logical
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and other errors such as inconsistency, incompleteness, and ambiguity.
One of the results of the DEX project therefore may be that the digests
themselves can be improved by the process of implementing them as

knowledge-bases, [Reboh, 1983].
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Appendix A: Hydroxyl Ion Concentration Prediction Algorithm

Full Procedure covering both cases of mixes with or without cement

replacement with pfa. Adapted from the algorithm given by Taylor, [1987]
0. Prompt for time in days (T in formulae to follow)

Majority of steps involve calculation of equation(5) with appropriate

constants:
F = 1 - exp[-k2 ¥ (T-k3)kl]

1.1. Prompt for total weight of Na20 = naZo_total

Prompt for weight of Na20 present as sulphate = na2o_sulph

or use default value

naZ2o_rest = na2o_total - naZ2o_sulph

1.2, Ask if the distribution of remaining Na20 is known

If so prompt for each in turn (and check they add up to 1.0!)

If not defaults (PHASE fract) are given in Table 11,

1 There is a slight simplification here in that it is not mathematically
necessary to calculate the weight in each fraction by multiplying each
fraction by na2o_rest as Taylor says. After simplification this
multiplication can be performed once only at a later stage.



Alite Belite Aluminate Ferrite

Na20 content (%) 0.17 0.27 1.05 0.06
K20 content (%) 0.14 0.79 0.97 0.07
Na20 fraction 0.44 0.17 0.36 0.03
K20 fraction 0.29 0.41 0.27 0.03

Table 1: Assumed contents of Na2z0 and K20 in individual clinker phases
and fractions of the total non-sulphate Na20 and K20 assumed to occur

in those phases.

1.3. Apply equation(5) to each phase in turn using the constants ki,
k2 and k3 given in Table 2 (along with the necessary
modifications for the effect of pfa replacement) to calculate each

PHASE F.

Multiply each result by (1 - (R / 100)) where R is the
percentage replacement of cement by pfa.

Calculate for each phase: PHASE na2o = PHASE_fract * PHASE_F

1.4. Calculate na2o_released = naZo_sulph +
na2o_rest * { alite_naZo +
belite _na2o +
alluminate _naZ2o +

ferrite_naZ2o )

1.5. Repeat steps 1.1 to 1.4 for K20 with appropriate defaults
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Quantity represented by F

ki1 k2 ks
Fractions hydrated; alite 0.25 0.70 0.90
belite 0.46 0.12 0
aluminate 0.28 0.77 0.90
ferrite 0.26 0.55 0.90
Bound Water
(fraction of 31.6 g / 100 g cement) 0.25 0.69 0.90
Ca in C-S-H and AFm phases
(fraction of 791.0 mmole / 100 g cement) 0.25 0.56 0.90

Table 2: OPC hydration: values of the constants assumed in the empirical

Equation (5), for age T in days.

F =1 - expl-k2 ¥ (T-k3)k1],

2. If R > 0 Prompt for weight fraction of glass in pfa

Calculate A = G ¥ R where R is as above

Calculate pfa_react = A * equation(5)

3. If R > 0 Prompt for total Na20 & K20 in pfa (= Nt)

Ask if fractions present as sulphates are known (= Ns)

If so prompt for them otherwise use default values

- 280 -



4. Calculate pfa na2o_released g = ((Ns * R} + ((Nt - Ns) * A / G)) /

100

total_naZo_released g = pfa_naZo_released g + nazo_released ¢

Calculate total _na2o_released_m = total_na2o_released g * 1000 /

622

5. If R> 0 Repeat 4. for Kz0.

6. Calculate volume of bound water: Vb = Vbl + Vb2

Vb1 = 31.6 * (1 - R/100) * equation(5)

Vb2 = 0.17 * pfa react (step 2)

Calculate volume of pore solution: V = (100 * w/b) - Vb

where w/b is the water/binder ratio

7. If R > 0 Calculate P = (1 - R/100) * R909 ¥ equation(5)

Else Calculate P = equation(5)3

2 As this is a figure in grammes it is necessary to convert it to a
figure in mmoles:
divide by the molecular weight of Na20 (23 * 2 + 16 = 62)
multiply by 1000

3 Intuitively, this should not be necessary. It should be possible to use
the 'with pfa’ formulae in cases without pfa substitution with all terms

involving R ( = 0) simplifying to the formulae given for cases without

substitution
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8. Calculate concentration of Na' in the pore solution.
CNa*= Mr / ( V + (b ¥ P) + (b’ * A))
Where b = 31.0 & b’ = 3.0
Mr is total naZo_released

A is pfa_react

9. Repeat step 8. for K* where b = 20.0 & b’ = 3.3

10. Calculate CS04— = 0.06 * (CK* + CNa‘*)2
Calculate COH- = CNa*+ CK' - (2 * CSO4-)

COH- is the concentration of Hydroxyl ion in the pore solution.
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Appendix B: Reviews of Expert System Shells

1st Class, [Adeli, 1988] [Vedder, 1989] [Palmer & Mar, 1988]

Advisor-2, [Vadera, 1989]

APES, [Allwood et al, 1987]

ART, [Adeli, 1988] [Gilmore & Pulaski, 1985] [Vadera, 1989} [Jackson, 1986]

Duck, [Gilmore & Pulaski, 1985]

EMYCIN, [Adeli, 1988]

ENVISAGE, [Allwood et al, 1987] [Born & John, 1986] [Chidley et al 1987]

ES/P ADVISOR, [Allwood et al, 1987] [Koskela et al, 1986, 1988]

ESE, [Adeli, 1988]

EX-TRAN7, [Allwood et al, 1987]

EXPERT, [Adeli, 1988]

EXPERT-EASE, [Adeli, 1988]

EXSYS, [Palmer & Mar, 1988] [Vedder, 1989]

GURU, [Palmer & Mar, 1988] [Vedder, 1989] [Koskela et al, 1986, 1988]

INSIGHT 2, [Koskela et al, 1986, 1988] [Adeli, 1988] [Paimer & Mar, 1988]

K-craft, [Gilmore & Pulaski, 1985]

KAS, [Adeli, 1988]

KEE, [Adeli, 1988] [Gilmore & Pulaski, 1985]
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KES, [Allwood et al, 1987] [Palmer & Mar, 1988] [Gilmore & Pulaski, 1985]

M.1., [Adeli, 1988] [Gilmore & Pulaski, 1985] [Saouma et al, 1989]

MicroExpert, [Shaw, 1989]

P.R.O. [Vadera, 1989]

Personnal Consultant Easy, [Vedder, 1989]

Personnal Consultant Plus, [Palmer & Mar, 1988] [Vedder, 1989]

ROSIE, [Adeli, 1988]

RuleMaster, [Gilmore & Pulaski, 1985] [Adeli, 1988]

S.1., [Adeli, 1988] [Gilmore & Pulaski, 1985]

SAGE, [Allwood et al, 1987] [Chidley et al 1987]

SAVOIR, [Allwood et al, 1987] [Shaw, 1989]

TESS, [Allwood et al, 1987]

The Deciding Factor, [Adeli, 1988]

TWAICE [Savory, 1986]

VP-EXPERT, [Palmer & Mar, 1988]

Xi, [Allwood et al, 1987]
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