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Abstract

This thesis is about a particular type of problem-solving, based on the discussion which
occurs between experts when addressing difficult problems. We term this activity
argumentation. Argumentation is characterised by its interactive or social nature, and
is based on the construction, criticism, justification and modification of arguments.
In this thesis we present a model of argumentation, and evaluate an implementation’s
utility for decision support where the system is placed in the role of a colleague to its
users.
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Chapter 1

Introduction

1.1 Introduction and Goals

This thesis is about a particular type of problem-solving, based on the discussion which occurs
between cooperating experts when addressing difficult problems. This form of problem-solving
is characterised by its interactive or social nature and by the existence of differences of opinions
among experts, and is based around the construction, criticism, justification, and modification of
arguments. We describe this activity as argumentation (argumentation: “debate, discussion,
disputation”, from the Oxford English dictionary [Syk76]), and the type of problem-solving as
eristic problem-solving (eristic: “the art of disputation” [Syk76]).

This work was originally motivated by the difficulties we encountered in applying normal ex-
pert system techniques to the task of geological appraisal of hydrocarbon prospects (ie. potential
sites of oil and/or gas). These included the following:

e Petroleum geology is a complex, potentially unbounded domain in which all the necessary
knowledge cannot be represented in the computer.

o Geologists often disagree, making it difficult to identify the ‘correct’ knowledge for problem-
solving.

¢ Geological expertise changes with time, posing problems for maintaining a system’s knowl-
edge base.

In addition, the desired role of the system differed from the normal expert system role of ex-
plainable problem-solving: geologists desired not so much a system to provide solutions but one
which would help them construct and improve their own assessments of risk.

Partly as a result of these characteristics, geologists frequently meet to discuss particular
geological problems they are working on. Argumentation among geological experts is an integral
part of risk assessment, serving several purposes which contribute to better decision-making
including: alerting experts to extra relevant information, exploring alternative opinions, checking
consistency, identifying focal points for further analysis, and updating each expert’s knowledge.

The goals of this work, then, were to develop a practical computational model of this process
and to evaluate an implementation’s utility when placed in the role of a colleague to the experts.
In this way, the computer acts as a partner rather than an oracle, and can usefully contribute
to discussions by exploiting its special capacities for memory and computation.

1.2 Thesis Overview

This thesis is set out as follows. First, we establish the place of eristic problem-solving within
the broader context of Al research. We identify it as a particular type of cooperation between
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the computer and user, and highlight its purpose, benefits, and the functions which are required
to support it. We overview Al techniques related to our goal, and identify a number of domains
whose characteristics suggest an eristic approach could be usefully applied. In Chapter 2 we give
a general review of three additional areas related to argumentation and our application domain,
covering expert systems in the oil industry, decision-support systems, and hypertext approaches
to argumentation. We also review issues in evaluation of these systems to provide the context
for evaluating this thesis work.

In Chapter 3, we present a model of argumentation, developed as part of this work, based on
earlier ideas by Toulmin. The two objectives of the model are that:

1. It supports the argumentation functions we have identified, so that an implementation can
usefully participate in eristic problem-solving alongside experts.

2. It is practical, ie. can be implemented so that non-computer-skilled users can use it away
from the laboratory environment.

We argue for its ability to meet these objectives, and in Chapter 4 we present one way in which
this model can be applied. The application is called Optimist, and assists with the task of
geological risk assessment. In Chapter 5 we empirically evaluate the implementation using data
from its use by geologists over the past twenty one months. Following this, we discuss the
generality of our argumentation model and its potential for application in other ways and in
other domains.

A glossary index is provided on page 146 for the reader’s benefit. A brief index is also given
on page 147.

1.3 Models of Problem-Solving

To establish the place of eristic problem-solving within Al, we present two contexts in which it
can be viewed. First, as an alternative model of problem-solving. Second, as a development of
expert system technology, building on the now better understanding of its scope and limitations.

Placing argumentation in this first context, Al can be loosely described as the study of com-
putational models of problem-solving. A number of approaches to problem-solving can be iden-

tified:

The Autonomous Expert Approach: Many Al systems are based on the metaphor of a
single, autonomous expert solving problems by virtue of his or her extensive and possibly
informal knowledge about the domain. Problem-solving is seen as the application of a
number of heuristics or ‘rules of thumb’ to reason from known facts to a conclusion. We
could loosely describe this as a heuristic model of problem-solving. Well-known examples
include Mycin (for diagnosis and treatment of infectious diseases) [Sho76], Prospector (for
evaluating prospective mineral sites) [DGHS81], and Internist (for diagnosis in internal
medicine) [MPM82].

The Rule-Book Approach: Some problems require the application of an already existing
body of rules to reach a conclusion. These rules may be legal statutes, company proce-
dures, physical constraints etc., and have already been determined by some authority. We
describe this as a bureaucratic model of problem-solving, and examples include R1 and
XCon (for configuring computers to meet system requirements; XCon also included heuris-
tic knowledge) [McD82], the system by Sergot et al. (for encoding the British nationality
act) [SSK*86], and the system by Hammond (for reasoning with the DHSS regulations)
[Ham86].
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The Domain Simulation Approach: Some Al systems solve problems by simulating the ap-
plication domain’s behaviour rather than the reasoning of an expert. This approach mod-
els problem-solving as a formal analysis of the domain. Examples include many planning
systems (eg. Strips [FHN81], Nonlin [Tat77]), and qualitative modelling techniques (eg.
[BML89, Pea88, SM89]). Many problem-solving techniques in engineering adopt this ap-
proach (eg. finite element analysis).

Cooperative Approaches: Cooperative models are based on a view of problem-solving as
essentially a collaborative process, in which a number of experts plus the computer work
together to solve a problem. Cooperative models can be seen as adopting a wider view of
problem-solving, in which the complete problem-solving system is not just the computer
but also the users and environment in which it is embedded.

We distinguish two complementary styles of cooperation:

Distributed problem-solving: in which different experts work on different sub-problems,
the results combining into an overall problem solution.

Eristic problem-solving: in which experts work on the same overall problem, interact-
ing to produce an overall solution. This type of communal or social problem-solving
is based on the interaction of different, possibly conflicting chains of reasoning.

This thesis is about the latter style of cooperative problem-solving: each expert works on the
same overall problem, cooperation occurring by the experts discussing and exchanging opinions
so that the solution they arrive at together overcomes the limits of any individual’s knowledge.
An analogy would be a committee meeting to discuss solutions to a particular problem.

1.4 The Autonomous Expert System Model

1.4.1 Introduction

A second context in which eristic problem-solving can be viewed is that of the ongoing devel-
opment of expert system technology. It can be seen as adopting a broader view of those expert
systems intended for use by other experts, in which the overall problem-solving system is the
collaborating group of experts, the system acting as a colleague within that group. In this role,
the system not only has to solve problems but must also be able to interact, argue with, and
respond to other experts who may have alternative opinions.

The value of adopting a broader view of the role of expert systems beyond that of the au-
tonomous problem-solver (the ‘replacement expert’) is now well recognised, and stems from the
greater understanding of the scope and suitability of expert systems gained from experience
of application builders. We now briefly summarise this experience. Qur points are that the
autonomous expert system’s role is clear but bounded, and that a number of important issues
must be addressed to extend its scope.

1.4.2 The Development of Expert Systems

Expert systems are largely based on a model of the autonomous expert solving a problem by
a combination of extensive knowledge and deductive inference. During the 1970s and 1980s,
substantial work on expert systems was conducted, founded on this model of problem-solving.
The early years were characterised by a number of successful and influential laboratory achieve-
ments, demonstrating for the first time the feasibility of capturing aspects of expert reasoning
within a computer. Examples include Mycin [Sho76] and Prospector [DGHS81].

Following these achievements, the 1980s saw a rapid growth in commissioned expert systems.
However, while a number of remarkable successes were achieved, surveys also reveal high failure
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rates from this period. Johnson’s 1984 survey of over 180 commercially-targeted systems reveals
that less than 20 achieved commercial success [Joh84], and a later survey in 1987 showed the
failure rate remained high [DHS88]. Earlier claims of the general applicability of heuristic expert
systems came under strong criticism (eg. [Whi88]).

1.4.3 The Scope of Application
Containment of Knowledge

Further experience led to a greater understanding of the scope and appropriateness of systems
based on the ‘autonomous expert’ model.

Most significantly, this model demands that all the knowledge required to solve the problem
can be adequately represented. We describe this constraint as requiring containment of knowl-
edge, that we can identify, bound, and represent all that we need to know to adequately solve
the required class of problems in the domain.

Numerous application builders have established guidelines for identifying domains in which
containment is likely to be possible. Buchanan [Buc85], for example, cites the criteria that:

e the domain should be bounded (the relevant concepts and relationships are enumerable in
a practical way),

o there should be general agreement about the required knowledge, and
e the problem should be relatively easy to solve.

Other application-builders have established remarkably similar criteria. Following his survey of
commercially targeted systems, Johnson cites that successful applications were generally those
for simple but non-trivial tasks (taking about ten minutes for an expert to perform), where the
expertise was well understood and where the application system was small (taking less than 6
man-months to build) [Joh84]. A more recent report for the Alvey directorate in 1988 similarly
concludes that applications should be small, simple and well understood, and experts should
be in agreement about the solutions to the problem. A survey of commercial ES successes in
24 companies [And89] also reaches similar conclusions. Principles such as these have become
established guidelines for many in deciding where ES technology is most likely to be successfully

applied (eg. [CCT85, Lie89, Pre89b]).

The Role of The System

A related characteristic of the ‘autonomous expert’ model is its oracle-like behaviour, ie. its
ability to describe chains of reasoning but not to input and assimilate new knowledge. The
requirement for the containment of knowledge is partly a consequence of this characteristic.
Systems based on this model are thus best suited to tasks where knowledge can be adequately
captured and where its explanations are not expected to be challenged by users.

1.5 Cooperative Models

In practice, almost all ‘autonomous’ expert systems can also be viewed as cooperating with
people within the broader context of their application environments. This fact, and the better
understanding of the scope of expert systems, has resulted in further direct study of issues of
cooperation. Cooperation is beneficial as it allows the computer to operate in ‘ill-structured’
domains, domains where the expertise required for problem-solving cannot be completely rep-
resented, as the user can validate the system’s performance and supply missing knowledge.

We earlier distinguished two complementary styles of cooperation (Section 1.3), namely dis-
tributed problem-solving and eristic problem-solving. As analogies, consider the cooperation
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between builders constructing a house (some working on the roof, others the walls, others the
wiring etc.) and the cooperation between a committee of experts.

This distinction is important because the issues and benefits of each style differ considerably.
We now summarise the major issues for and benefits of each, and their relation to other relevant
Al research areas.

1.5.1 Distributed Models of Cooperation
Benefits and Issues

While ‘distributed problem-solving’ is often used to refer to cooperation within the computer
(eg. parallel processing), we use the word more generally to refer to a type of cooperation
between the computer and its user(s), the problem-solving burden being distributed between
them.

Distributed cooperation offers one solution to the problems of applying computers in ill-
structured domains, based on specialising the role of the computer to constrained, computation-
ally feasible sub-problems which exploit the computer’s relative strengths (calculation, memory,
search). This is beneficial as the user’s problem-solving skills are augmented by computer sup-
port.

Important issues for distributed problem-solving (both with the user and within the computer)
include:

¢ Burden-sharing (how to divide work on the problem),

e ldentifying new support functions which the computer can perform (for human-computer
cooperation),

e Control of distributed work on a problem, and

e interaction (computer-computer and human-computer).

Areas of Research

One form of distributed problem-solving is when the computer acts as a tool for the user,
performing specialised sub-tasks which may be too time-consuming or difficult for the user to
solve alone. Work on decision-support systems (DSSs) falls into this category of cooperation,
characterised by the use of analytical decision models to provide important information to users
[KM90]. Many expert systems also act in this role, performing specialised, knowledge-based
tasks for the users such as offering advice (eg. Rex [And89]), search (eg. Dendral [BF81))
and report compilation (eg. Foenix [And89]). These systems often support extra functions in
addition to explainable problem-solving, eg. sensitivity analysis, or answering ‘what if” questions.
Recently the combination of Al and DSS techniques has been studied, providing DSSs with
additional capabilities for knowledge-based reasoning. These systems are sometimes referred to
as knowledge-based decision support systems (KB-DSSs) [KM90].

An alternative form of distributed problem-solving is one where the user assists the computer,
the user being asked to solve parts of the problem beyond the scope or ability of the machine.
Examples include systems by Mackworth for remote sensing [Mac89], and by Niwa for risk
management [Niw89, Niw86].

1.5.2 Eristic Models of Cooperation
Benefits and Issues

Distributed cooperation avoids some of the problems of ill-structured domains by specialising
the computer’s role to solving feasible sub-problems. In contrast, eristic cooperation addresses
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these problems directly by involving the computer in the process of argumentation. This offers

an alternative way of applying computers in these domains, the computer’s assistance focussed

on the interaction of different, possibly conflicting lines of reasoning. This is beneficial as the

computer again has particular strengths to offer in this process (memory and search).
Important issues for eristic problem-solving include:

o Identifying and handling conflict,

¢ Representing multiple lines of reasoning,

o Justification and exchange of information, and
o Adaptation.

We examine these issues in more detail in Section 1.6.

Areas of Research

We briefly summarise relevant areas of research here. In Section 1.6 we describe the strengths
and limitations of these approaches.

Many Al systems which are targeted for use by experts can be viewed as eristic: the expert
is not expected simply to adopt the system’s conclusion, but at least to check that the system’s
conclusion is correct. Thus two lines of reasoning — the computer’s and the expert’s — are
interacting here during problem-solving.

In some domains, supervised problem-solving can offer time-saving benefits by the com-
puter quickly solving problems under supervision from an expert. For example, the systems
Garvan-ES1 [CHQ"89] and by Srinivasan et al. [SCM*91] both assisted medical experts by
automatically generating diagnostic reports following their automatic (supervised) diagnoses of
patients.

Alternatively, the computer can be used to provide the user with information to help in his
or her problem-solving. While one simple method is simply to present a ‘second opinion’ to the
user, there are also alternatives which enable information to be provided in a more focussed way.
One approach is for the computer to critique the expert’s solution rather than generate its own
(sometimes referred to as a critiquing approach), eg. Oncocin [LS83]. Another approach is
to use ‘multi-expert’ knowledge-bases where different expert opinions are stored separately,
and the user can explore those opinions of most interest to him or her eg. by LeClair [LeC85],
and as speculated on by Reboh [Reb83].

Eristic cooperation involves not only problem-solving, but also justification and adaptation in
the light of new information. These two processes are central to argumentation, and involve a
focussed, two-way exchange of information. This allows the user to benefit from the computer’s
resource of knowledge, and the computer to improve that resource for the future. For justifica-
tion, there are many ways of supporting decisions besides the normal expert system explanation
techniques. Alternatives include using statistical evidence and the use of precedents (the area of
case-based reasoning). For adaptation, work on learning apprentice systems has examined
the task of the computer learning directly from the user during problem-solving.

We now examine these areas in more detail.

1.6 Eristic Problem-Solving

1.6.1 Motivation and Functionality

Argumentation involves a number of processes compounded together, including reasoning, ex-
planation, justification, interaction and adaptation. All of these are useful in a system, and a
system which could support them all would clearly be desirable. Indeed, a general solution to
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these issues would solve a number of the major problems in Al. The issue here is thus not to
argue that such processes are generally useful, but to identify the functions they must support
for the particular task of assisting experts in complex domains (alternative tasks include knowl-
edge acquisition, psychological modelling, machine learning etc.). The identification of these
functions acts as a guide to how the processes can be simplified to a manageable level, a goal
which we wish to achieve with our model of argumentation.

We identify the following benefits which we would like a system’s functions to support:

e To identify the strengths and weaknesses in an argument.

o To alert the arguer to relevant information he or she may be unaware of.
e Using that information, to improve the consistency of decisions .

o To help experts to articulate arguments.

e To offer alternative or overlooked interpretations of data.

e To explore other opinions.

e To rapidly identify areas of disagreement, and locate the causes and reasons for that
disagreement.

e To communicate knowledge, thus updating the knowledge of the receiver.

There is considerable motivation for involving the computer in this process by virtue of its
capacity for memory and calculation:

1. Facts and records of reasoning in the computer are persistent, ie. do not fade or become
forgotten with time.

2. The computer’s capacity for routine search allows arguments to be thoroughly checked
and explored .

In these ways, the computer can valuably assist experts by extending their resources of knowledge
and reasoning.

1.6.2 Design for a System

There are several ways an argumentation system can be constructed. Here we describe and
justify the general approach taken in this research, and identify the functions which a system
must support to provide the benefits listed in the previous section. This provides a framework
for surveying related work and a set of requirements which a suitable argumentation model
should meet.

The system’s knowledge used to construct an initial argument can be seen as a particular model
of an opinion about the domain, which may then be argued about with the user. One possible
design for a system would be to encode a particular model (eg. based on a particular expert)
which the system would then use and keep up-to-date through argumentation. However, in this
thesis we adopt a different approach in which the system maintains several models representing
the viewpoints of different users. During argumentation, a single model of opinion is selected
(usually that of the current user) for the system to adopt and argue from.

This design decision — that the system works with a model of the user’s opinion rather than
develop its own opinion — is novel and important. In particular, if the user disagrees with the
system’s conclusion (using the model of his or her opinion) it implies either

1. the user is being inconsistent, or
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2. the system’s model is incorrect and needs updating, or

3. while the model is generally correct, there is some idiosyncrasy of the current problem
which the user knows about but the system is unaware of (it is not currently represented
in the system). This acts as a cue for the user to provide the missing information.

Thus this design decision provides several advantages:

1. Dialogue is focussed on the user’s opinion, ie. exactly that which the user requires assis-
tance with.

2. The system quickly acquires a representation of the user’s opinion about a particular
problem, on the grounds that correcting the system’s ‘first guess’ is easier for the user
than entering his or her entire argument from scratch.

3. Given this representation, the system can subject it to analysis for supporting and con-
flicting evidence, ‘arguing’ with the user using the results.

4. It provides a natural means of knowledge maintenance: the user’s corrections of the system
(even after dialogue) are in fact corrections to its representation of his or her opinion.

5. Different opinions can be adopted by the system for comparison.
Thus a system based on this particular design is required to support the following functions:
¢ To construct arguments.

e To argue for (and against) a particular line of reasoning by exploiting the availability of
data and knowledge within the system.

e To compare and contrast different arguments, identifying where disagreements exist.
e To represent and maintain models of different experts’ opinions about the domain.

¢ To maintain a comprehensive record of all arguments created by users.

1.6.3 Related AI Techniques

We now describe related areas of work which meet or partially meet these requirements.

Critiquing Systems

One function of argumentation is to identify the strengths and weaknesses of an argument.
Expert systems have limited ability to analyse users’ reasoning as their dialogue is focussed
solely on their (the systems’) own reasoning (they are ‘egocentric’). To overcome this, an
argumentation system first needs to be aware of the user’s opinion.

One step in this direction is to adopt a ‘critiquing approach’. Instead of offering a decision or
piece of advice, critiquing systems accept the user’s decision or plan and subject it to critical
evaluation. One example of a critiquing system is Oncocin [LS83] for cancer therapy. Originally
the system produced advice in the normal expert system fashion, but it became a source of
annoyance to the users to have to override the system every time it produced wrong or inadequate
recommendations. To overcome this, the system was modified to criticise the therapy plan of
the user, locating differences between the user’s and system’s plan. While this was a small
change to the system’s design, it improved its acceptability. Another example is Attending, for
anaesthesiology management [Mil84].

Several points about critiquing systems should be made. First, these systems overcome the
egocentricity criticism of a normal expert system, as the computer is focussed on the user’s
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solution and not solely its own. They mark a step towards eristic problem-solving as dialogue
is now guided by the interaction of two lines of reasoning (the user’s and system’s). Second,
however, the system still has only limited knowledge of the user’s opinion as he or she enters
only his or her problem solution and not the reasoning underlying it. This limits the analysis
the system can perform about the user’s opinion. Finally, it assumes the user can express his
or her solution to the computer in a form it can understand. While this may be acceptable for
a problem solution, it may prove difficult if the user was also required to express the reasoning
behind that solution to the computer directly. We hope that our alternative approach will ease
these latter difficulties, in which the system first generates a solution using a representation of
the user’s knowledge, and second the user challenges and/or corrects the system.

Multi-Expert Systems

A requirement of our argumentation model is that different opinions are represented separately,
and that they can be compared and contrasted with each other.

Several authors have suggested modelling different expert opinions by keeping several sepa-
rated knowledge-bases. In LeClair’s system [LeC85], different expert opinions were stored by
simply tagging rules with their owner’s name, and the user could then explore the consequences
of applying different experts’ knowledge to the known facts. Similarly, towards the end of the
Prospector system’s development, Reboh speculated on encoding separate models of expertise
for each expert and then using sensitivity analysis on these models to identify the most significant
points of disagreement. From this analysis, suggestions and advice to the user can be generated.
We discuss this in more detail in the context of oil exploration systems in Section 2.2.4.

While keeping multiple, separate knowledge-bases is a straightforward idea, two problems still
remain. First, it is a potentially time-consuming task to construct several knowledge bases if
each must be engineered separately through interviews with different experts. In Prospector,
for example, it took over a year to encode only a limited portion of a single expert’s knowl-
edge [Gas80]. Second, even given several knowledge-bases have been constructed, substantial
difficulties remain for comparing and contrasting their reasoning. A means of overcoming these
difficulties is a necessary part of a practical argumentation model.

‘Learning Apprentice’ Systems

Another requirement we make is that models of users’ opinions can be easily maintained by the
users themselves. This seeks to overcome some of the problems caused by the static nature of
knowledge within expert systems (‘the fossilisation problem’ [Stu87]). Some research in knowl-
edge acquisition and machine learning has addressed this. In particular, ‘learning apprentice’
systems learn through experience gained during normal problem-solving and are thus of direct
relevance.

An early ambitious example of a learning apprentice is the rule-based system Teiresias [Dav77].
If the user disagrees with the system, the focus of the disagreement (a rule or missing rule) is
located by debugging techniques and the problem corrected by the user adding or deleting rules
or conditions in a rule’s premise or conclusion. However, Teiresias had a number of limitations
preventing its use on real-world problems, the major one being the translation of the users
corrections, expressed in natural language, into Teiresias’s rule language.

Two more recent systems for run-time knowledge acquisition are the classification systems
Protos [BPM89, BPW90] and Srinivasan et al’s system [SCMT91]. Both allow the user to correct
the system, the user providing/selecting corrections expressed directly in a constrained, artificial
language. In Srinivasan et als’ system, a methodology called ‘ripple-down rules’ is used, whereby
the user selects appropriate refinements to a knowledge-base from a list of possible refinements,
the list being generated by the system comparing correctly classified and misclassified examples.



10 CHAPTER 1. INTRODUCTION

Other learning apprentice systems have sought to improve efficiency rather than alter knowledge
by learning at run-time (eg. LEAP [MMS90]).

Again, a number of points of relevance should be made. First, the general learning problem
is extremely difficult to solve. The systems above achieved some practical success (in itself a
major achievement), but were dependent on an adequate, bounded vocabulary being provided
for the users to use, constraining their scope of application. Second, their objectives (knowl-
edge acquisition) differ from ours (supporting experts). As a result, issues such as comparing
and justifying opinions are not addressed. While the ripple-down method, for example, could
be adapted to refine separate knowledge-bases for each user, comparisons across the resulting
differing knowledge bases would still pose a problem as discussed in the previous section.

Justification and Case-Based Reasoning

Finally, argumentation involves justifying as well as presenting (‘explaining’, in earlier expert
system literature) a line of reasoning. This involves locating and presenting supporting evidence
for some knowledge. There are many different types of support, for example statistics, analogy,
precedent, etc. Wick and Slagle identify as many as seventeen types [WS89]. The use of cases
(specific instances of solved problems) as evidence plays a role in many of these, and work on
case-based reasoning has highlighted the value of cases in this role [RVA84].

We wish to draw on these techniques to provide justification facilities. This requires that not
only general knowledge is stored, but also databases of cases are maintained and exploited as
sources of evidence supporting or contradicting that knowledge.

1.7 Application Domains

Before presenting a model of argumentation which could meet our requirements, we turn our
attention to possible application domains in order to illustrate the practical as well as theoretical
relevance of an argumentation approach.

We have stated that eristic problem-solving can be seen as an extension of, rather than a
replacement for, a conventional expert system methodology. The essential characteristics which
may make a domain intractable to the standard approach are:

o Lack of agreement between experts, and discussion between experts forming an important
component in decision-making

¢ Inability to represent all the necessary knowledge
¢ Knowledge changing over time and with experience

This research was motivated by the particular task of risk assessment in hydrocarbon exploration,
a domain which has these characteristics. We now briefly describe this and some other domains
which have similar characteristics, and which could be suitable for the application of an eristic
approach.

1.7.1 Risk Assessment in Geology
The Risk Assessment Task

An important geological problem is that of risk assessment in hydrocarbon exploration. Geolo-
gists refer to this as prospect appraisal. In the context of this thesis we use the terms prospect
appraisal and risk assessment as synonymous estimating the probability of finding hydrocarbons
at a particular location. However, it should be noted that the overall exploration risk depends
on other factors also, such as estimating the expected volume of hydrocarbons, the recovery rate
(ie. the proportion of hydrocarbons extractable) and the hydrocarbon quality.
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The task of prospect appraisal is formidable. It takes several months to gather, process and
interpret the appropriate seismic and well log data, and involves numerous discussions among
experts as to what the appropriate likelihood of hydrocarbons should be. The reasoning is
complex, involving activities such as seismic pattern recognition, spatial reasoning and mental
visualisation of 3D rock structures, and their likely behaviours over time. The petroleum geolo-
gist David Hawkins cites a “conservative list” of the disciplines involved as including geophysics,
seismology, mineralogy, log analysis, sedimentology, stratigraphy, paleontology, geochemistry,
and statistics [Haw83]. Additionally, substantial experience of previously appraised prospects
in the same geographical region is essential.

During appraisal, experts often meet to discuss interpretations and opinions. These inter-
actions are motivated because experts have limited experience (there is more relevant data
available than any one expert can completely internalise). In addition, they “don’t know what
they don’t know”, ie. they do not always know what other relevant information might be avail-
able. Thus by presenting an opinion to a fellow geologist they are also testing the scope of their
own knowledge, seeking to ensure they have considered all relevant information and interpreta-
tions. This distinguishes eristic interaction between experts from the other type of interaction
which occurs, when the expert simply asks another for a specific piece of information (a kind of
‘database lookup’).

Argumentation also serves another identifiable purpose, namely to help a geologist articu-
late his or her reasoning. The geologist can be viewed as reaching an opinion partly through
methods difficult to articulate, eg. visual pattern recognition, mental geometrical matching of
prospect structures etc. In our interviews, geologists often mentioned their ‘gut feeling’ about
the prospect, referring to conclusions they had reached in ways difficult to articulate. Thus
the expression of an argument can be viewed as an attempt to translate this reasoning into a
communicable form, and argumentation with other geologists can indicate weaknesses in this
translation process.

Thus several points can be made about this domain. Firstly, it is complex, involving processes
beyond Al’s current state-of-the-art to adequately represent. Secondly, it is controversial and
disagreement is common. Finally, discussion and argumentation among experts play an integral
part of the risk appraisal process, fulfilling several important functions described above.

Al Approaches

We make some brief comments about the way existing geological expert systems have tackled
this domain. In Section 2.2 we provide a more detailed review of these and other systems.

First, prospect risk appraisal is only one task of many in the energy industry, and the majority
of successful geological expert systems have addressed other, better-defined tasks — in particular
data analysis and presentation tasks (eg. Foenix [And89] and Biomarker [WG91] for geochemical
analysis and report generation, Geologix [And89] for helping geologists link up rock strata, and
by MacCallum et al. [MBS88] for inspection scheduling).

A smaller number of systems have been applied to this particular task of geological risk
assessment, but have addressed different issues to those we have identified in this thesis. In
particular, the knowledge representation issue has been an important focus, examining how risk
assessment knowledge can be represented and combined. The systems SPII-2 [LMCP87] and
Explorationist studied the use of fuzzy logic and a modified Bayesian technique respectively for
encoding and propagating risk estimates, the work intended primarily as studies of knowledge
representation techniques rather than focusing on their integration into a geological exploration
environment.

The well-known Prospector system [DGH81] also pioneered important Bayesian techniques
applied to several tasks, including risk assessment, in mineral exploration. Prospector success-
fully demonstrated that models whose conclusions closely matched those of an expert could
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be constructed, but encountered some of the now familiar hurdles when integrating it into an
exploration environment. “It is rather common for geologists to disagree among each other”
Gaschnig reports [Gas82], and at that time optimistically hoped that discussion of Prospector’s
models among geologists would serve to “smooth out” such disagreements. Later, the authors
speculated on a number of techniques in which Prospector could be better integrated in the
eristic environment of mineral exploration, including enhancing its use for distributed coopera-
tion (eg. case retrieval functions [Dud80], sensitivity analysis [Gas82]) and eristic cooperation
(eg. representing multiple opinions [Reb83]). However, by that time resources had expired, and
Prospector was reported in 1984 to have been “largely left on the shelf” since 1980 [Joh84].

1.7.2 Business Decision-Making

The business domain shares many characteristics with the risk assessment domain. An analysis
by Premkumar [Pre89a] cites, among other characteristics, that

e the problems are not well-structured
o the knowledge domain is not well-defined
e incomplete and probabilistic information is used

e the acquisition of knowledge is evolutionary and continuously modified and refined with
experience to suit new circumstances

e expertise is distributed among multiple experts requiring integration

The majority of successful systems applied to this domain have acted in the role of assistants,
ie. adopting the distributed approach to cooperation with experts. Decision support systems
have been reported to have been particularly successful, allowing analytic decision models to
provide extra information to assist decision-makers eg. Finsim, providing financial simulation
and analysis to support decisions [KM90], by Nishikawa et al., providing analytic tools for
inventory planning and control [NNSN86], and by Malmborg et al. [MBKS87] for maintaining
stocks of spare parts.

1.7.3 Financial Marketing

Kastner at al. [CAGT86] report work in applying expert systems to the domain of financial
marketing. Again, this domain has characteristics making a normal expert system approach
difficult. They write

“This domain differs from the great majority of previous expert system domains in
that there are no well-defined answers (in the traditional sense); the goal here is to
obtain satisfactory arguments to support the conclusions made” p71

Again, the authors identify the importance of the computer not as problem-solver but as an
extended information resource. They write

“A typical financial marketing problem frequently has no one solution. There might
be no definitive answer to a problem. The issue is not merely a question of computing
financial optimality. The importance lies not only in the answer you provide but
also in the explanation and justification that you use to back the answer. For this
purpose, it is important to generate a convincing financial argument that strengthens
the selling of the answer.” p71

Again, the authors adopt a model of distributed cooperation in which their system, FAME,
provides specialised expertise for guidance and planning.
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1.7.4 Legal Reasoning

Legal reasoning and legal expert systems have received considerable attention in the Al literature
[Ris89]. Again, there is not always a universally agreed on right answer and expert opinion will
differ. This disagreement and argumentation among legal experts is recognised as an integral
part of law, with institutions (eg. courts) established to formally handle these.

Study of law in AI has focussed not so much on finding the best legal answer but on the legal
argumentation process itself. Here, argumentation and the search for pointers to previously
unconsidered, relevant evidence is recognised as part of the problem-solving process, with the use
of legal precedents playing an important role. Example systems include Hypo [RVA84, ARST]
which seeks to generate useful hypothetical examples for consideration in a legal case, and
Taxman which searches for appropriate ‘deformations’ of a current case to help match it with
an old case [MS82].

Legal arguments are complex, and the majority of Al work in this area has focussed on the
specialised task of case representation and retrieval rather than full argumentation. Although
this domain is an obvious candidate for an eristic approach, substantial issues of knowledge
representation would need to be addressed further. This domain would seem a good advanced
test for an eristic system.

1.7.5 Architectural Design

In their study of the architectural design process, Klein and Lu highlight the cooperative nature
of the task [KL89]. Again, there is no one identifiable right way of designing architecture, and
they argue that the process of discussion and conflict resolution among experts constitutes an
important part of the problem-solving process.

1.7.6 Archaeology

Archaeology is a domain which involves not only routine analysis but also much interpretation of
available data. Stutt [Stu87] gives a detailed description of reasoning in this domain, highlighting
its semi-formal nature and the limitations of the autonomous expert system in this domain. He
gives a detailed exposition of the eristic or argumentation approach as a model of problem-solving
which can overcome these limitations.

1.8 Summary

Thus we have identified argumentation as a particular type of collaborative problem-solving,
fulfilling a number of important roles for reasoning in ill-structured domains. We now give
a general review of several related areas of work, namely expert systems in hydrocarbon ex-
ploration (our chosen application domain), decision-support systems, and hypertext systems
for argumentation, to identify how they address issues of argumentation and reasoning in ill-
structured domains. We describe their contribution to our goal and their relationship to this
thesis work, and discuss issues of evaluating such systems. The argumentation approach can be
seen as a natural progression of work in these three areas; we present our model of argumentation
in Chapter 3.



Chapter 2

General Review

2.1 Introduction

In the previous chapter we presented argumentation as a particular style of cooperative problem-
solving. We introduced several Al technologies related to argumentation — critiquing systems,
multi-expert systems, learning apprentice systems, and case-based reasoning — and examined
their strengths and weaknesses for use in argumentation. We also introduced a number of appli-
cation domains where argumentation and conflicting opinion have been identified as significant
factors in expert problem-solving, namely risk assessment in geology, business decision making,
financial marketing, legal reasoning, architectural design, and archaeology.

In this Chapter, we provide a general review of three areas. First, as the original motivation
for this work arose from experience in the oil exploration domain, we review software and Al
methods applied in the oil industry and their relevance to our proposed approach. Second, as we
are interested in argumentation as means of supporting decision-making, we review the relation
of work in decision-support systems (DSSs) to our goal. Third, we survey hypertext approaches
to argumentation, a technology allowing structured, open-ended documentation of arguments.
We discuss their strengths and weaknesses for decision-support.

Finally, we discuss the difficult issue of evaluating such systems. This provides the context
for our evaluation in Chapter 5.

2.2 Expert Systems in the Oil Industry

2.2.1 Introduction

Our goal is to develop a practical model of argumentation, and evaluate its application taking
oil exploration as a target domain. The purpose of this section is to explore our goal from the
viewpoint of this application. There has been substantial development of software and expert
techniques in the oil industry. Here we review their scope, relevance, and contributions to our
objectives.

First, an important point should be made. The oil industry is wide and diverse, spanning
an enormous range of disciplines (eg. geology, engineering, mathematics, process control, mi-
crobiology). Applied systems all deal with specific sub-areas within this field, and thus the oil
industry should be thought of as a context for application rather than an application domain in
its own right.

Because of the diversity of applications which the oil industry encompasses, we first provide a
brief but comprehensive summary of expert systems and related software for this industry, and
then identify and review in more detail those of particular relevance to our application area.

14
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2.2.2 Overview of Expert Systems in the Oil Industry
Introduction

This overview is divided into three parts, summarising published systems by the oil companies
BP and Shell, and then from the general literature. The two company surveys provide a useful
picture of practical expert system application within them, complementing the overview of
other commercial and academic research. Following this we characterise the type of application
they are targeted at, the degree of success they achieved, and their relation to the application
motivating this thesis.

BP International

BP International’s Information Systems Services have developed a number of expert systems,
ranging from assisting in oil platform design to small one-off programs for specific problems. We
summarise those described in the literature below.

GasOil was developed by BP for the design of vessels for separating gas, oil, and water. The
application was inductively generated from 3500 examples [SMZ86].

The Multiflo system assists production and petroleum engineers to select the pressure drop
correlations of the output from subsea wells [And89].

The jacket weight estimation system, by BP, calculates the structural weights of offshore oil
and gas platform jackets, using a large number of rules and equations [And89].

The burner fault diagnosis system assists in the identification of problems on process com-
bustion equipment, ensuring combustion to specification [And89].

Machtex is a system integrating a database package and vibration analysis facilities to provide
a complete off-line machinery monitoring application [And89].

Dyce ECS provides screen-based advice to non-specialists who might be called on to cope with
an event needing emergency services co-ordination [And89].

BioMarker was designed to help geochemists identify the depositional environment of a rock
from its biological ‘signature’. The system is akin to a hypertext encyclopedia of different
biomarkers and their identification [WG91].

Shell Research

Similarly, we summarise documented systems developed by Shell.

Foenix was designed to assist in the interpretation of and reporting on hydrocarbon samples,
following geochemical analysis in Shell’s laboratories. The system interprets the analysis,
held on a conventional database, and produces reports using desk-top publishing techniques

[And8&9].

Geologix helps geologists link up rock strata in different wells, facilitating oil field development

[And8&9].

Dentix was designed as an intelligent front end for algorithmic software assessing collision
damage to offshore oil platforms [And89].

The seismic parameter selection system was intended to assist in the choice of parameters
for a particular seismic processing step, developed using rule induction techniques [And89].
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The solids control system designs an optimum process for treating drilling mud [And89].

Ressix was an intelligent interface to gas and oil reservoir simulators, aiming to help petroleum
engineers perform simulations [She87].

General Literature

Denvad identifies the depositional environment of a given rock formation, using well logs, their
lithological interpretation, and dipmeter measurements [Yan86].

Dipmeter, by Schlumberger, determines the inclination of rocks from well log data interpreta-
tion [SB83].

Elas is a production rule expert system which acts as an intelligent front end to conventional
well-log interpretation software [AWS8T].

Explorationist was a prototype system built to assist petroleum geologists assess the amount
of oil and gas in unexplored regions. It represented geological knowledge in a network
structure developed from Prospector’s Bayesian networks [RFTT85].

Gridding advisor, a small rule-based system, helps users select one of six gridding algorithms
by matching characteristics of the data with capabilities of the gridding algorithm [Mas87].

Litho was designed to provide lithological interpretation of well log data, determining the main
lithological type, palaeo-environment, and plausible lithfacies for each zone in the log

[BD83].

Mendel aims to provide the most consistent description of oil reservoirs and fluid content using
well log data [vH86].

Prospector was a rule-based system to aid geologists in evaluating the favourability of an
exploration site for occurrences of mineral deposits. This task is very similar to our
application of interest, namely oil prospect evaluation [DGHS81].

SDIES is a rule-based system ambitiously aimed at seismic data interpretation [YL&6].

SPII-2 is a backward chaining inference engine employing a fuzzy logic representation of uncer-
tainty. It was applied to part of the task of prospect risk appraisal, the same application
as this thesis [LMCP8T7].

The Practical Success of these Systems

It should be noted that, despite the research effort expended, only a minority of these systems
have been independently reported to have achieved commercial success. Shell’s systems were
selected (by Shell) as examples of 25 systems they claim to be in actual effective use (as of 1989),
with the exceptions of Ressix and the seismic parameter system, both which were eventually
abandoned [And89] p32. BP’s systems were claimed to be among 60 which were installed by
1989, but no information about their usage was provided. Of these, GasOil was independently
reported to be in use in four company sites in 1987 [Her87], and Biomarker was reported as not
yet being in regular use as of early 1991 [Bra90]. Of the other systems, a thorough literature
search could find no evidence of any of them achieving regular usage (see Table 2.1), apart
from Dipmeter of which it was reported that there were several versions that the field had used
[Bra90]. The extent of this usage is not known. At a symposium in London on Expert Systems
in Geological Interpretation [Vid91] in February 1991, only 2 of the 10 presented systems were
in use, one of which was Optimist. The other was was a data management system handling data
collected in gold exploration, producing summary reports on areas for the users as requested.
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System Final status

Prospector Installed but “largely left on the shelf”
[Joh84]p216

Explorationist | Prototype built 1985, but no further references
could be found.

SPII-2 Reported to be tested (no further refs).

Litho Reported to be validated (no further refs).

Denvad Designed as a prototype (no further refs).

Mendel Prototyped developed (no further refs).

Dipmeter Currently offered as a service by Schlumberger
[Bra9o]

Elas Prototype only; not developed into commercial
system.

SDIES Research project only; no evaluation or further
references.

Table 2.1: Final reported status of oil exploration systems from the general literature.

Discussion

A characterisation of the type of task the overviewed systems are performing is important for this
discussion and presented in Table 2.2. In several cases the systems’ authors use the term ‘expert
system’ rather loosely, including systems for algorithmic data analysis and documentation.

We make several points. First, as just described, the success of expert systems and related
software in the oil industry is clear but qualified. Part of the difficulty in achieving success
reflects the general complexities of developing real-world applications. However, part of the
difficulty can also be attributed to the tasks targeted for the systems. The most successful, as
described by BP and Shell, have mainly involved well-defined data analysis tasks, and reflects an
awareness of the scope of the applicability of the normal expert system approach (Section 1.4.3).
This contrasts with the focus of our thesis on tasks in which the lack of analytical procedures
may result in different, possibly conflicting lines of reasoning being followed.

2.2.3 Review

We now select the more relevant of these systems for more detailed examination. The two
selection criteria we use are first, systems dealing with interpretative rather than analysis tasks
(ie. where well-defined solution algorithms do not exist), and second, systems performing risk
assessment. We wish to learn what techniques and lessons can be learned from these systems.

2.2.4 Prospector

Prospector is relevant to this thesis as it was targeted at a similar problem to that motivating
this work, mineral (rather than oil) prospect evaluation. Its contributions to this work concern
three aspects: the suitability of the ‘autonomous expert’ model of problem solving, its knowl-
edge representation, and the evaluation issues which it presented. In addition, pointers from
Prospector’s authors’ to possible future developments are relevant.

Description

Prospector is essentially a rule-based system to aid geologists in evaluating the favourability
of an exploration site for occurrences of mineral deposits. The earlier versions of Prospector
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System Task System Task
BP Literature
GasOil Design Denvad Interpretation
Multiflow Data analysis Dipmeter Interpretation
Jacket weight | Data analysis Elas Front-end
Burner fault | Data analysis Explorationist | Interpretation
Machtex Front-end Gridding advisor Front-end
Dyce ECS HyperText Litho Interpretation
Biomarker HyperText Mendel Interpretation
Shell Prospector Interpretation
Foenix Interpretation SDIES Interpretation
Geologix Interpretation SPII-2 Interpretation
Dentix Front-end
Seismic param | Data analysis
Solid control Design
Ressix Front-end

Data analysis refers to data processing by algorithmic means, ie. where well-defined procedures
for manipulating the data exist. Data interpretation refers to problems where no well-defined
algorithm and/or target solution exist. Front-end refers to applications providing an intelligent
interface to existing data processing packages.

Table 2.2: A characterisation of application tasks in the overviewed systems.

took as input a description of a prospective mineral site, and determined how well this site data
matched the various models of mineral deposition encoded in it [Dud80]. Later these models
could also work in conjunction with site-specific, map-based information to compute a map of
favourability of any chosen area for mineralisation. The system was targeted for use by field
geologists, to act in the role of a consultant.

The knowledge base of Prospector contained a collection of models of different classes of ore
deposits. Each ore deposit model was encoded as a modified Bayesian inference network, in
which nodes represent field evidence or important geological hypotheses and arcs represent the
relationship between the nodes. An example of field evidence might be “The host has thick, high
angle cross beds” while a geological hypothesis might be “The prospect is in an aeolian sequence”.
The top level assertion in each network is the assertion that the available evidence best matches
that particular model of ore deposit, and its associated probability gives the strength of that
match.

The network can be seen as constructed from rules of the form £ — H, where F and H
are nodes in the tree and the arc represents the rule itself. Each node was assigned a prior
‘probability’ of occurrence (the interpretation of the assigned numbers as probabilities is difficult,
hence we caution the use of the term). Arcs were labelled with two measures, LS and LN,
representing the two likelihood ratios:

B p(E|H)

IS = "o (2.1)
_ p(E|H)

LN = T (2.2)

LS is known as the sufficiency factor of F for H and LN is the necessily factor of E for H.
These factors were couched in terms of odds and are related to £ and H by the following



2.2. EXPERT SYSTEMS IN THE OIL INDUSTRY 19

P(HIE)

prior(H)

p(HIE)
0 prior(E)

Figure 2.1: Interpolation with uncertain evidence in Prospector.

formulae:

o(H|E) = LS-o(H) (2.3)
o(H|E) = LN -o(H)

where o( X') is the prior odds of event X and o(X|Y) is the conditional odds of X given event
Y. Given that E has posterior probability between 0 and 1, the posterior probability of H is
computed by a piecewise linear interpolation in probabilities as shown in Figure 2.1. Evidence
was combined either by assuming independence or by using logical combinations AND, OR and
NOT as appropriate; the reader is referred to [DGHS81] for further details.

A heuristic control strategy was employed to determine which piece of evidence to next request
of the user, based on a scoring method of model to pursue and an analysis of which question’s
resolution would have the greatest effect on the goal.

Prospector’s later models were developed with the assistance of the tool KAS [Reb81]. By
the time of the final report in 1980 there were twelve models encoded.

Despite its extensive development and evaluation, Prospector did not achieve regular com-
mercial use and was reported in 1984 to have been “largely left on the shelf” since 1980 [Joh84],
although a programme to extend it, underway in 1984, was reported by Walker [Wal87]. Its
famous discovery of a large molybdenum deposit in 1980 was an example of it being predictively
tested rather than in routine use [CHDHS82]. Despite this, Prospector made significant and
influential contributions to AI research, especially in the areas of knowledge representation and
Bayesian inference. Its success was thus primarily scientific rather than economic, stimulating
substantial new research in expert systems (eg. the systems Hydro [RRG82], Conphyde [BA82],
and Explorationist, described in Section 2.2.6).

Discussion

Prospector has several points of relevance to this thesis work.
First, Prospector’s knowledge representation offers a possible scheme for encoding geological
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knowledge in an argumentation system. Its adequacy was partially demonstrated by the au-
thors’ when they showed that Prospector’s advice closely matched that of the modelled expert.
However, a number of limitations can also be identified:

¢ Engineering the models was a time-consuming task, for example taking a year to develop
just three uranium exploration models despite the assistance of extensive knowledge ac-
quisition tools [Reb81]. In the final reports the authors view the small number of encoded
models (twelve) as one of the main limitations of the system [Dud80].

o Geologists found the networks, and hence the explanations given by the system, difficult to
understand. “Few geologists can even evaluate Prospector’s models, let alone contribute
to their development” Duda reports. Geologists found it difficult to specify network pa-
rameters directly, and later the knowledge acquisition system KAS [Reb81] was used to
help in this task.

Second, much of the reported experience of the developers illustrates the limitations of the
‘autonomous expert’ model of problem-solving in this domain. Prospector was unable to take
into account disagreements among experts, the full significance of which was not reported until
towards the end of the project. (The early evaluation of Prospector compared how well its
conclusions using a single geological model matched those of the expert who designed the model
[DGHS81]). Following field trials in 1980, Gaschnig reported that “it is rather common for
geologists to disagree among each other” [Gas82] and he optimistically hoped that discussion
of Prospector’s models among geologists would serve to smooth out such disagreements. It
was also found that experts sometimes disagreed on the answers to the initial input questions.
Sensitivity analyses showed that in some cases these differences could have large effects on
Prospector’s conclusions [Gas82]. These factors raised significant problems for validating the
system to the satisfaction of its potential users.

Finally, related to the ‘autonomous expert’ model, Prospector’s role was essentially one of
explainable problem-solving. However, as other authors have also noted (eg. [MD85]), this is
not the only or most appropriate role for a knowledge-based system. Although Duda speculated
on a variety of additional functions which it might perform (eg. search and retrieval of similar
cases, sensitivity analysis), these were not incorporated in the system and again limited the
support which it could offer the user in decision-making.

These problems were recognised and discussed at length by the designers in various articles
[Dud80, Gas82]. The authors speculated on a number of ways Prospector could be further
developed to alleviate them, but at this stage development of Prospector was coming to an end.
This thesis work is closely related to those suggestions, including;:

Pointers to Previous Cases The identification and use of previously explored geological sites
plays an important role in geological assessment. Duda speculates on the use of Prospector
for similar case retrieval:

“Prospector could compare the replies made by the user during the consultation
session with those for the known deposits on record, and determine which of
these the user’s case matches most closely. ... . For example, Prospector might
report

‘the answers you have given indicate that your prospect is very similar
to the Yerington deposit, except that in your prospect the intrusive

system is not as favorable as the one at Yerington, for the following
reasons:...” 7 [Dud80]

Representation of Different Opinions In 1983, Reboh speculated on encoding separate mod-
els of expertise for each expert and then using sensitivity analysis on these models to iden-
tify the most significant points of disagreement. From this analysis, dialog and suggestions
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to the user as to how to proceed would occur. He suggested a hypothetical dialogue of the
form:

“If you were to consult with expert A, he would suggest...

If you were to consult with expert B, he would suggest...

However,

IF you believe that observation F; has a strong positive effect on intermediate
hypothesis H; THEN I suggest you follow A’s advice.

IF, on the other hand, you don’t believe THAT, and you believe strongly that
observation Fy (which, by the way, has not been considered by A) has a negative
effect on intermediate hypothesis Hy, THEN you should follow B’s advice.
OTHERWISE supply me with the following additional information:...” [Reb83]p149

However, although these suggestions were made, many of the issues they raise were left open.
Duda’s case retrieval suggestion was based on exploiting the database of known facts about cases,
but did not extend to include the recording of and matching by experts’ conclusions about those
cases. As described earlier, (Section 1.7.1) these conclusions play an important role in geolog-
ical debate. Issues of assessing case similarity and integrating case retrieval into Prospector’s
reasoning were not addressed. Reboh’s speculation on representing different opinions is highly
relevant to this thesis; however, he did not explore issues of constructing, maintaining, and com-
paring multiple knowledge bases. The developers difficulty of constructing even a single model
for a single expert suggests that a multi-expert system within the Prospector framework would
be impractical to construct and maintain without additional facilities being added. This thesis
work can be seen as starting from the point where Prospector’s construction came to an end,
developing some of these suggestions in a model of argumentation and addressing these issues
directly.

2.2.5 Dipmeter Advisor

While Dipmeter Advisor was targeted at a different geological task (dipmeter log interpretation),
the complex and interpretative nature of the reasoning involved makes it of relevance to this
thesis.

Description

Dipmeter Advisor [SB83] was developed at Schlumberger-Doll Research for inferring subsurface
geological structure from dipmeter logs and general geological knowledge. The system was built
using a blackboard architecture, employing sets of production rules reflecting the expertise of
human advisors. The system was developed over several years (1981-87) at a reputed cost of
$20m by 1984 alone [And&9].

The task of dipmeter interpretation was divided into eleven successive phases. After each
phase of analysis, the user was engaged in an interactive dialogue with the system. The user
could examine, delete, or modify conclusions reached by the system or even add his or her own
conclusions. The user could also revert to earlier phases of the analysis to refer to conclusions
or to rerun the computation.

The production rules in the knowledge base were thus partitioned into several distinct sets
according to the phase of analysis. The sets of rules were evoked in a forward chaining, data
directed fashion. Conflicts were resolved by rule order. Multiple conclusions could be drawn for
the same zone (region of constant lithology) in the log, the user left to resolve which conclusion
is most appropriate.

It was reported to have been tested in the field in 1985 [Lan85] and 1986 [Fra86], but details
were not given. The earlier report by Langley did not discuss how the system was validated. The
later report did not discuss this issue except to say that it proved difficult to specify appropriate
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criteria for validation of the system as human experts were observed to frequently disagree
among themselves in their evaluations of dipmeter logs. In October 1990 Dipmeter was reported
to have been deployed on Xerox Lisp machines that the field had used (it is not known if this
refers to the field trials or subsequent use), and is currently offered as a service by Schlumberger
in its Field Log Interpretation Centres [Bra90]. There are plans to incorporate it in Pleiades, a
Geophysical and Petrophysical Interpretation Workstation.

Discussion

The main point of relevance to this thesis is the way in which the authors sought to accommodate
users’ disagreements with the system. Problems were first reported during the initial evaluation
in 1983, when the designers observed that “there are often disagreement[s] even among experts”,
and questioned with hindsight the wisdom of using a single expert during the systems’ devel-
opment [SB83]. Additionally, they describe their experts as “moving targets”, referring to the
changing opinion of individual experts. This also complicated the evaluation of Dipmeter, and
re-enforces the point that expert systems in geological interpretation must be so designed that
their knowledge bases can be easily maintained.

Dipmeter’s primary means of addressing these problems was to keep the user ‘in the loop’. As
described, the user could add, delete, or modify Dipmeter’s conclusions at any point during the
interpretation, and sometimes Dipmeter would call on the user to resolve conflicts. Substantial
data manipulation and graphical facilities were also provided for the user. This marks a shift
from the initial conception of a more autonomous system [DAC*81] to one which was mixed-
initiative and interactive.

To summarise, Dipmeter accommodated user disagreements through the use of interactive
problem-solving. It thus illustrates a first step towards an eristic system, and indicates one
way in which expert systems can be applied to ill-structured tasks. However, Dipmeter made
no attempt to record or exploit disagreements as a resource of information in its own right,
and instead support for the user was primarily centred on the data manipulation facilities it
provided. Our work here can be seen as development of the interactive approach but focussed
instead on the information which can be acquired from that interaction.

2.2.6 Explorationist

Explorationist was a prototype expert system to assist petroleum geologists in assessing the
amount of oil and gas in unexplored regions [RFTT85]. No evidence could be found of it
progressing beyond the prototype stage. The one report on the system in the literature only
describes the knowledge representation scheme used. Issues of its incorporation into the full
geological system (eg. comprehensibility, accuracy, ease of knowledge acquisition, multiple opin-
ions) are not mentioned, and thus this work has a limited contribution to this thesis. The main
item of relevance is the knowledge representation scheme used.

Explorationist represented knowledge using a semantic network, designed to reason with both
numeric and symbolic information. This contrasts with Prospector’s Bayesian networks, where
reasoning about numeric quantities was not incorporated. Like Prospector, conditional proba-
bilities are used to quantify relations between nodes in the network. A key feature of the repre-
sentation is the lack of assumptions regarding the dependencies between variables, obtained at
a cost of additional probability estimates being required of the expert.

As a knowledge representation scheme, its structure and use of conditional probabilities are
similar to Prospector, and thus likely to suffer the same difficulties in terms of comprehensibility
and knowledge acquisition; this is likely to make it inappropriate for an argumentation system
where it is essential the user has an intuitive feel for the reasoning which the system proposes.
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2.2.7 SPII-2

SPII-2 was a simple backward chaining inference engine, employing a fuzzy logic representation
of uncertainty [LMCP87]. It was applied to part of the task of prospect risk appraisal, the
application of interest in this thesis. As with Explorationist, however, the single report on it
describes only the knowledge representation scheme used. No evaluation or issues of its practical
use were given, and thus again only its knowledge representation for risk appraisal is of relevance
to this thesis.

SPII-2 dealt with the problem of representing vague concepts and uncertainty of inference
through the use of fuzzy set theory. Both of the former are characterised by possibility distri-
butions derived from the theoretical work of Zadeh [Zad88]. Approximate numerical values are
represented by trapezoidal distributions which restrict the more or less possible values that the
ill-defined real quantity can take. Distributions representing the addition or multiplication of
these values can be computed provided the assumption is made that the facts do not interact.

While SPII-2 allowed computation from a fuzzy probabilistic model, the problem of how such
a model is constructed in the first place and maintained was not addressed; for an argumen-
tation system, this issue is particularly important. It does, however, illustrate an alternative
inference scheme for risk appraisal in which experts can specify a range of answers to questions
with an associated probability distribution. We discuss its suitability for argumentation later
(Section 6.2.6).

2.2.8 Geologix and Foenix

Finally, some discussion is merited of Shell’s systems Geologix and Foenix. These were the only
two systems described by BP and Shell for geological interpretation tasks (as opposed to data
analysis etc., see Table 2.2), and unlike the previously discussed systems, it was claimed they
had achieved active use. Their relevance is in the way they successfully applied expert system
technology. Full reports on these systems are unavailable; however, comments from Shell’s then
Netherlands research manager Van de Kraats are informative [And89].

Most importantly, both Geologix and Foenix were designed as assistants to the experts. As
with Dipmeter Advisor, their strengths were their support of data analysis and documentation
functions. The knowledge-based processing they performed were reported as secondary to these
data analysis functions: Van de Kraats comments that “Geologix became a success when we
introduced interactive manipulation of logs. The addition of the knowledge base was considered
a bonus”. Similarly Foenix’s main strength was the high quality reports it generated. “Even
if Foenix did not have a knowledge base it would probably still be a success,” Van de Kraats
reports, “because the system makes it so easy to work with all the data and produce the report”.
With both Geologix and Foenix, the expert could simply over-ride the system’s recommendation
if he or she disagreed.

They key point here is again to illustrate that expert systems have been applied in ill-defined
geological tasks, but also to show their success has been through interactive methods focusing
on data analysis and presentation. In the two systems by Shell, the computer performed the
routine tasks, freeing the expert up for more complex decisions. BP’s 1989 Information Systems
manager reports a similar philosophy behind their work: “experts agree 80% of the time, on
average. This is the aspect of their work which an expert system may be built to handle”. For
Foenix and Geologix, this pragmatic approach appears to have allowed expert system technology
to become incorporated in interpretative tasks, but at the price of not providing direct computer
involvement in aspects where there is subjectivity and disagreement among experts. In contrast,
it is precisely these aspects which we are seeking to support in this thesis work through a practical
model of argumentation.
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2.2.9 Conclusion

To summarise the main points of the review:

e While there has been much development of Al and related software in the oil industry, the
success of these systems is limited.

e The majority of successful systems performed well-defined, analytical tasks in suitable
niches in the oil exploration domain.

o Successful systems supporting users in ill-defined tasks concentrated on the well-defined
data analysis and presentation aspects of the problem. Disagreements were tolerated by
keeping the user ‘in the loop’, but not exploited as a resource of information in its own
right.

The most relevant surveyed system is Prospector; this thesis can be viewed as taking up some
of the authors’ suggestions for further developing an eristic approach for geological exploration.

2.3 Decision Support Systems

2.3.1 Introduction

While many of the oil exploration systems described fall into the category of decision support
systems (DSSs), we now examine this as a subject area in its own right. We examine the way
in which systems from the DSS community have approached the goal of aiding decisions, and
its relationship to this thesis work.

Although DSSs have been around for several years, there is no universally accepted definition
of these systems. Broadly, the term refers to computer programs which could support a manager
in making ill-structured decisions. (eg. Keen and Scott-Morton offer the definition “a coherent
system of computer-based technology...used by managers as an aid to their decision-making in
semi-structured decision tasks” [Bid89]). More strictly, DSSs are often characterised as achieving
this objective through the use of analytical decision models and access to databases [KM90].

Several research areas are closely related to DSSs including data processing, management
information systems (MISs), operational research, and expert systems. Development and ex-
pansion of all these areas has resulted in the distinction between them becoming increasingly
blurred. Expert systems, for example, often act in a decision support capacity (eg. Garvan-
ES1 [CHQ™89]), while recent developments in the DSS community have expanded to include
knowledge-based analysis techniques.

2.3.2 Examples

According to these definitions, several of the oil industry systems already described in Section 2.2
fall into this category. We provide some additional brief examples below, and follow this by
a discussion of their relation to the argumentation approach proposed in Chapter 1. These
examples have been selected as reasonably typical DSSs, the the purpose of their description
being to help characterise this research area further:

Population Maintenance Malmborg et al. describe a DSS for evaluating the maintenance
requirements of ‘recoverable populations’ (ie. sets of repairable items) [MBKS87]. The user
supplies input parameters of failure rates, parts costs, delivery times etc., and the system
runs a numeric maintenance model to produce information about maintenance costs and
stock levels. Users can also perform ‘what if’ analyses by changing the initial parameters.
This is particularly valuable if data is not available (eg. part failure rates), allowing them
to estimate values and perform sensitivity analyses on those estimates.
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Inventory Planning The DSS of Nishikawa et al. supports inventory planning and control for
managing interior building materials [NNSN86]. The system is based around an optimi-
sation model for meeting the users’ requirements (eg. target profits, minimally acceptable
stock levels). In a similar way to the DSS of Malmborg et al (just described), users can
perform ‘what if’ analyses to examine the effects of different decisions. This provides a
valuable tool for allowing users to explore different ways of implementing overall policies.
The system is in operation and is reported to have won popularity among its users.

Financial Analysis and Simulation FinSim is a DSS system providing the user with a range
of financial analysis functions, including an analysis of the financial history of a company
and a simulation of the consequences of its main financial decisions [KM90]. It supports
the user in four main ways:

Data collation, analysis and presentation.

Application of a numeric forecasting model to make predictions.

A rule-based component providing financial diagnostic advice.

Report generation.

2.3.3 Discussion

The bulk of work in DSSs, particularly the earlier work, approached the goal of decision support
by performing analytic tasks that were too time consuming or difficult for the user to perform
him or herself, the computer acting as a tool for the user. We described this in Section 1.5.1 as
a form of distributed problem-solving.

There are several advantages of this approach to supporting decisions. First, the principle of
complementarity — let the computer do what it is particularly good at, freeing users to do what
they are good at —is a sound one. The computer has much to offer in terms of data analysis,
speed and presentation. Second, it allows the wealth of research in modelling, planning, and
optimisation to be applied to practical decision-making. Third, it eases the social problem of
accountability for decisions, as the computer is not making decisions itself but supporting the
human decision-maker.

Despite these, there are also limitations to this approach to decision support. First, although
the decision problem itself may be ill-structured, the computer is still confined to parts of the
problem which can be well-defined. Second, the user is receiving a particular type of assistance
with his or her judgements, based on analytic modelling and data analysis (eg. viewing the
consequences on a simulation model). Other types of assistance, though, are not supported; in
particular more subjective sources of information such as experts’ knowledge and opinions are
not exploited.

More recent work in the DSS community has sought to include knowledge-based techniques in
DSSs (eg. [KM90]), allowing DSSs to offer ‘expert” as well as analytical advice to users. This is
typically effected by encoding advice or ill-structured analysis methods in a rule-base (eg. part
of FinSim, described earlier). This extends the types of support which can be offered, but also
introduces many of the problems of knowledge-based reasoning which we identified in Chapter 1.
For example, the user may disagree with the advice, or want more justification for it, or want
to correct it for future users. Systems including static knowledge-bases for support are limited
in their ability to respond to these problems.

This thesis work is concerned with these issues of knowledge-based support. In particular, we
wish to view users’ opinions and chains of reasoning as an extra resource of support information in
its own right, complementary to the database information typically manipulated by earlier DSSs.
Representing, maintaining, and exploiting users’ knowledge as a resource raises substantial new
problems which we have discussed at length in Chapter 1, and which we seek to address in this
thesis.
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To summarise, this thesis work can be seen as part of the ongoing progression of work in DSSs,
developing the knowledge-based aspects of decision-support further. In particular we wish to
exploit the interaction of the system’s and user’s reasoning to allow focussed support for the
user and the automatic maintenance of knowledge within the system, thus extending the support
which knowledge-based DSSs can offer in decision making.

2.3.4 Group Decision Support Systems
Introduction

A more recent area of decision support research is in group decision support systems (GDSS).
These systems aim to improve the process of group decision making by removing common com-
munication barriers, providing techniques for structuring decision analysis, and systematically
directing the pattern, timing, or content of discussion [VNGDSS].

Although included within the scope of DSSs, GDSSs differ substantially in character to DSSs.
Most importantly their main role is to facilitating group interaction, aspects of analytic decision
modelling and database access being either minor or absent.

Types of Group DSSs

Here we briefly list types of GDSSs with examples. We subsequently discuss their relevance to
computer argumentation.

Decision Room A decision room GDSS provides computer support for normal group meetings
in a conference room. Each participant has a terminal, and can contribute input to a large
central screen visible to all (eg. [GLS8S]).

Local Area Network Systems Some GDSSs allow users to participate in group problem-
solving while in different rooms through terminals connected together in a local area net-
work (LAN). Examples are gIBIS and rIBIS. We describe these in more detail in the

context of hypertext for argumentation (Section 2.4.2).

Remote Communication Systems It has been argued that multiple user telecommunication
systems can even be regarded as GDSSs (eg. electronic mail, teleconferencing) [Bid89].

Discussion

GDSSs share some commonalities with our proposed argumentation approach, but also some
important differences exist. We make several points of comparison.

First, while GDSSs are designed to support group decision making — an activity often involving
argumentation — they are primarily intended as facililators rather than participants in this
process. They do not play an active role in argumentation itself. Their role is analogous to
that of a non-participatory chairperson, namely to help and structure information flow between
participants. This partly contrasts with our approach of computer argumentation in which a
participatory component is added.

Second, although in both styles of GDSS opinions must be represented in some way, the
requirements of that representation differ. In particular, some formal structure of argument
content is required for computer participation. This contrasts with the coarser argument struc-
tures suitable for non-participatory computer GDSS. (We summarise some of these shortly in
our review of hypertext argumentation systems.)

Finally we note that many GDSSs can also be used for problem-solving by individuals, pro-
viding a tool for single users to structure and organise ideas (Rein and Ellis describe the GDSS
rIBIS being used in this way [RE91]). Computer argumentation can assist in this style of usage,
automatically providing the feedback that other group members would normally provide.
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Thus again this thesis work can be viewed as a development in GDSSs in which an active
participatory element is added. Improving the interaction between users remains one aim, but
a greater emphasis is placed on the interaction between an individual user and the system. This
shift in emphasis, and the need for the computer to perform inference in order to participate,
raises new issues for the design which we seek to address in this thesis.

2.4 Hypertext Approaches to Argumentation

We have reviewed oil industry expert systems, and the relation of decision support systems
to our goal of argumentation. We now review work combining argumentation and hypertext.
Although such work is scarce, it is also relevant to consider for two reasons. First, argumentation
is a task primarily focussed on information organisation and retrieval, a task which is also a
basic goal of hypertext systems. Second, as emphasised in Chapter 1, argumentation is an
‘open-ended’ process: the manipulation of uninterpreted text as an open-ended representation
of knowledge by hypertext systems is thus of interest. Although uninterpreted text may appear
inappropriate as a representational tool, research in hypertext suggests that its organisation
can provide sufficient semantic information to allow its use in argumentation. We review these
approaches here, surveying three hypertext systems applied to argumentation.

2.4.1 Euclid
Introduction

A fundamental philosophy underlying hypertext systems is that information can be usefully ma-
nipulated by virtue of knowledge of ils structure alone. While components of information in a
hypertext system are generally represented in a form semantically inaccessible to the system
(typically as free text), these components are also organised together in a formal way, repre-
senting the structure of that information. Smolensky et al. use the term ‘semi-formal language’
to describe languages used to express this informal content/formal structure, and have partially
designed their own semi-formal language, ARL, explicitly for representing and manipulating
arguments in their system Euclid.

Description

Euclid is a hypertext system for “supporting users in reasoned argumentation” [SBFT87]. It is
essentially a tool for documenting arguments, and can be seen as a specialisation of more general
hypertext systems for relating ideas together on the screen. The user constructs an argument
by typing in its component parts and indicating their relationship using the mouse. Resulting
arguments can be stored, viewed or printed.

Smolensky et al. apply the formal structure/informal content distinction to arguments as
follows:

e argument content refers to knowledge of the subject domain.
e argument structure refers to knowledge of argumentation per se.

For example “lower interest rates lead to bull markets” embodies argument content, while state-
ments of argument structure might include

Claim C1 justifies claim C2
Claim C is the main point of argument A
Claim C1 made by author A1l contradicts claim C2 made by author A2
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Their claim is that, by embedding an argument’s content within a formal representation of its
structure, Euclid will offer advantages for information retrieval, browsing of arguments, and
comprehensibility of arguments.

The authors adopt a coarse structure of arguments, only partially specified in their publication
and illustrated using Searle’s well-known ‘Chinese room’ argument. The bulk of the argument
network which the user constructs with Euclid depicts how primitive arguments combine (eg.
the ‘internalised Chinese room argument’ refutes ‘the person-neuron analogy argument’) using
connectives including supports, refutes and contradicts. The structure of primitive argu-
ments, though, is not broken down further apart from identifying the main-claim as a distinct
element within it.

The system was only partially implemented at publication in 1987, and was not evaluated by
the authors. No evidence of its completion could be found.

Discussion

Despite its incomplete implementation, Euclid has several points of relevance to this thesis. Most
important is the clearly articulated philosophy underlying the work, that argument structure can
be formalised and combined with a textual representation for components within that structure,
providing useful organisation of knowledge.

We make two other points of relevance. First, the actual structure of arguments proposed was
limited. As other authors have shown (and we describe later), it is possible to break arguments
further down into constituent parts, but this was not done in Fuclid. This limited the structuring
and manipulation of arguments which the system could offer. Second, as argument content was
represented completely informally, the system was unable to perform any active reasoning. As
a consequence, several of the useful argumentation operations we identified in Chapter 1 could
not be supported eg. argument comparison, search and retrieval for evidence, and checking the
user’s arguments. In order to support these functions, some formalisation of argument content
is necessary but this option was not explored in Euclid.

2.4.2 gIBIS and rIBIS
Introduction

gIBIS (graphical Issue-Based Information System) [CB87, BC88] and rIBIS (real-time IBIS)
[RE91] are hypertext systems designed to support design deliberations among cooperating ex-
perts. As mentioned earlier, these systems are hypertext systems for group decision support,
and thus span these two categories in this review.

We describe gIBIS below. rIBIS is an alternative implementation by different authors, which
follows the same structure for deliberations as gIBIS.

Description

Using gIBIS, users can document their deliberations about specific issues in a structured way,
constructing a network on the screen of issues, positions, and arguments in the deliberation.
gIBIS can operate as a multi-user system, its graphical representation of the deliberations being
worked on simultaneously by cooperating team members over a local area network (LAN) of
computers.

The IBIS method is based on the principle that the design process is fundamentally a conver-
sation among ‘stakeholders’. gIBIS aims to facilitate, structure, and record this conversation or
‘deliberation’. Users construct a network representing the deliberation from three basic types
of node: issues, positions and arguments. An issue is an identified problem for the design.
A position is a child node of an issue, and proposes a particular solution to that issue. An
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argument is a child node of a position, and either supports or objects-to a position. We
sketch this hierarchy:

Argument —supports— Position —responds-to— Issue

There may be one or more positions responding to an issue, and one or more arguments support-
ing or objecting to a position. There are six other connectives users can employ: specialise
and generalise (to organise issues into a hierarchy), questions or suggests (to relate issues),
and replaces and other.

gIBIS thus records the positions (on issues) of participants and their relationships. It is
claimed to have achieved ‘wider and more prolonged usage’ than other hypertext systems in the
authors’ environment. rIBIS is described as being used in 16 design sessions (the majority of
which concerned improving the design of rIBIS itself) [RE91]. Users reactions to rIBIS were
described as mixed, ranging from frustating and unproductive to satisfying and productive.

Discussion

Although gIBIS is a system for supporting group deliberation — an activity of argumentation —
the computer does not play a participatory role in this process. As described in Section 2.3.4,
this style of GDSS makes differing requirements for argument representation compared with
those if computer participation was also required. In gIBIS, the structure of the deliberations
are represented at a coarse level of granularity — for example, a single user’s argument is a
primitive of the system with no further structure being required. This makes the system simple
to use, but the lack of structure within arguments prohibits any analysis of the argument by
the system. As a result, analysis of arguments (eg. identifying conflicts, locating other relevant
information) is left to the users themselves.

Thus gIBIS illustrates an approach to argumentation where the computer is not an active
participant. Its relevance is two-fold. First, it indicates that the computer can assist in group
problem-solving through manipulation of arguments, suggested by its qualified application. Sec-
ond, it provides a useful point of reference for this thesis, showing how a coarse representation
of argument structure can be used in systems with a passive role. However, because of this,
gIBIS was also unable to exploit the information stored in the arguments, limiting the assistance
which it could provide.

2.4.3 NoteCards

NoteCards is also a hypertext ‘idea processing’ system for developing and relating ideas to-
gether on the screen. Unlike Euclid, it is intended as a general-purpose tool. Marshall has
examined its specific application to the representation and organisation of arguments [Mar87].
Her representation of argument structure is of relevance to this thesis.

The central construct in the NoteCards system is a semantic network consisting of electronic
notecards connected by typed links. Fach notecard contains information as text, graphics etc.
Each link designates a specific relationship between two notecards; the relationship may be user
or system defined. Tools for constructing and browsing networks are provided.

Unlike the previous systems, Marshall also represented the internal structure of arguments.
This was done using Toulmin’s model of argument structure, which we describe later in Chap-
ter 3. Although Marshall’s interest was primarily in whether and how NoteCards could represent
arguments, and thus the research was not pursued further, the fact that she found Toulmin’s
model a suitable representational framework is the main point of relevance to this thesis.

2.4.4 Summary

We summarise the main points of conclusion:
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¢ A small number of hypertext systems have been applied to the task of argumentation.

e For these systems, the context has been one of argument documentation, the system
constraining the structuring of arguments but not participating in reasoning. gIBIS shows
how this can be used in the context of group decision-support.

e This has placed different requirements on argument representation. In particular, a de-
tailed structure of the content of primitive arguments have generally not been needed or
used.

e In NoteCards where more detail was provided, Toulmin’s model of arguments was used.
This suggests the possible use of Toulmin’s model for argumentation where the computer
participates.

Although these approaches can assist user(s) with structuring and recording opinions, the lack of
a formal representation of argument content prohibits the computer constructing and checking
arguments itself. Additionally, the lack of structure in the recorded arguments limits the system’s
ability to compare arguments and retrieve information. A goal of this thesis work is to provide
this additional functionality.

2.5 Evaluation Issues

2.5.1 Introduction

Before turning to the central part of the thesis, we finally review criteria and methods for
evaluating decision-assisting systems. Our aim is to highlight the issues involved, providing a
context for the evaluation of this thesis work in Chapter 5.

Evaluation of decision-aiding systems is particularly difficult. Measures of success are hard
to define, and often the entire perceived benefit is intangible (eg. increased user effectiveness,
a better decision-making process). It is also an issue which is often neglected, particularly
in Al research (for example, of the 22 geological systems summarised in Section 2.2.2, only
publications on Prospector included details of evaluation). For these reasons, it is valuable to
provide some discussion of this issue here. Qur main concern is to identify possible classes of
evaluation criteria which can be used, and examine their strengths and weaknesses as indicators
of success. Following this, we make some points of summary providing a guide for the evaluation
of our particular application in Chapter 5.

2.5.2 System Accuracy

System accuracy — how often the system makes or recommends the correct decisions — is one
criterion which has been used to assess decision-aiding systems. This is particularly common
for decision-aiding expert systems: if these systems are meant to accurately model human rea-
soning, then their decisions or recommendations should at least be acceptably close to human
performance.

This criterion provides one measure of the adequacy of the system’s encoded knowledge. In
some domains, accuracy can be relatively easily measured (eg. sometimes in medical diagnosis,
where a test set of patients with known disease status is available). However, there are also
several problems with this measure:

1. Most seriously, it equates accuracy of advice with quality of support for the user. Other
important aspects of decision support (eg. quality of explanations, usefulness of presented
information, comprehensibility, impact on the user) are not taken into account. In partic-
ular, if the system is to support experts who can already solve the problem themselves,
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strong emphasis on the system’s own solutions is less appropriate (Mittal and Dym de-
scribe encountering this problem when installing the MDX system [MD85]). Many expert
systems have been shown to be accurate but failed to show evidence of usefully aiding
experts. As Sutton notes, the computer’s accuracy may matter less than its credibility

[Sut89].

2. This metric can only be applied to systems which offer decision advice directly (as opposed
to performing data analysis subtasks, for example).

3. In many domains the correctness of the system’s (or user’s) answer is difficult or impossible
to assess. We discuss this further in the context of user effectiveness below.

2.5.3 User Effectiveness

‘Improved user effectiveness’ has often been suggested as an overall goal for decision-aiding
systems [O’K89]. However, ‘effectiveness’ itself cannot be measured directly; instead a more
specific definition of the term is needed, suitable for the application domain of interest. Possible
indirect measures of effectiveness include users’ speed, users’ accuracy, and company profitability.
In some applications, suitable indirect measures of effectiveness can be applied; for example,
if the decision-aiding system is to help users perform a task faster, then this can often be tested
easily. However, in many domains there are several difficulties which can be encountered:

1. Indirect measures of effectiveness may not be readily available. For example, in many
domains where the system is to help users’ make better decisions, measurement of decision
improvement may be difficult or impossible.

User accuracy is one such measure of decision improvement which can often be difficult
to success (the problems are similar to assessing system accuracy). This is particularly
true for tasks of probability estimation, especially where data is collected slowly. Risk
assessment in oil exploration exemplifies this, where data points (exploration wells) are
acquired infrequently at a cost of approximately five million pounds (our statistics in
this respect are 1 of 6 drilled prospects finding oil (Section 5.2.1). It is difficult to draw
significant conclusions from such low sample data.

2. It is often impossible to isolate the contribution to effectiveness caused by the decision-
aiding system alone. A user’s effectiveness is also influenced by his or her experience,
other personnel, quality of dynamics within the company, other software tools etc. Thus
measured changes in effectiveness may not necessarily reflect on the decision-aiding system
itself.

For some systems, their use is necessarily accompanied by a change in working practices.
Again, care is needed as improved user performance may be attributable to those changes
rather than use of the system itself. In his study of applied medical expert systems, for
example, Sutton argues that a main cause of improved diagnostic accuracy was simply that
users had been forced to use more structured data collection methods [Sut89], and that the
diagnostic systems were themselves responsible for only a small part of the improvement.

3. Often metrics of effectiveness are long-term (eg. company profit), which may be impractical
to measure or simply not available within the time-frame of the system’s use.

For some applications a formal cost-benefit analysis may be possible to quantify financial
gain from an application [TF90]. These methods serve to {ranslate measures of effectiveness
into financial terms, useful for a company’s financial planning, but leave open the question of
how the changed users’ performance can be assessed in the first place. We thus point to these
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methods as mainly useful for post-evaluation analysis, but note that evaluation of the basic
system’s performance must still be made.

One way of measuring effectiveness is through the use of control group experiments. Here,
performance with and without the system is assessed and compared, the control group providing
some normative measure of performance against which to make the comparison. This helps to
isolate the contribution which the decision-aiding system has made. However, there are problems
also with this experimental method. Most severely, practical issues may prohibit or limit its
application:

1. It may be infeasible to achieve sufficiently large groups to eliminate natural performance
variation between users [BWBS87].

2. It may be infeasible to perform a sufliciently long experiment to adequately measure a
system’s impact (again, this depends on the application task). In Sharda et als’ review
of twelve laboratory studies of DSS effectiveness, the majority of systems were evaluated
after only one or two sessions with the system [SBM88|.

3. Users’ behaviour in the laboratory setting may be unreflective of normal behaviour within
real-world decision-making contexts. Thus laboratory trials are only indirect indicators of
the system’s utility within those contexts.

2.5.4 User Satisfaction

A third criterion for measuring success of a decision-aiding system is user satisfaction. User
satisfaction has a number of advantages as a metric: perceived benefit is often an indicator of
actual benefit, and is also an indicator of the system’s suitability for integration into a decision-
making context [Lan86]. A common method for evaluating user satisfaction is through the use
of interviews or questionnaires, eg. employing attitude scales.

Despite this, there are also several problems associated with this criterion:

1. User satisfaction is closely related to the users’ expectations. High expectations may result
in poor user satisfaction, regardless of the system’s value.

2. User satisfaction is strongly influenced by implementation and hardware details (eg. user
interface, documentation, speed, robustness); the influence caused by the system’s under-
lying design principles are almost impossible to isolate.

3. Users may not be aware of all the impacts of the system; for example, users may make
more consistent decisions using a DSS but not be directly aware of this change.

4. There may be social effects on users’ opinions, particularly (as with many systems) where
users have been involved in the system’s development. Examples include: personal desire
to see the system succeed (or fail) and personal relationships (eg. with other users with
vested interests).

2.5.5 System Usage

Fourth, (non-mandatory) system usage can be used as a metric of a system’s utility in aiding
decision-making. This criterion has several advantages. Most importantly, it shows that users
perceive a benefit in using the system, a strong indicator that the assistance the system provides
is of value. Additionally, it indirectly measures acceptance of the system by users, argued for
by Lane as essential for achieving practical decision-support [Lan86]. However, again we raise
some cautionary points:
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1. High usage may not necessarily imply success if that usage is mandatory (eg. manual
methods removed), or is to use peripheral aspects of the system only (eg. report genera-
tion).

2. Usage does not necessarily imply performance improvement. However, for many DSSs,
usage implies provision of information to the user, and the system’s usage implies the user
considers that information worth obtaining. Additional metrics are needed to assess the
quality and effects of that information.

3. Limited usage may not necessarily indicate failure as the system may only be expected to
be used rarely (eg. crisis management) or the payoff when it is used may be high.

4. Proper assessment of usage is a long-term issue; some early usage may be expected anyway
eg. users initially trying the system. For new systems, long-term usage data may simply
not be available.

5. As with user satisfaction, considerable social and other influences determine usage. Even
if a system is not used at all, it does not necessarily imply failure of its underlying model.
Other factors such as a poor system interface, perceived threat to jobs, the overhead of
learning new working practices, and general mistrust of computers may be responsible,
leading to the demise of a system which may be successful in a more favourable environ-
ment.

2.5.6 Information Analysis

So far we have discussed evaluation of a system’s overall impact in supporting decisions. How-
ever, for many applications there are also specific claims which can be examined by direct
analysis of data within the system. For example, we may wish to know how sensitive a system’s
recommendations are to its input data, and thus perform a sensitivity analysis (this was done
for Prospector). Often a main claim of system effectiveness can be additionally supported by
showing important sub-claims hold; conversely, if subgoals thought to be necessary for aiding
decisions are not met, this also valuably contributes to the evaluation. In the context of evaluat-
ing decision-aiding systems, analysis of the value of information which the system provides has
sometimes be used for evaluation [O’K89]. Again, however, indicators of this are often indirect
and can be difficult to apply.

Encoding Subjective Probabilities

One class of analysis concerns the evaluation of encoded subjective probability estimates. We
single this out for further discussion as our application task is of oil probability estimation, hence
these forms of analysis are directly relevant.

In a review of subjective probability encoding [WB83], Wallsten and Budescu identify two
aspects of probability estimation which can be assessed: reliability (absence of random error)
and validity (its accuracy as a representation of opinion). In their detailed review [WB83],
they identify four types of analysis which can be performed: reliability (measures of random
variance by comparing probability estimates at different times), internal consistency (observa-
tion of whether expressed probabilities obey the laws of probability), calibration (correlation of
estimates with independently obtainable measures), and inter-response correlation (comparison
of estimates expressed in different ways). The applicability of these different measures is de-
pendent on the domain, but shows that analysis of probability encoding can be performed as
an indicator of a decision-assisting system’s effectiveness. In our particular application domain,
although these measures are difficult to apply, we are able to construct several comparative tests
of the variability of users’ encoded subjective probabilities. We elaborate further on these issues
in our particular evaluation in Chapter 5.
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2.5.7 Conclusions

We thus draw several conclusions concerning evaluation of decision-aiding systems. First, evalu-
ation of these systems is particularly difficult as the benefits of such systems are often intangible.
Second, appropriate criteria to use (in terms of both what defines success and what is feasible to
measure) are both domain- and user-dependent, and thus must be chosen to suit the application
context(s) of the system. Third, as criteria for measuring benefit are generally indirect, the use
of several criteria is most appropriate for proper evaluation of these systems. Finally, we high-
light sustained usability as one of the strongest indicators of having achieved success (although
interpretation of non-usage is more difficult as discussed). However, we also emphasise that
additional criteria must be used to confirm the nature of that success.

This review provides the context for evaluation of this thesis work in Chapter 5. As well
as critiquing several classes of evaluation criteria, it highlights the need to design an evaluation
which can operate within the constraints of the domain and application environment, to carefully
clarify what constitutes success, and to use several evaluation methods if possible. These provide
guidelines which we follow during our evaluation.

2.6 Summary

Several important areas have been reviewed: expert systems in the oil industry, decision-support
systems, hypertext approaches to argumentation, and issues involved in evaluating these systems.
The argumentation approach proposed in Chapter 1 develops dimensions of all of these areas,
extending the use of knowledge-based techniques for representing and manipulating expertise in
a domain. We now turn to the argumentation approach itself, first presenting a model to support
user-computer argumentation, and subsequently describing and evaluating its application.



Chapter 3

A Model of Argumentation

3.1 Introduction

3.1.1 Goals

Our goal is to develop knowledge-based systems which can usefully participate in communal
problem-solving alongside experts. To achieve this goal, we have developed a model of argu-
mentation based on Toulmin’s work. This model consists of a specification of structures for
representing arguments and general domain knowledge, constraints on their relationship, and a
description of how they can be used for cooperative problem-solving. We present and justify
this model here, and in Chapter 4 describe an implementation in a cooperative system for hy-
drocarbon exploration. The implementation illustrates one way in which the components of the
model can be instantiated. In Chapter 5 we evaluate the extent to which the model has been
successful in supporting practical argumentation.

3.1.2 Overview of the Chapter

Following some basic definitions, we first describe why Toulmin’s structure of arguments has
been selected as a suitable framework for our model. We then describe how we have developed
it for our own purposes. Following this, we discuss how the content of elements within an
argument can be represented, and how the notion of consistency can be applied. Following this,
we describe how our model of arguments can be used for practical argumentation, achieving
several of our objectives described in Chapter 1. Finally, we briefly overview the relation of
additional work from the literature to our model.

3.2 Basic Definitions

Some basic definitions which we use, partly following Toulmin [TRJ79], are as follows:

An argument, in the sense of a train of reasoning, is the sequence of interlinked claims and
reasons that, between them, establish the content and force of the position for which a
particular speaker is arguing.

Inference is the process by which arguments are constructed.

Reasoning is the activity of presenting the reasons in support of a claim, so as to show how
those reasons succeed in giving strength to a claim.

Argumentation refers to the whole activity of making claims, challenging them, backing them
up by producing reasons, criticising those reasons, rebutting those criticisms, and so on.

35
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The field of discourse refers to the domain of argumentation eg. law, medicine, aesthetics.

A party refers to a participant in argumentation.

3.3 Models of Argument

3.3.1 Requirements

A model of argumentation suitable for our purposes should meet the following requirements:
e expression of arguments.
e accommodation of conflicting knowledge.
e support for comparison operations between arguments.
e support for justification of steps within an argument.
e allow for practical human-computer disputation.

We examine possible frameworks for argument representation and their suitability for meeting
these requirements, and describe why Toulmin’s work has been selected as most appropriate.

3.3.2 Expert System Approaches

Much work in expert system research has concerned the issue of knowledge representation. How-
ever, the focus of this work is substantially different to our concerns in this thesis. In particular,
expert system work has concentrated on issues of modelling expert reasoning and explanation.
Argumentation, though, places additional requirements on the representation scheme as pre-
sented above, several of which are poorly supported by existing expert system approaches. In
particular, the representations used generally:

e are not designed to accommodate differences of opinion internally. Instead, conflicts are
resolved when the knowledge base is constructed.

e support only limited disputation with the user; typically the system can only ‘explain’ its
reasoning, but not justify the validity of knowledge within its knowledge base.

e are not designed to respond to disagreement by the users. To do this would require
knowledge represented in a way suitable for users to express their disagreements.

Our point is not that these representation schemes are inherently poor, but that they have been
designed for a different purpose which limits their suitability for argumentation.

Substantial recent work in Al has sought to expand the capabilities of expert systems. The
majority of this work has concerned knowledge representation for more effective problem-solving
(eg. qualitative reasoning, causal modelling). However, as reviewed in Section 1.6.3, some
work has addressed issues of argumentation including critiquing the user’s opinion, representing
different opinions, responding to corrections, and improved explanation/justification facilities.
We do not repeat this review here, but make the point that this work has addressed these
requirements individually. None provides a representation which meets all our requirements
above, and thus we still seek a suitable framework in which these contributions can be integrated.
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3.3.3 Formal Logic

There has also been substantial work on arguments in logic, arising from philosophy (eg. [Rus67])
and in Al (eg. [GN87]). Here, the focus has been on systems for establishing the formal
validity of a line of reasoning. However, while this work has been valuable for formal analysis
of inference, our concern is primarily with argumentation as a social phenomenon. In the social
context, reasoning can be inconsistent, imprecise, and ambiguous; the concept of a formally valid
argument or belief rarely has a role [Tou58]. This makes formal logic an inappropriate model to
meet our requirements.

3.3.4 Social Argumentation Models

There have been very few models of social argumentation proposed in the literature. We reviewed
several applied in the context of hypertext systems in Section 2.4. For the systems Euclid,
gIBIS and rIBIS, arguments were represented at a coarse level of detail, allowing the relation
between arguments to be represented but providing no internal structure for them. Aside from
these approaches, Toulmin’s model [Tou58] is the only other which has been proposed that also
provides a detailed structure of the elements within primitive arguments. We detail this shortly.
Because we wish the computer to participate in argumentation, such structure is necessary to
allow inference to take place, focal points of conflict to be located, and fine points of comparison
to be made. The structure afforded by Toulmin’s model allows these requirements to be met.
In addition, Toulmin’s proposed structure supports justification of individual argument steps
by the introduction of ‘backings’ as elements within the argument. Finally the model is simple,
lending support for its comprehensibility — essential for human-computer disputation.

As a result, we adopt Toulmin’s model as an appropriate framework within which to develop
our own model; it is the only one which is both designed to support argumentation and also
provides sufficient argument structure to meet our requirements.

We also make the important point that the syntactic structure of Toulmin’s model is similar to
that of rule-based systems (we elaborate on the equivalences shortly), although some components
of his model have no equivalent. Thus we could have alternatively presented this work using
the terminology of rule-based systems (suitably extended for Toulmin’s elements with no rule-
based equivalent). However, because we wish to emphasise that the thrust of this work concerns
argumentation rather than rule-based inference, we adopt the vocabulary which Toulmin has
already provided.

Finally, we note that Toulmin’s work only partially specifies a computational model. Our
contribution in this thesis is to develop Toulmin’s general framework further, providing a com-
putational model supporting the argumentation functions identified in Chapter 1.

3.4 A Model of Argument Structure

3.4.1 Motivation

We wish to form a general model of arguments. However, some features of arguments depend
on the particular field in which they are being used. Legal arguments, for example, may involve
the use of fixed statutes, interpretation of terminology, and citing precedents; scientific argu-
ments often involve mathematical techniques and statistical analyses of empirical evidence; and
so on. We now describe Toulmin’s structure of arguments, and the elements within it which
he identified as independent of the field of discourse (‘field-invariant’ p15 [Tou58]). Following
this, we show how we have developed it to construct our own model of arguments. We dis-
cuss the representation of elements in this structure and how it can be employed for practical
argumentation.



38 CHAPTER 3. A MODEL OF ARGUMENTATION

Backing

Clinical experience indicates that

Warrant

Straightforward URIs call for
penicillin treatment.

Grounds Qualifier Claim
i i This patient needs
This patient has a So, presumably IS p3
straightforward URI L penicillin treatment
Rebuttal

Unlessthe patient is alergic to
penicillin, or thereis some
other contraindication.

Figure 3.1: An example of a medical argument, showing Toulmin’s structure.

3.4.2 Toulmin’s Model
Elements of an Argument

Toulmin identifies six elements of an argument:
Claim: The conclusion reached.

Grounds: The facts upon which the argument is based. The grounds are the foundation of the
argument.

Warrant: A statement of a general relationship between the grounds and the claim.

Backing: The knowledge that supports the warrant. The backing is sometimes referred to as
the justification for a rule in the Al literature (eg. [WS89]), and describes why the warrant
itself should be believed. (This is distinct from a typical expert system-like explanation of
how the grounds of a warrant were satisfied).

Rebuttal: Exceptions that invalidate the claim. The rebuttal can attack any part of an argu-
ment (except itself).

Qualifier: The strength or weakness, conditions, and/or limitations with which a claim is
advanced. Qualifiers are modal, applying to the entire argument.

The six elements together can be read as:
Grounds, so qualified claim, unless rebuttal, since warrant, on account of backing.

Each element of an argument can itself be the claim of another argument, and thus arguments
can chain together. A medical example of how these elements can combine to construct an
argument is shown in Figure 3.1.

Relationship with Rule-Based Systems

The components of a rule-based system can be interpreted using this structure:
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Rule-Based System Toulmin Equivalent
Facts & Grounds
Conclusion & Claim
Roules & Warrants
Degree of certainty < Qualifier

Note that the backing is not normally represented in rule-based systems. However, backings
play an important role in argumentation as participants may challenge the validity of the warrant
(“why should I believe this rule is valid?”). Response to such a challenge is not normally possible
by most rule-based systems, and thus the representation and use of backings is an important
distinguishing feature of the model with which we are working.

Rebuttals are also normally omitted in rule-based systems (but see [Win86] for an example of
their use in machine learning). Instead, statements of rebuttal can be included in the conditions
of rules (eg. a rebuttal R of the rule if A then B can be accounted for by re-expressing the rule
if A and not R then B).

Expression of Arguments

There may be several ways of expressing an argument within this structure. For example, the
choice of which facts are stated in the warrant and which contribute to the backing depend on
how a party decides to express the argument. As illustration, an argument could be phrased as
follows:

Backing

Pete and Marianne agreed
to takeit in turns to cook

Warrant

If Pete cooked yesterday,
then Marianne should cook
today

Grounds Qualifier claim

- Marianne should
Pete cooked the dinner yesterday l— —| So, it appears that I— cook today

or

Backing

One ought to keep agreements

Warrant

If two people agree to take turns to
cook, the one who cooked longest
ago should cook next.

Grounds . Claim
Qualifier
Pete cooked the dinner yesterday, | - | Marianne should|
and Pete and Marianne agreed to {_So itappearsthat | cook today

take turnsin cooking

the agreement to take cooking in turns being presented alternatively as part of the warrant or
backing.
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3.4.3 Notation
Toulmin’s Structure

We introduce a notation for Toulmin’s argument structure, following suggestions by Niblett
[Nib91]. Warrants express a relationship between grounds and a claim, which we denote:

GiIA.. NG, —5C

where g; are the grounds, C' is the claim and s is the strength of the warrant. The warrant’s
strength represents the degree of influence which the grounds have on the claim. (A precise
definition of this is introduced in our implementation). The qualifier ¢ of an argument’s claim
is related to the strength s of the warrant and the qualifiers of the grounds. The distinction
between s and ¢ is important to note, and is similar to the distinction between a rule’s and a
data item’s certainty in a rule-based system.

In a similar way to rule-based systems, it is more convenient to express warrants as general
statements, using universally quantified variables, instances of which appear within an argument.

Our Model of Argument Structure

We develop Toulmin’s model in four ways. First, we explicitly separate a warrant into two
components, namely its strength (introduced in the previous section), and its skeleton. We
define a skeleton warrant to be a warrant with the strength omitted. The skeleton warrant
can be regarded as a statement of potential relevance, that g; are potentially relevant to C'. Such
a statement of relevance is uncontroversial, as an expert can in a concrete argument assign a
value of s which means that the g; make no contribution to our belief in C'.

Second, we introduce the concept of a model. A model is a set of skeleton warrants W, an
assignment of a strength s,, to each w € W, and a backing b,, supporting the warrant (w + s,,).
We sometimes refer to this as a ‘model of opinion’. We will introduce constraints on these
models, described later in Section 3.4.5.

Third, we specify a structure for combining Toulmin’s structures into an overall argument.
An argument is represented as a tree, where each node represents a claim or conjunct of claims,
also serving as the grounds supporting a claim in its parent node. Leaf nodes are claims whose
supporting warrants and grounds are not represented, and which derive their authority from a
database or the user. Each arc represents a warrant w, connecting grounds (Ag;) of the warrant
toits claim C'. Arcs may also have an associated backing b,, for the warrant they represent. We
define the structure of the tree as this tree with the strengths, qualifiers and backings removed.

Fourth, we do not include rebuttals in our model of arguments. This simplifies the argument
structure without serious loss of expressive power, as statements of rebuttal can be included
within other argument elements (either as extra grounds of warrants or in the warrants’ back-

ings).

3.4.4 The Role of Models of Opinions

A model of opinion can be used to represent a particular party’s beliefs about the relationship
between grounds and claims, with the backings representing his or her justification for those
beliefs.

An argumentation system must keep track of the different opinions of different parties with
which it interacts. To do this, each party’s opinion is represented as a different model.

3.4.5 Constraining Models of Opinions

Argumentation often involves comparing different models of opinion, locating similarities and
differences. To make meaningful comparisons between parts of different models, those parts must
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Single, shared set Different Sets of Warrant
of skeleton warrants: Strengths and Backings:
Joe: |
swOl: 0.70 "Geo| Dave: |
skelwarrant: sw10: 0.40 "Seis swOl: 0.45"Nearl] Mike:
swOl: if ... then ... sw50: 0.90 swi10: 0.34 sw01: 0.40 "Salt swellsin area’
swl0: if ... then ... ool sw50: 0.95"Therd sw10: 0.34
swh0: if ... then ... | sw50: 0.90 "Histories of facies
Dol ] failing, eg. x3/a-b"

Figure 3.2: Models constructed from a single set of skeleton warrants.

Party 1 Computer Party 2
LanguageLl === Common Language L === Language L2

Translation Translation

Figure 3.3: Translation of language for argumentation.

have equivalent roles in some way. To make such comparisons mechanically, that equivalence
must be identifiable from the syntactic structure of the parts. If each party were to use their
own language and terminology for warrants, then such comparisons would be difficult.

To reduce this problem, we add the constraint to our argumentation model that all models of
opinion share the same set of skeleton warrants. In the terminology of rule-based systems, users
must share a single, common set of rules (skeleton warrants) although they can customise the
attached certainty factors (warrant strengths). This is illustrated schematically in Figure 3.2.

This requirement is important, as it permits inter-model comparisons to be easily made. The
adequacy of requiring users to share the same set of skeleton warrants is discussed further in
Chapter 6.

3.4.6 Language Issues

Requiring parties to express opinions in a common language (defined by the skeleton warrant
set) does not imply that all parties naturally use a common language when reasoning about a
problem on their own. It does however require users to be able to translate their arguments
to and from this language if they are to interact with a system using a single language for
arguments. We illustrate this schematically as shown in Figure 3.3.

There are additional research issues which arise here of how to translate vocabulary, including
words whose meanings are not precisely defined (‘open textured’ [Ris85]). As we require this
translation to occur outside our argumentation framework, we do not pursue these issues, but
note they can be significant in argumentation (eg. in the field of law). These issues are discussed

further in [RVA84, vG83].

3.5 Formalising Argument Content

3.5.1 Introduction

Section 3.4 described the structure of arguments, ie. the domain-independent elements of an
argument and their relationship. This section examines the representation of the content of
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the argument elements. A formal representation is required for the computer to be able to
mechanically construct and manipulate arguments.

3.5.2 Grounds, Warrants and Claims

In automated reasoning, mechanised inference is performed by manipulating the syntactic struc-
ture of represented knowledge. Many formalisms exist for representing knowledge and perform-
ing sound mechanical inference in this way. We can adopt one of these to represent grounds,
warrants, claims and qualifiers. This is important as it allows the computer to mechanically
construct arguments and thus play an active role in argumentation.

3.5.3 Backings
Backings and Warrants

Toulmin’s structure of arguments extends the structure of knowledge in an expert system to
include backings. Backings represent support for warrants (‘justifications for rules’). Including
backings in a representation of knowledge presents difficulties because backings do not always
logically imply the warrants. In this sense, Toulmin’s arguments are partly semantic since
the soundness of an argument cannot be judged purely on the basis of its syntax. Toulmin
summarises this:

“Once we bring into the open the backing on which (in the last resort) the soundness
of our arguments depends, the suggestion that validity is to be explained in terms
of ‘formal properties’, in any geometrical sense, loses its plausibility.” p120 [Tou58]

Whereas grounds and warrants can be viewed as a particular model of belief with which we
can perform mechanised inference, backings can be viewed as representing evidence of why we
should believe that model is correct in the first place.

In some special cases, the backing might logically imply the warrant. Toulmin refers to these
cases as analylic arguments. Otherwise, Toulmin refers them as substantial arguments.

Types of Backings

Although backings do not always logically imply warrants, evidence that they provide support
for warrants can often be found. These types of evidence include:

Statistical: Sometimes warrants are backed by statistical evidence of their validity. Given a set
of examples, warrants could be automatically generated from the data, backed as being
from statistical evidence in that data set. This is in fact the task that inductive rule
learning systems perform [CN89, Qui83].

Precedent: Warrants can obtain some support even from a single example of their use, espe-
cially when that example is recognised as representative in some way of a class of examples.

Many warrants could be generated from a precedent example, and thus extra domain
knowledge is needed to identify those where the example offers more support than simply
statistics over a sample size of one. Some work in ‘explanation-based generalisation’ in
machine learning can be regarded as performing this task [MKKC86].

Alternatively, given an existing warrant, the location of precedents can play an important
role in increasing support for it (eg. in law, where precedents strongly determine the
interpretation of terminology).
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Authority: Evidence that a backing supports a warrant can simply be that a source of authority

(eg. an expert) has stated that this is the case.

Domain Knowledge : Support for a warrant is often given by providing more knowledge,

explaining why it should be believed. For example, the warrant ‘geological faults often
leak o0il” might be backed by a justification in terms of some established geophysical theory.

Domain knowledge backings are important, as evidenced by their regular use in human
argumentation. Warrants expressing summaries of more complex reasoning are often used
for conciseness, the complex reasoning (the backing) only later being presented should the
warrant be challenged.

This type of backing is also difficult to handle formally, because in many domains it is im-
possible to bound and/or represent all the potential backings that might be used. Because
of this we represent this knowledge as uninterpreted strings of text, permitting arbi-
trary backings to be expressed but prohibiting formal analysis of the strength or soundness
of their support for warrants. Although the semantics of these backings are inaccessible,
they can still be manipulated as we know their roles in arguments. We describe this later
in Section 3.9.2.

3.6 Consistency

A key principle for argumentation is that of consistency, namely that similar decisions should
be made in similar situations. We define inconsistency within our model as follows:

e Two warrants are inconsistent if they share the same skeleton but have different strengths.

o Two arguments are inconsistent if there exist two warrants, one in each argument, which

are inconsistent

e Two models are inconsistent if there exist two warrants, one in each model, which are

inconsistent.

These definitions of inconsistency are used when arguing with the user. They constitute argu-
mentation knowledge (‘how to argue’) rather than domain knowledge. We use the term ‘conflict’

and ‘inconsistency’ synonymously.

3.7 Summary of the Argument Model

Our model of arguments can be summarised as follows:

1.

2.

The structure of an argument is expressed using Toulmin’s elements (grounds, claims, etc).
A model of opinion consists of a set of warrants and their backings.

Within a particular domain, different models of opinions must use the same (skeleton)
warrants; only the warrants’ strengths can be customised.

Arguments are combined into a tree structure (Section 3.4.3).

. The relationship between grounds, warrants, claims and qualifiers can be expressed for-

mally. Thus sound, mechanised inference is possible.

. Backings expressing domain knowledge are represented as uninterpreted strings of text

from the user.
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SWarrant | Strength Backing
1 v. weak | “Dips almost always effective here, due to thick seal
presence”
2 medium | “Stratigraphic seals, while risky, often seal up with
calcite precipitate in this area”
3 strong | “From theory, a late fault cutting the oil reservoir may

cause it to ‘leak’ along the fault. This has been shown
to be a particularly serious problem in this area (eg.
see 23rd round drill results)”

4 certain | (definitional)

5 certain | (definitional)

Figure 3.4: A model of opinion.

3.8 An Example of our Argument Model

This section presents a small, simplified example, adapted from the implementation described
in Chapter 4. The domain is hydrocarbon exploration (we describe this as ‘oil exploration’
for conciseness). The claim of interest is whether a particular oil trap (a dome-shaped layer
of impermeable rock) is effective at containing oil in porous rock layers below. A detailed
description of a full implementation is presented in Chapter 4.

3.8.1 A Common Set of Skeleton Warrants

Different users share the same set of skeleton warrants, such as shown in Table 3.1.

3.8.2 A Model of Opinion

A model consists of the skeleton warrants W and an assignment of a strength and backing to each
warrant w € W. A verbal expression of strength is used here, although the implementation uses
anumerical representation. One geologist’s model might be represented as shown in Figure 3.4.

3.8.3 Problem Description

A description of the problem to work on (the focus of the argument) is required. Here, we are
interested in the effectiveness of a prospect’s trap. This prospect is described using attribute-
value pairs:

Attribute Value
Name = e/2-1b
Trap in direction 1 = dip
Trap in direction 2 = major fault
Prospect seal =  Madeline
Most recent faulting =  cretaceous

3.8.4 Arguments

A model is used to construct an argument for a qualified claim. The argument produced by
applying the model of opinion to this prospect is sketched in Figure 3.5. Note that warrant
2 (Table 3.1) does not occur in the argument as its grounds are false. This figure shows the
strengths of warrants 1 and 3 (‘very weak’ and ‘strong’ implication that trap is ineffective
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skelwarrant 1
if trap in direction N of prospect is dip
then trap is ineffective.

skelwarrant 1 :: If the oil trap is a ‘dip’ structure, then the effectiveness of the trap
might be affected.

Note that the warrant expresses potential relevance, rather than logical implication,
as the strength of the warrant is missing. Given the grounds, the claim might be
qualified by ‘probably’, ‘it is unlikely that’ etc.

skelwarrant 2 ::
if trap in direction N of prospect is stratigraphic
then trap is ineffective.

skelwarrant 3 ::

if trap of prospect is faulted

and ’most recent faulting’ of prospect is Rockl
and ’seal unit’ of prospect is Rock2

and Rockl is_younger_than Rock2

then trap is ineffective.

skelwarrant 3 :: faulting after the oil reservoir has formed may rupture the reservoir
and cause the oil to leak away.

skelwarrant 4 ::

if trap in direction N of prospect is F
and F isa fault

then trap of prospect is faulted.

skelwarrant 5

if age of Rockl is AgeRockl
and age of Rock2 is AgeRock2
and  AgeRockl < AgeRock2

then Rockl is_younger_than Rock2.

skelwarrants 4 and 5 :: these are definitional warrants, and thus would have maxi-

mum strength, equivalent to logical implication.

Table 3.1: A set of skeleton warrants.

45
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It'slikely the
trap isineffective

Warrant 3: (high strength)

Warrant 1: (low strength)
Backing: "From theory..."

Backing: "Dips amost....

@) (9 & O & O &
trapin trap of Ccretaceous

Most recent ~ Sedl unit

direction 1 is younger
rospect .
of prospect i‘; ; ;L'j | fatingor  of prospect foun
isdip prospectis  isMadeline Maddline
cretaceous
Warrant 4: (certain) Warrant 5: (certain)
Backing: (definitional) Backing: (definitional)
© &0 (0 &020
trapin amajor age of age qf 130
direction2 fault cretaceous Madeline <
of prospect isa is is 200
isamgjor fault 130MYTr 200MYr

fault
Figure 3.5: An example argument for the claim ‘trap is ineffective’.

respectively) combining into to an overall qualifier ‘likely’. We do not give general combination
rules here, as this example is illustrative only. In the implementation, though, combination rules
for strengths and qualifiers are specified (a numeric representation is used).

3.9 Practical Argumentation using the Model

In Section 1.8 we summarised several functions which we wish our argumentation model to
support. Here, we highlight the main characteristics of our model and discuss their ability to
support these functions. We also describe other benefits which they provide.

3.9.1 Modelling and Comparing Different Opinions

Different opinions are represented by different models. Although we keep models separate, the
models all are constructed with the same set of skeleton warrants. This allows comparisons
between models and arguments to be made easily by virtue of this commonality. This would be
difficult if each model used its own unique warrants and terminology for expressing opinions.

3.9.2 Open-ended Domain Backings

In our model, backings from the user are represented as uninterpreted text (Section 3.5.3). This
provides an ‘open-ended’ knowledge representation; there are no bounds placed on the knowledge
that can be expressed. This is essential in domains where a clear bound cannot be distinguished
around the knowledge relevant to the problem at hand.

Although the semantics of text backings are not accessible to the system, the backings can
still be manipulated and replayed to the user in a useful fashion by virtue of knowing their role
within an argument. For example, given a backing B, the system knows that it justifies some
warrant W, that it explains why W was preferred to some conflicting warrant W', etc. The
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effectiveness of this technique for manipulating informal text representations has already been
demonstrated by several hypertext systems which are summarised in Section 3.10.2.

3.9.3 Justifications and Case-Based Reasoning

An argumentation system must be able to generate justifications for its decisions in order to
respond to challenges from the user. There are several types of justification that can used. (As
mentioned in Section 1.6.3, Wick and Slagle identify seventeen types, eg. statistical evidence,
analogy, definition.) However, the most important of these supported by our model of arguments
is the use of precedents. This involves the location of previous cases where a judgement similar
to the current one was made, and then presenting that case to the user. Precedents provide
support for a decision by virtue of the principle of consistency, namely that a rational agent will
make similar decisions in similar situations.

The storage and recall of precedents is a form of case-based reasoning. Our model supports
this activity in several ways:

1. A case contains not only a problem description (the grounds) but also a representation of
reasoning about that description (the argument). The inclusion of the argument in a case
constitutes an explicit representation of the relationships between grounds and claims.
This is significant: it allows us to distinguish between relevant and incidental features
relating to a decision, and hence to know which case features to search for when looking
for precedents. We are thus using knowledge-based rather than statistical techniques (eg.
[Aha90]) to identify feature relevance in precedents.

2. Warrants provide a natural way of expressing the components in a chain of reasoning
and how they combine to conclude a claim. Because our model constrains all arguments
to be constructed from the same set of skeleton warrants, we can directly identify and
compare equivalent components of reasoning in the current and precedent cases. This is
very important; if the user challenges a warrant in the current case, we are able to identify
its equivalent in precedents by locating the same skeleton warrant within it. This would
not be possible if our argumentation model did not impose this common skeleton warrant
set constraint.

3. The backings for warrants play a key role in case-based justification. Having retrieved
a precedent, it is the backing which provides the justification about why the precedent
decision was made. An important role of the argument structure is thus to organise
backings.

3.9.4 Conflict Resolution

Although our model supports the location of conflicts between different arguments, we have not
described any method for the computer to resolve those conflicts itself. Conflict resolution is a
complex task, requiring substantial domain knowledge as we describe shortly (Section 3.10.4).
As a result, we prefer to let the users themselves ultimately arbitrate among conflicts which
may exist. This does not detract from our objective of decision support for users; the model’s
importance is in its support for location rather than resolution of conflict.

3.9.5 Knowledge Acquisition and Maintenance

For a system to respond to corrections from the user, the user must be able to express those
corrections. Ideally, we would like users to express their corrections both easily and formally.
However, there is a trade-off between the cost (in terms of difficulty) to the user in expressing
corrections in a formal way and the benefits provided by a formal expression that the system
can then manipulate.
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In our model of argumentation, the user changes a model by altering the warrant strengths.
This is easily effected if strengths are represented numerically. The user also justifies this change
by providing a backing represented as uninterpreted text. This corresponds to a particular point
in this trade-off where the formal expression of a correction is tightly constrained (users cannot
modify skeleton warrants themselves, only warrant strengths). This helps our model meet
the requirement that it is practical, but at a cost in flexibility. We discuss its adequacy in
Chapters 5 and 6. Because of these constraints, we term this knowledge maintenance rather
than knowledge acquisition.

3.10 Related Work

We now relate our work to other approaches in the literature, some of which were introduced in
Section 1.6.3.

3.10.1 Modelling and Comparing Different Opinions

Only a few researchers have explored the theme of representing different opinions as separate
knowledge-bases within the same system. This is easily effected by simply labelling repre-
sented knowledge with the owner’s name (eg. Negoplan [MSK*89], LeClair’s system [LeC85]
and Young’s system [You87]). However, the more difficult task is to compare knowledge from
separately encoded knowledge bases, made difficult if differences in language and rule structure
exist. As described earlier, our argumentation model overcomes this problem by constraining
users to use the same skeleton warrant set.

3.10.2 Using Uninterpreted Text for Backings

Our model uses backings represented as uninterpreted text. This removes any constraints on the
types of backings which can be expressed, but also prohibits computer understanding of their
semantics, constraining the extent to which an argumentative dialogue can be sustained. We
do, however, know their role within the argument (ie. which warrants they justify), represented
by their position in the argument structure.

In Section 2.4 we reviewed several hypertext approaches to argumentation. The key hypothesis
underlying these systems is that arguments can be usefully manipulated by virtue of knowledge
of their argument structure alone. While we additionally include a formal representation of
argument content (the warrants), we follow this hypothesis by using backings represented as
uninterpreted text.

As described in the review, these systems differ from our approach primarily as they do not
have any active reasoning component. In contrast, our model includes machinery for reasoning.
Additionally, although a backing’s strength of support for a warrant cannot be computed from
uninterpreted text, we can find this strength by simply asking the user to make this interpreta-
tion. This provides the key bridge between informal backings and their formal summary, thus
allowing their use in automated reasoning.

3.10.3 Justifications and Case-Based Reasoning

Our model supports the use of previous precedent cases for justifying (or challenging) conclu-
sions. Cases include not just data (the grounds) and a claim, but also a representation of the
reasoning about how the claim was concluded from the grounds (the argument).

Aha describes case-based reasoning systems as comprising (i) a similarity assessment com-
ponent, (ii) a performance component and (iii) a learning component [AKA91]. For similarity

assessment, there are several case-based reasoning systems which also use domain knowledge to
identify important features (eg. Hypo [RVA84], Protos [BPM89] and by Cain et al., [CPS91]).
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Our model is thus an example within this group. Second, our model retrieves cases in order to
warn users of possible inconsistencies in their reasoning. A similiar approach was explicitly used
in Ladies [DBGY1], and is also the implicit goal of many case-based systems solely performing
case retrieval (eg. [Kol88]). Our argumentation model, however, is distinguished by presenting
not only the previous, relevant judgement but also the justification why that judgement was
made (the backing). The backing is, in fact, the target of the case retrieval — the argument
structure can be seen as a structure with which to organise backings. The inclusion of this
justification knowledge is novel for case-based reasoning.

Finally, our model assumes cases will be stored in a simple database; this contrasts with case-
based approaches which store cases in a more complex, organised structure (eg. Judge [Bai86],
Unimem [Leb86] and Cyrus [Kol83]). We thus assume standard database mechanisms will be
adequate for search and retrieval.

3.10.4 Conflict Resolution

Ideally, an argumentation system should be able to resolve conflicts which it locates in its
knowledge. We now summarise approaches to this task and the difficulties encountered with
them. Most importantly, these approaches suggest that conflict resolution requires substantial
domain-specific knowledge, and that general, domain-independent strategies are of limited use.
For this reason, our model relies on the user to ultimately adjudicate among conflicts between
arguments that the system may locate.

Consensus Approaches

One class of approach to conflict resolution is to combine conflicting evidence or conclusions
together using analytic methods. For example, Bayesian techniques combine evidence relating to
a conclusion together [Che88], and game-theoretic methods select the best course of action from
alternatives given quantified reliabilities, costs and payoffs [Ros85, vM44]. This approach can
be taken in domains where probabilistic or decision-theoretic models can be precisely specified.
However, in many domains this is not possible, and thus these methods are of limited utility
with our model.

Adversarial Approaches

In contrast, we define adversarial approaches as those where a single opinion or solution dom-
inates (rather than taking some form of average of them). Truth maintenance techniques are
examples of this approach. Given a set of (possibly conflicting) statements, a truth maintenance
system searches for a consistent subset of them [Doy79, deK84] — equivalent to retracting some
of the conflicting statements. These systems, though, used little or no knowledge about which
statements should be blamed in the case of a conflict. Truth maintenance systems offer useful
machinery for exploring the consequences of different assumptions, which could be used in an
implementation of our argumentation model. However, they would require more knowledge to
resolve conflicts in a less arbitrary way.

Some authors have looked for domain-independent principles for deciding which statement
should dominate given a conflict (eg. [Lou89, Sim89]). The only major forthcoming principle
was that of specificity: if Ay = B, and Ay = - B and Ay is a specialisation of A;, then the
second rule should dominate. This principle is based on a probabilistic interpretation of the
implication relationship. It is unable to resolve conflicts when a specificity relationship does not
hold, and thus would not be generally useful for resolving conflicts within our argumentation
model.
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Knowledge-Based Approaches

Konolige, in an analysis of conflict resolution, concludes that:

“general domain-independent principles [for adjudicating among conflict] will be very
weak, and that information from the semantics of the domains will be the most
important way of deciding among competing arguments” [Kon88] p381

Konolige thus recognises that domain knowledge (eg. that contained in backings) is needed to
resolve conflicts. In his system ‘ArgH’ [Kon88], he reflects this by labelling each inference rule
as describing either an event or persistence of facts. Conflicts are resolved by event rules
dominating persistence rules. This resolution technique is thus a first attempt at formulating
general conflict resolution principles using domain-specific information. However, such principles
are difficult to formulate, and even this simple principle is sometimes violated as he himself
illustrates.

Cohen has similarly strongly advocated the use of domain knowledge to reason about uncer-
tainty and conflict [Coh85]. He uses the term endorsements to describe elements of meta-
knowledge supporting facts and rules within a system, similar to Toulmin’s backings. Despite
his persuasive philosophy, however, Cohen had substantial difficulties in developing a computa-
tional model of this theory. Essential functions such as the ranking of endorsements were not
fully implemented and left as a “very difficult” open question. In his implementation, simple
labels (one of model-based, causal or correlational) were used to represent endorsements,
resulting in a conflict resolution strategy of limited discriminatory power.

Thus, although domain-specific knowledge is recognised as being important for conflict reso-
lution, progress on formally representing and reasoning with it has been limited. As a result,
we use an approach primarily designed to identify rather than resolve conflict.

3.10.5 Knowledge Maintenance

The main feature of the knowledge maintenance technique supported by our model is its simplic-
ity: users express their knowledge as uninterpreted text and modify the corresponding warrant
strength accordingly. This simplicity distinguishes it from other knowledge acquisition systems,
described earlier in Section 1.6.3. With Protos [BPM89], for example, the user expresses his or
her opinions in a formal, Lisp-like syntax, reported to require either programming skills or as-
sistance for its use [Sha91]. This, of course does not detract from Protos’s value as a knowledge
acquisition tool; however it does make its knowledge acquisition method inappropriate to meet
our goal of usability by unsupervised, non-computer-skilled users.

Srinivasan et al’s ripple-down rules methodology [SCM™91] is an alternative whereby users
select corrections to a rule from a list of possible corrections. However, this requires an adequate
space of possible rules to be identified, thus constraining the corrections the users can express.
This technique has been successful in the medical domain of chemical pathology interpretation,
where an adequate rule space could be formulated. However, in general, this constraint may be
more diflicult to meet.

Finally, we point out that our model’s constraints on knowledge maintenance are not imposed
solely to support its use by non computer skilled users, but also to support the other operations
of argument retrieval and comparison as described in Sections 3.9.1 and 3.9.3. Thus there is an
additional complication if we wished to apply these other knowledge acquisition techniques, as
we wish to preserve the model’s support for these other functions also.

3.10.6 The Theory of Determinations

A skeleton warrant expresses an unspecified relationship between its grounds and claim; in
other words, the grounds are relevant to the determination of the claim. This is closely related
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to Russell’s representation of determinations [DR87] and work on representing relevance in Al
[SG87]. A determination is a predicate schema which makes a logical statement of relevance
between predicates. For example, the statement “a person’s nationality determines whether or
not he or she needs a visa” could be represented:

nationality( Person, Nat) > I needs_visa(Person) (3.1)

where > is the determination relation, Person and Nat are variables and Iy is a polar vari-
able, denoting that the truth of its following expression (needs_visa(Person)) is not being
specified. Equation 3.1 is thus analogous to a skeleton warrant and the polar variable I7 anal-
ogous to the warrant’s unspecified strength. Unlike warrant strengths, however, polar variables
are not directly instantiated by the user; instead, an example of the determination relation-
ship reduces it to a logical implication. For example, given nationality(marianne, swiss) and
—needs_visa(marianne), Equation 3.1 then implies that:

nationality( Person, swiss) = —needs_visa(Person) (3.2)

The formal machinery for this and its use is described in [DR87, Rus88a, Rus88b].

We make several points of comparison. First, determinations and skeleton warrants are both
representations of relevance. Second, determinations represent a logical type of uncertainty (“I
don’t know whether this relationship holds or not”) contrasting with a skeleton warrant’s quan-
tified degree of uncertainty (“I don’t know how strong this relationship is”). Third, a determina-
tion’s determinant (left-hand side) expresses all that is needed to find the truth of its resultant
(right-hand side). It thus assumes containment of knowledge, as discussed in Section 1.4.3.
This contrasts with a skeleton warrant, which represents only one possible influence on a claim.
Because determinations assume containment and do not represent degrees of uncertainty, their
use for argumentation is limited. The possibilities for and limitations of determinations for
argumentation are discussed further by Clark [Cla88b, Cla88c].

3.11 Summary

We have presented a model of argumentation, specifying structures for representing knowledge,
how they relate and how they can be used for cooperative problem-solving. We now describe
and evaluate one way in which this model can be applied.



Chapter 4

The Model Applied to Oil Prospect

Assessment

4.1 Introduction

An important goal of this research is to develop an implementation that is both practical and
useful. By practical, we mean that the system is usable by non-computer-skilled experts outside
the laboratory environment. By useful, we mean that it can be applied to real-world problems,
and provide sufficient benefits to users to merit the time required to run the system. This
goal places considerable constraint on the implementation’s design. As a result, details of the
implementation should not be viewed as arbitrary choices simply to illustrate the argumentation
model but as equally important to the overall goal of constructing a practical argumentation
system.

The model of arguments presented in Chapter 3 was chosen to address some of these practi-
cality constraints. We now describe an application, named Optimist, for assisting geologists in
hydrocarbon exploration in the offshore subsurface environment. We show how the model has
been instantiated and applied to this particularly difficult task. An evaluation of the applica-
tion’s success in achieving our goals is presented in Chapter 5.

Although hydrocarbon exploration involves searching for both oil and gas, this chapter’s title
and contents are presented in terms of oil exploration only for conciseness.

4.2 The Problem Domain

4.2.1 The General Context of Oil Exploration

Hydrocarbon exploration is an important task, involving many people and much resources. The
financial costs and potential rewards are high. In the North Sea, for example, wells cost around
four to eight million pounds to drill and only about one in four will strike oil.

The complete process from exploration to oil recovery can be considered in two phases. First,
potential locations of oil (‘prospects’) are identified, and second a decision is made about whether
it is cost-effective to drill an exploratory well. If a decision to drill is taken and sufficient oil is
found, further wells may be drilled to recover the oil on a commercial basis.

Estimating the cost-effectiveness of sinking a well in a prospect involves geological and financial
considerations. Four key questions that must be answered are:

1. What is the probability of finding oil?
2. If there is oil, how much will there be?

3. How much will a well cost to drill?

52
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4. How much can the oil be sold for?

These questions are difficult to answer. In particular, the geological question of the probability
of finding oil and the financial question of predicting the oil’s future commercial value are fraught
with problems. The continuous changes in the oil price over the past two decades typifies the
sort of unpredictabilities inherent in this crucial cost-benefit calculation.

The task considered here addresses only the first of these questions, namely what is the
probability of finding oil in this prospect? Answering this question is called prospect risk
appraisal, or simply ‘prospect appraisal’. This is the problem which our cooperative expert
system is to assist with.

4.2.2 Finding Oil in a Prospect

Before describing Optimist’s design and application, some background to the geological problem
should be given. We briefly describe the process by which oil prospects form, and how geologists
assess the risk associated with this process.

The Geological Process

Several conditions must hold for a prospect to contain oil. First, there must be a geological
structure in which oil can be trapped. In subsea conditions oil, being lighter than water,
rises, and thus this trapping structure is a dome-shaped impermeable layer of rock lying above
porous rock (eg. sandstone). The porous rock is called the oil reservoir. It is here that the oil
accumulates.

In addition, some source of oil is required to produce the oil in the first place. Oil is formed
from ancient organic matter that has been trapped, heated and compressed over millions of years
below ground. After sufficient heating and compression the source is said to be mature and
produces oil, which will seep or ‘migrate’ away from the source along available paths of porous
rock and faults. To fill the prospect, a path must exist by which the oil can migrate from the
source to the reservoir, ie. there must be communication between the reservoir and source.

A schematic, simplified diagram of the way an oil reservoir forms is shown in Figure 4.1. Here,
the oil has formed in the source and migrated upwards along a porous bed of rock, eventually
reaching a point where it is trapped by a geological fault and a sloping bed of impermeable rock.

Assessing the Probability of Oil

The various requirements for the formation of an oil field can be summarised as six loosely
independent conditions. Thus the probability of finding oil can be considered as the product of
the probabilities of each one of these conditions being true. Each condition involves a different
method of assessment:

1. Trap presence is assessed mainly from detailed examination of seismic sections over the
area of interest, requiring identification of a geological structure which can potentially
seal oil in. As seismic sections display the time taken for sound to bounce back from rock
layers, they provide only an indirect measurement of the rock depths and the time-to-depth
conversion can contribute a source of risk.

2. Trap effectiveness is assessed using knowledge of geological structures in the area. In
particular, traps formed by faults or discontinuities in rocks can often ‘leak’, the risk being
conditional on the type of fault or discontinuities involved. Thus the quality of the trap’s
seal (its impermeable boundary) is a fundamental consideration. Knowledge of the success
of previously drilled, similar prospects is vital for this assessment.
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Figure 4.1: An example of the formation of an oil field.

. Reservoir presence is often inferred from the known presence of reservoir rock in nearby

drilled wells, or sometimes is even visible on the seismic. For oil, there must be at least
some reservoir present (described as adequate ‘gross thickness’ in the implementation).
Additionally, the composition of the reservoir rock must contain a sufficient component
(‘net thickness’) of sufficiently porous rock (‘porosity’) for accumulating hydrocarbons,
again inferred from data from nearby wells.

. Reservoir communication with the source is difficult to assess, requiring consideration

of the migration pathway between the oil source and reservoir. Again, nearby wells produce
the main evidence. Even if a nearby well is dry, it may contain evidence of oil having
reached it but then leaking away (‘oil shows’). This improves the likelihood of finding oil
at the current prospect.

. Source presence can be inferred from the known geology of the region and discoveries

of oil in existing wells.

. Source maturity can be inferred from geophysical studies of the time, depth and temper-

atures of the oil source since its formation, or can again be inferred from known discoveries
of oil. In some cases source presence and maturity can be assessed directly if an existing
well penetrates the hypothesised source.

These six different conditions, and the three sub-conditions for reservoir presence (adequate

gross/net /porosity), can be considered loosely independent. As a result, the appraisal task can
be broken down into six sub-problems, the probability of finding oil being the product of the
probability of each condition occurring. We sometimes refer to these six conditions as risk
components.
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4.3 Applications of the Model

Our model of argumentation can be applied in a number of ways, one of which (namely Op-
timist) we describe and evaluate in the next two Chapters. Optimist applies the model in a
straightforward way: for example, user-supplied grounds are not qualified and warrants with
modifiable strengths do not chain. The application can thus be seen as a specialisation of the
general model we have presented.

We emphasise that the following describes only one way in which the model can be applied.
For example, other alternative applications may allow warrants with modifiable strengths to
chain, or grounds to be qualified. There are thus additional issues concerning the generality of
the model which are raised. To fully discuss these issues, it is useful to first illustrate how the
model can be applied and then discuss alternatives; this allows the specific application to act as
a reference point against which alternative applications can be discussed. Because of this, we
defer discussion of these issues to Chapter 6. We note here that Optimist is only one instance
of how the model can be applied.

4.4 Overview of the Implementation

4.4.1 Description

In Optimist, each appraisal of a prospect is represented as an argument whose claim is that
oil is present and whose qualification is the probability that the claim is true. An argument is
constructed from a model of opinion, comprising a set of skeleton warrants and their associated
strengths and backings. Argumentation between Optimist and the user is based on this argu-
ment. During the dialogue, the user may query some of the reasoning and perhaps alter the
argument on the basis of extra knowledge that the system does not have. Optimist will argue
its case on the basis of consistency with previous decisions which have been made, alerting the
user to relevant information which he or she may not know. When the user is satisfied with the
argument and its conclusion, it is stored along with any changes made to the model.

4.4.2 Chapter Overview

The implementation is described in two parts, presenting:

1. The data structures used to represent warrants, arguments and models of opinion. These
are described in Sections 4.6, 4.7 and 4.8.

2. The procedures describing how arguments are constructed and how argumentation occurs.
If the reader desires a quick preview of this, he or she is referred to the flow chart in
Figure 4.6 on page 69.

Following this, an extended example illustrates Optimist in use.
To provide the context for describing the data representations in Optimist, it is useful to
summarise the three databases which the system uses:

Data, for storing descriptions of the prospects and other geological objects.
Models, representing general, personalised domain knowledge. Each model is a set of warrants.

Arguments, summarising how conclusions were reached using the data, a model and additional
information from the user.

This is illustrated in a sketch of the system’s architecture, shown in Figure 4.2.
To assist the user, a summary of the terminology introduced in Chapter 3 is given in Table 4.1.
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Data:
Grounds g;
Qualifier ¢

Models:
Model

Warrant w;

Strength s
Backing
Rebuttal

Arguments:
Claims C

Qualifier ¢
Argument

Tree

Structure

Known data about a prospect or other geological object.
Expresses the degree to which a ground or claim is believed.

A set of warrants, with personalised strengths and backings.
A general rule of inference expressing the relationship between
grounds and a claim. It has the following structure:

if grounds then claim with strength s, because backing

skeleton warrant specific to model of opinion used
Expresses how strongly a warrant’s grounds imply its claim.

A justification for why that strength is believed.

Rebuttals are not used in our model of arguments (see Sec-
tion 3.4.3).

Every model shares the same skeleton warrants. The strengths
and backings are customised by the user.

Data, similar to grounds, inferred by argumentation rather than
provided by the user.

Expresses the degree to which a ground or claim is believed.

An argument represents how conclusions were reached using the
data, a model, and additional information from the user.

An argument is represented as a tree, each node representing a
(qualified) claim or conjuncts of claims, and each arc representing
a warrant with an attached backing.

The structure of a tree is that tree with qualifiers, strengths and
backings removed.

Table 4.1: Summary of Terminology.
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Figure 4.2: Architecture of Optimist.

4.5 Representing Data in Optimist

A prospect is described in Optimist as a set of attribute-value pairs. In addition, a number of
other geological objects (wells, faults, and regions) required for the appraisal are described in
the same way. The grounds of arguments refer to this data.

Although our model allows grounds to be qualified, we make the simplifying assumption
in Optimist that grounds are always unqualified (ie. assumed certain). Instead, uncertainty
is expressed in the ground itself. For example, “it’s unlikely that (qualifier) there is a trap
(grounds)” would be rephrased “{certainly (implicit qualifier)} the trap is unlikely (grounds)”.
This simplifies the calculus of strengths and qualifiers.

4.6 Representing Qualifiers and Strengths

Before describing how arguments are represented, we first present the calculus of strengths
and qualifiers used in Optimist. For clarity, we re-iterate the distinction between qualifiers
and strengths. Qualifiers are associated with grounds and claims, describing degrees of belief
that those grounds or claims are true. Strengths are properties of warrants, referring to the
relationships between their grounds and claims.

4.6.1 Requirements

An argument concludes a qualified claim from some grounds using warrants. In order to compute
the appropriate qualifier for a claim, some calculus is needed to combine the qualifiers of grounds
and the strengths of those warrants. There are two requirements which the calculus must meet:
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1. It is local, ie. the combination rules are functions of the warrants’ strengths and the

grounds’ qualifiers only. This requirement follows from our definition of warrants (Sec-
tion 3.4.3).

2. It is easy to understand. For meaningful dialogue to occur between users and the system,
users must be able to understand the system’s behaviour and be able to express their
disagreements.

4.6.2 Optimist’s Combination Rules

To meet these requirements, we adopt a simple calculus as follows:

¢ Qualifiers are equated with (subjective) probability estimates that their corresponding
claims are true.

e Warrant strengths are equated with the amount that the claim’s prior qualifier (ie. proba-
bility) should be multiplied by or modified given that the warrant’s grounds are true. This
makes an implicit independence assumption, which broadly holds for prospect appraisal.
We discuss this further in Section 4.6.3.

e The initial qualifier for claims is 1.0 (the ‘initial presumption’, using Toulmin’s terminol-
ogy), and warrant strengths are always less than or equal to 1.0. Thus warrant strengths
reduce this initial qualifier if the reasoning is not conclusive.

Thus, if grounds are unqualified, the claim’s qualifier ¢ is simply the product of the strengths s;
of those warrants concluding a claim and whose grounds are true:

g=1]s (4.1)

This calculus is suitable as it is easy to understand, and reflected the way geologists reasoned
about the probability of finding oil at a prospect. To estimate the strength s; of a warrant
relating some grounds g; to a claim ‘oil is present’, geologists thought in terms of a ‘perfect
prospect’ as follows:

“Consider a (nearly) ‘perfect prospect’ where the only risk (that the prospect is dry)
is posed by the grounds of a particular warrant. (All other properties of the prospect
are ideal, posing no risk). What, then, is the probability of oil at that prospect?”

This probability is then assigned as the warrant’s strength. Warrants strengths thus range
from 0 (the grounds strongly indicate the claim is false) to 1 (the grounds have no effect on
the claim). Note that we are using warrant strengths to denote ‘negative evidence’ here, as a
strength less than 1 can only decrease the qualification of the claim (Equation 4.1). (Warrants
are defined only as expressing a relationship between grounds and claims; there is no reason
why this relationship cannot be a negative one). Also note that a warrant has no effect on the
claim (ie. no strength) when s = 1.0.

4.6.3 Discussion

We make three points. First, the particular calculus we use is not central to our argumentation
approach — any calculus which meets our two requirements (Section 4.6.1) will suffice. Second,
the simplicity requirement is essential for the argumentation model to be practically applied,
and is the primary motivation for choosing the simple combination method described. Alterna-
tive calculi, eg. Prospector’s Bayesian calculus, can present substantial problems for users to
understand. Duda, for example, reports:
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“Because the [Bayesian] techniques...are unfamiliar to most geologists, few geologists

can even evaluate Prospector’s models, let alone contribute to their development”
[Dud80] p26

Third, the role of strengths and qualifications must be carefully understood. Their primary
roles are to organise backings and to permit users to express their opinions adequately. Provided
these roles are fulfilled, we do not necessarily require absolute precision in quantifying belief.
Thus minor variations in quantified belief due to the imprecision of users’ judgements and minor
violations of the independence assumption will be tolerated.

4.6.4 Generalising the Calculus

Optimist further simplifies the use of qualifiers and strengths by constraining grounds to be
unqualified (Section 4.5). We point out, however, that a generalisation of this calculus can
be envisaged in which grounds can be qualified. The qualification ¢, of a conjunct of grounds
is simply the product [] g, of each ground’s qualification g,,, assuming independence of each
ground. Qualified grounds would have reduced effect on the claim’s qualification. Given a
warrant with strength s, and whose grounds ¢ had qualification ¢,, the claim’s prior qualifier ¢,
would be modified after applying the warrant to become

7= qo(1 —gqg(1~3))

Equation 4.1 is thus a special case of this where ¢, = 1.0.

As an example, consider the claim ‘oil is present’ to initially have a qualifier ¢, = 1.0. A
warrant with strength s = 0.5 would reduce ¢ to be 0.5 if its grounds were certain (¢, = 1.0), or
to be 0.75 if its grounds were qualified by a probability of 0.5 (¢, = 0.5), or leave ¢ unchanged
at 1.0 if its grounds were false (¢, = 0.0). Thus if the warrant definitely applies (¢, = 1.0) then
the qualifier is reduced the most, and reduced less if the warrant’s grounds are less certain.

4.6.5 Logical Warrants

We have defined warrant strengths as modifying a belief in a claim. However, it is useful to also
define a different type of warrant in which the claim is completely determined by the grounds
with the following properties:

o Given the grounds are true, the claim will definitely be true.

e Given the grounds are false and no other warrant concludes the claim, the claim is assumed
false.

These warrants are equivalent to logical implication under the closed world assumption (CWA).
We term these logical warrants. Warrants which express definitions, for example, are logical
warrants. If the grounds g; are qualified, then the claim’s qualifier ¢ is simply equal to the
grounds qualifier, ie. ¢ = ¢,. Again, conjuncts of grounds are combined by multiplication ie.
qg =[] ¢y;, assuming independence of each ground.

4.7 Representing Arguments

4.7.1 Description

We now turn to the representation of arguments in Optimist. In the subsequent section we de-
scribe how models encode the warrants used for constructing these arguments and the algorithm
for constructing arguments from them.



60

CHAPTER 4. THE MODEL APPLIED TO OIL PROSPECT ASSESSMENT

Optimist’s arguments share similarities in structure because they are constructed from a
common set of skeleton warrants. These structural similarities are domain-specific, determined
by the skeleton warrant set.

For Optimist, a particular form of argument structure was designed reflecting the general
risk assessment procedure described in Section 4.2.2. It should be noted that the structuring of
the appraisal into six risk components is a company-specific practice; other companies may use
different structures, and hence the skeleton warrant set may be different for an application in a
different oil company.

This is as follows:

1.

The claim C (the root node) is that the prospect contains oil. Its qualifier ¢ is the
probability that this claim is true. Judging the value of this qualifier is the overall task of
prospect appraisal.

. A single logical warrant connects the six necessary conditions for oil (described in Sec-

tion 4.2.2) to the root node. This warrant occurs in every argument in Optimist. These
conditions are: trap presence, trap effectiveness, reservoir presence, reservoir communica-
tion, source presence and source matu