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This work concerns temporal aspects of a knowledge based system which holds

information on patients as they progress through their treatment in a vascular surgery

department.

Representing and using knowledge about temporal relationships so as to provide
decision support to a historical knowledge base of patient data is investigated. Event
Calculus, in first order classical logic augmented with negation by failure, provides an
effective framework for reasoning about time. From Kowalski and Sergot’s original
Event Calculus we arrive at a simple and flexible framework which can be used as a
temporal support in a medical knowledge based system.

We show how Event Calculus can be used to describe a simple model of the

clinical pathway in vascular surgery. Patient information in the medical record is

formalised in a structural framework to suit the Event Calculus. Medical knowledge
about investigation and treatment options is added to the model so that the resulting
system can recommend the options which are appropriate at any particular time. It is

shown how these recommendations provide decision support by recommending what

should be done next, and when to re-evaluate measurements that become unreliable.



It is argued that there are advantages to be gained by adopting a general temporal
reasoning framework because it can be extended to support various medical and
administrative tasks. The extensions available to the Event Calculus, further its

suitability as a temporal reasoning framework in the medical domain.

A prototype system, essentially a research workbench over a realistic domain, is
built using Prolog to illustrate the temporal reasoning capabilities provided by the
Event Calculus framework. Using case studies it is demonstrated how the prototype

system fulfils the decision support abilities we aimed to achieve in the knowledge
base.

An alternative framework for describing processes, Process Modelling imple-
mented in the language PML, has been compared with the Event Calculus framework.
On the basis of formulating examples in both frameworks as executable programs,
we conclude that PML enforces normative behaviour in a process particularly well,
whereas Event Calculus is more suited to decision support.

It is concluded that the Event Calculus framework allows many useful features
of medical information systems to be rationally reconstructed in a very clear way.
This makes it easier to build systems which can be modified and enhanced. Thus the

framework provides not only ease of representation, but also ease of maintenance and

further development.
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1 Introduction

Where there is action, there is time, and where there is time, there is

potential need for reasoning about time (Perlis, Elgot-Drupkin and Miller,
1991).

Representing time in data bases has become a research topic in many areas (McKenzie,
1986; Bolour, Anderson, Dekeyser and Wong, 1982; Snodgrass, 1990; Maiocchi and
Pernici, 1991). Whatever method may be used in knowledge representation and
retrieval - a relational data base, a deductive data base - it is necessary to represent
the changing world. Information stored in the data base changes continuously by
updating, correction and revision. When representing an item of information, let it
be a person’s personal record, a company’s financial status or a patient’s diseased
condition, it is not sufficient just to represent the current status of affairs, but the past
too has to be represented appropriately. The validity of a storage or retrieval operation
is partly determined by the information being placed in the right temporal context as
events in the outside world impinge upon it.

Even for data base applications the need to represent time is evident. For example,
in representing a person’s personal record, changes to name, address, job history,
marital status and so on, have to be independent of one another. It is not very desirable
to store a copy of the record each time one or the other gets updated. Especially in
Artificial Intelligence (Al), where the aim is to duplicate, model, or simulate human
intelligence and actions, a proper treatment of time is necessary. In recent years,
many works on Al concerning methods of representing time and reasoning about it
have appeared (Hajnicz, 1990; Perlis, Elgot-Drupkin and Miller, 1991; Koomen, 1991;
Freksa, 1992; Wiederhold, Jajodia and Litwin, 1991; Allen, 1991). The subfield of
artificial intelligence that acknowledges a central role to time is usually referred to as

temporal reasoning (Nardi and Tucci, 1989).

Medical information systems have to deal with the problem of out-dated data and
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new data, and the need arises to represent temporal information. In applications such
as keeping medical records and patient management, the relative time happenings
of events plays a critical part and thus requires a problem solving model which can
capture effectively change of information/knowledge with time. Often, the patient
history is the only available means for establishing the diagnosis (Kohane, 1987). To be

able to effectively use such a patient history, it is necessary that the automated systems

be capable of sophisticated temporal reasoning.-

The general aim of this thesis is to apply knowledge based system techniques to the
problem of keeping medical records and the support of patient clinical management.
A basic data base approach to keeping clinical records can be extended in two broad

ways: introducing a representation of time to the data base; and extending the data

base to a knowledge base which stores implicit as well as explicit information. We
make both these extensions. What is new about our approach however, is that a general
temporal reasoning framework is built into the basic structure of the knowledge based
system, rather than being tackled in an ad hoc way. Our aim in doing this is two fold:
firstly to show that general temporal reasoning techniques, in particular the Event

Calculus, can be scaled up to a domain considered in realistic detail; and secondly to

lay the groundwork for a new generation of medical information systems built on this

more general framework.

1.1 Time in Data Bases

There are three concepts of time identified when dealing with temporal information,
event time (or valid time), transaction time and user-defined time (Snodgrass and Ahn,
1985). Event time is the real time at which events occur in the real world. Transaction
time denotes the time at which information was received by the data base or the
knowledge base. User-defined time is necessary when neither of the former defined
two times can handle the available temporal information. As an example of user-
defined time we can consider the well known ‘promotion’ example (Snodgrass and
Ahn, 1985; Snodgrass and Ahn, 1986; Sripada, 1988). Consider the event of promoting

John to assistant sales manager. The event description will have three attributes

associated with it; Name, Rank, Approved-Date. The Approved-Date, the date when

16



the promotion was approved by the board of directors, is the user-defined time. The
date when the promotion takes effect is the event time. The date the information
about the event is received by the data base is the transaction time. We are primarily
interested in the event time. Most explicitly, in this thesis general temporal reasoning
will be applied to event time only. We believe that this alone suffices to represent time

effectively in the domain of clinical practice since what affects the patient’s condition

is not the decision but the action.

The other main candidate for temporal reasoning is transaction time. It is simpler
than event time in several ways and might be included in a more complete system. One
feature of transaction times is that they are not subject to revision. The transaction time

associated to event information is usually automatically added by a built-in clock in

the system and hence not only are the transaction times in chronological order but also
once added there is no reason to change them again. The event time contrarily may be
corrected or revised. The event of correction or revision itself will be associated with
a new transaction time. Further reading on transaction time can be found in (Sripada,
1988).

How we represent the event time, whether simply by an integer or by a calendar
date, depends on the domain modelled, and the user requirements. The representation

of transaction time is totally independent of the application domain.

1.2 Types of Data Bases and Knowledge Bases

Based on event time and transaction time, four types of data bases can be defined (a

similar classification applies to knowledge bases). Each differ in their ability to support

the two time concepts mentioned in Section 1.1.

Snapshot Data Bases The data base at any instant represents a snapshot of the world
modelled at that instant. Snapshot data bases do not deal with time in any special
way i.e. they do not support any concept of time. As information stored in the
data base changes or get updated, the old information gets replaced by the new
information. Thus, the old information or the past states of the data base are not

remembered.
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Rollback Data Bases The data base supports transaction time, the time at which
information is received by the data base. All past states of the data base are
stored, indexed by time. Asa result rather than the history of the world modelled,
the history of the data base activities are recorded. By taking a snapshot of the
data base at any past instant, a snapshot of any relation at that instant can be
obtained. The action of selecting a past state of the data base is known as rollback.
Data bases which supports the action of rollback are known as rollback data bases.

Changes to a rollback data base can be made to the most current state or snapshot.
There is no way of correcting errors of past. Hence, past errors cannot be

forgotten.

Historical Data Bases The data base supports event time, thus the time interval for

which a relation is valid in the real world is represented. A historical record is
kept per relation. As errors occur they are corrected by modifying the data base
accordingly. No record is kept of the errors corrected. Since transaction time is
not supported at all, past states of the data base are lost, i.e. the data base cannot

be viewed as at any past instant of time.

Temporal Data Bases Temporal data bases support both transaction time and event

~ time. Therefore, they capture completely the retroactive/proactive changes.

In this thesis we talk about a knowledge base rather than a data base. The
knowledge base is a more general concept than a data base represented in our
formulation as a deductive data base. Deductive data bases represent the convergence

of data bases and logic programming (Grant and Minker, 1992).

A deductive data base is a finite set of deductive rules of the form,
A — B,,B,y,...,DB, wheren > 0

where A is an atom, and the B;s are literals (that is, atoms or negated atoms), and all
the variables are assumed to be universally quantified in front of the formula in which

they occur. A is called the conclusion of the rule and the B;s the conditions. When

=0, the deductive rule is called a fact. A deductive data base provides a declarative,

logic-based language for expressing queries, reasoning, and complex applications on
data bases (Minker,1988; Ullman, 1990). The logic underlying deductive data bases
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is the Horn Clause subset of first-order predicate calculus extended with a meta-
level inference rule, negation by failure, to implement negation (Gallaire, Minker and
Nicolas, 1984). Negation by failure is an efficient way to express the completeness of
the positive information stored in the knowledge base (Clark, 1978).

The typology of data bases as regards time, given above, carries over to knowledge
bases. In this thesis we develop a historical model of a deductive data base which
captures the history of the events which occur in the domain as is best known at any

given instant of time.

1.3 Temporal Information Management

There is much ongoing research on temporal information management (Maiocchi and

Pernici, 1991; Snodgrass and Ahn, 1986; Dean and McDermott, 1987). Work has been
published regarding the taxonomy (Snodgrass and Ahn, 1985) and concepts (Jensen,
Clifford, Gadia, Segev and Snodgrass, 1992) of temporal information.

In temporal data management, two main directions of research can be identified
(Maiocchi and Pernici, 1991):

o extending data models to incorporate time dimension,

e providing temporal reasoning capabilities to knowledge based systems.

In this thesis we are interested in the latter aspect of research. Within this category, our
interest lies with Artificial Intelligence systems which are concerned with interpreting
temporal data and their relationships.

A significant amount of common-sense reasoning involves time in one aspect or
another. Many of the facts we are accustomed to deal with change over time, and
hence many of the inferences we make depend crucially upon whether or not a fact or

conjunction of facts is true ata point, or throughout an interval. We use Event Calculus,

a representation within a logic-programming framework introduced by Kowalski and
Sergot (Kowalski and Sergot, 1986), to reason about time in a knowledge base. Event
Calculus takes events as the basic notion of the ontology while being neutral as to the

duration of the event itself.

The Event Calculus formalism is based on first order predicate logic. Unlike

conventional temporal logics, which represent time implicitly using modal operators
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such as past and future to reason about time, the Event Calculus represents time
explicitly. We now discuss briefly two other temporal reasoning formalisms based
on predicate logic with an explicit representation of time.

Allen (Allen, 1983) deals with the problem of temporal knowledge being relative
and therefore not necessarily being representable by a date. The basis of Allen’s
approach consists of an interval-based temporal logic together with a computationally
effective reasoning algorithm based on constraint propagation. In Allen’s theory, to
specify a particular occurrence of an event a unique time interval over which the event

takes place has to be specified. Events are described by the predicate occur(E, P),

denoting that event E occurred over the time interval P. Likewise a predicate holds(U,

P) is used to denote that the property/relation U holds throughout the interval P. The
characteristic feature of Allen’s formalism is his ontology of time expressed in terms

of the time intervals P. He uses 13 mutually exclusive relations to relate two time
intervals. For any given two intervals X and Y these time relations are as given in

Figure 1.1 together with the inverses of the first six relations. Allen also introduces a

X before Y —X—] —Y
X meets Y X

X overlaps Y | | | Y ‘

X during Y ——
X starts Y p—re |

X finishes Y P— |

—X—
X equal Y ——]

Figure 1.1: The mutually exclusive time relations of Allen’s (Allen, 1983)

notion of reference interval which can capture the temporal hierarchy implicit in many
domains (Allen, 1983; Maiocchi and Pernici, 1991).
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The detailed relationship between Allen’s logic and the Event Calculus has been
studied by Sadri (Sadri, 1986). She argues that the two formalisms, insofar as they
reason about events, time intervals and time-dependent properties, are closely related,
and that the Event Calculus can be extended or specialised to provide the features
of Allen’s logic. For example, Allen has not given a logical formulation for default
persistence although he suggests it is desirable in a temporal system. The Event
Calculus does support default reasoning through negation as failure and in this sense
has added temporal reasoning power. But the two formalisms can be made similar
either by suppressing the negation as failure in the Event Calculus or by extending
Allen’s logic. On the other hand Allen has used his logic for a number of purposes
which go beyond reasoning about events, such as the analysis of intention and belief,
and in thisaspect extends the Event Calculus. However, for our purposes, for reasoning
about events, the two formalisms differ largely in style.

Another formalism based on predicate logic has been presented by Lee, Coelho
and Cotta (Lee, Coelho and Cotta, 1985). They have aimed to develop a temporal
system for representing and reasoning about time dependent information and events
specifically for business data applications. Since Lee et al consider a specific domain,
business application, it is convenient for them to take calendar dates as their basic
ontology of time, dates represented in days, months and years. Events are associated
with a definite time (an exact calendar date) or an indefinite time (by indicating that
the event occurred sometime during an imprecisely specified date). Also events are
identified with either time points or time intervals, the most common time points used
in the domain being the end points of the time intervals. Time points and intervals are

related by a predicate during(T, P) which expresses that time point T is during the time

interval P.

Sadri (Sadri, 1986) also made a detailed comparison of Lee et al’s formalism with
the Event Calculus. Again she argues that the Event Calculus can be extended or
specialised to give the features of Lee et al’s formalism, but in this case the latter tends

to be more specialised because it was set up for a particular application. We mention

some of the similarities and differences between the formalisms which have been noted
by Sadri. For Lee et al properties are assumed to persist unless it can be shown that

they have terminated. Thus they include default reasoning in a manner similar to the
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Event Calculus. Lee et al do not discuss the possibility of event descriptions being
incomplete. For example, it is not clear how to add new knowledge about a more
definite time of occurrence for an event which is already specified with an indefinite
time. Completion of partial events is by inference and not by default. Thus, there
are no withdrawals of the completions by default by any new information, unlike in
the Event Calculus for which event descriptions may be completed by default using
the information available. Lee et al’s formalism requires events to be entered into the
system in the order that they occur in the real world, whereas Event Calculus does not
impose any restrictions on the order in which event occurrences are entered. In this
respect Lee et al’s approach is close to the special case of the Event Calculus where
events are assumed to be entered into the data base in the order that they take place.
Our general conclusion about Lee et al’s formalism, following Sadri, is that it differs
in style to Event Calculus and is a more specialised formalisation.

All the three formalisms, Allen’s, Lee et al’s and the Event Calculus, are similar in
that, they analyse the concept of events, and events and time are representéd explicitly.
Events may occur simultaneously and imply the start or/and end points of time
periods (or time dependent relations/properties). If the formalisms were extended
to have similar temporal reasoning power, the differences would be largely ones of
style of representation. One feature of the Event Calculus representation is that event
occurrences are given unique names. In Allen’s and Lee et al’s formalisms an event

occurrence is distinguished by the type of the event and the time of its occurrence.
Having unique event names make adding new information about events which are

already described easy. Describing simultaneous events of the same type is also made
easier. Themainreason we have chosentodevelop our system with the Event Calculus,
however, is because it is explicitly formalised in a logic programming style.

A somewhat different view of temporal data management emphasises the concept

of process. Event Calculus can also be considered to be a process description frame-

work. A process is a set of partially ordered steps intended to reach a goal (Feiler
and Humphrey, 1993). An abstract representation of the proéess is called a process

description. Process description languages can be evaluated by the extent to which
they provide constructs useful for representing and reasoning about the various aspects

of the process. The perspectives that a process description is able to present are
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bounded by the constructs of the language used (Curtis, Kellner and Over, 1992). A
more procedural alternative to the Event Calculus as a process description language
is process modelling in the language PML. Process modelling languages provide a
means to define the process so that it could be enacted by a machine. The enactment of
the model can be completely represented only if the representing language is capable
of modelling the history of the enactment. PML does not have the capability of
representing such historical information, but Event Calculus, formulated in classical

logic with an explicit representation of time, maintains a full historical knowledge
base.

1.4 Aim of the Thesis

The general aim of our research was to design and prototype a medical information
management system with the Event Calculus framework as its temporal back bone.
The application domain, vascular surgery, was to be considered in sufficient detail to
provide: (a) a significant test of the scalability of the Event Calculus to a realistic
domain, and (b) an appreciation of the usefulness of the framework for further
development in the domain.

In respect of this aim it is important to attempt to characterise the class of systems
of which our application domain of vascular surgery is an exemplar; both so as to be
clear what aspects of the Event Calculus are being tested; and also so as to indicate the
range of applications which might benefit from a similar approach. We can distinguish
two modes of use of the Event Calculus. On the one hand a descriptive mode in which
it is assumed that the system has no influence on what events are added to the system.
An example of this mode would be story understanding; the task of the system is to
use its reasoning capability to make maximum sense of the incoming events with little
regard for any possibility of actively seeking further information. On the other hand a
semi-prescriptive mode in which the Event Calculus is used as a temporal information
management system. In this mode the intention is that the knowledge stored in
the system should both model the state of the application domain and guide future

actions. This means that completeness of information is relatively important or, put

another way, that it is important to distinguish between what is unknown and what
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is false. As regards part (a) of the aim we believe that our application exercises the
features of Event Calculus which are important in the semi-prescriptive mode rather
than the descriptive mode. This will turn out to mean that we de-emphasise the use
of backwards persistence and emphasise the interactive use of new events to prompt
the search for further information. As regards part (b) of the aim we believe that
our medical application is representative of knowledge based system applications
which model the development of a process over time and provide some kind of semi-

prescriptive function in the domain. Clearly decision support systems belong to this

class.
To beclear our intention in this research was not to build a fully operational system
to be used by the clinicians, but to build a prototype in which we can show that, given

patient data as event instances, Event Calculus provides a good supporting basis for

temporal reasoning for the domain of vascular surgery considered in realistic detail.
The prototype is intended to be a research workbench, which can be used to explore
further the benefits of the approach.

As components of our general aim, we had the following goals:

1. Arrive at a simple Event Calculus framework based on the more general frame-
work introduced by Kowlaski and Sergot (Kowlaski and Sergot, 1986) to be used

for medical information systems.

2. Find a representation for the domain dependent patient information in a frame-

work suitable for Event Calculus.

3. Provide a support tool for patient management which,

(a) provides recommendations,

(b) supports better clinical practice,

based on the ‘expert approach to the problem.’

4. Compare and contrast the Event Calculus framework with an imperative process

description formalism, process modelling in the language PML.

5. Based on the prototype to suggest possible extensions which allow further
support to the clinical pathway by way of research, audit, and other useful

24



support functions.

1.5 Contributions of the Thesis

Our work is concerned with the temporal aspects of a knowledge based system which
holds information about hospital patients as they progress through their treatments.
The necessity to provide temporal support to knowledge based systems in the domain
is established. Some relevant medical information systems are reviewed, especially
those which have taken time into consideration.

Among the many theories available for reasoning with time we have chosen Event
Calculus which provides an efficient way of dealing with time in a deductive data base.
Event Calculus allows us to reconstruct the state of the world at any specific instant
without having to store it explicitly. Recent work in extending the Event Calculus
to include transaction time (Sripada, 1988) and macro events (Evans, 1989; Evans,
1990) enhance its suitability as a temporal support. In the thesis we arrive at a simple
framework, based on the more general framework introduced by Kowalski and Sergot,
which can be used as the temporal reasoning mechanism of a knowledge base in our
domain.

Thedetailed domain dependent patient information for vascular surgery is repres-
ented in a framework suitable for Event Calculus. Ramifications are used as a simple
and elegant way of knowledge representation. Although ramifications provide a very
clear knowledge representation method, why it cannot serve as the only representation
mechanism, especially in a clinical domain, is presented.

A prototype system, a research workbench, is developed based on our framework

using the logic programming language Prolog. In the prototype system, we have
combined the deductive capabilities of logic programming and the time reasoning
capabilities of Event Calculus to develop a historical knowledge base which provides

decision support in the domain of vascular surgery. How this system provides a

decision support tool for patient management, providing recommendations for better

clinical practice is demonstrated using case studies.

Process modelling refers to the problem of developing a formal representation

of the tasks and division of labour in a particular setting (Maresh and Wastell, 1990).



Process programming is the construction of detailed, executable process descriptions,
or programs. PML is a language in which process descriptions can be expressed. PML

is investigated, and compared with Event Calculus as a process description framework.

Finally, possible further extensions to the work done so far are suggested.

1.6 Organisation of the Thesis

In Chapter 2, we describe the domain of Vascular surgery, the current practice, and
the problems perceived by the clinicians. The clinical pathway which we model in the
system is explained in detail identifying the different stages a patient goes through
after being admitted to the hospital. The goals of the knowledge based system we
designed are identified and the approach taken is described.

In Chapter 3, we describe a number of existing medical information systems,
which handle time. They are described under the two broad categories: data bases
and expert systems. The importance of representing patient data in its proper
time context is established by presenting an overview of the medical record. The
essential importance of time in the medical domain is re-affirmed by the overview.
The variety in the application domains shows the necessity of representing time in
medical information systems. Most of the systems have used traditional methods of
knowledge representation and therefore entail having elaborate schemes for reasoning,
in particular about time, and retrieval of information.

The Event Calculus framework used in the application domain is described in

Chapter 4. The general framework originally introduced by Kowalski and Sergot
is first described, then a general formalism is developed to suit the application
domain requirements. Some other applications which have used the Event Calculus

framework, and various extensions that have been proposed to Event Calculus, are

discussed.

How the information recorded in the patient record is represented in a form
appropriate for Event Calculus is described in Chapter 5. The case frames that can be
identified in the domain are described under the different stages in the clinical pathway:
interview, investigation and treatment. The time relative relations are identified and

the initiating and terminating rules are given for each.
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How a set of recommendations built on top of the knowledge base can assist
in patient management is described in Chapter 6. These recommendations support
patient management decisions not only by recommending what action should be
taken next, but also by specifying when should the action be carried out. Although
ramifications provide a simple and clear way of representing the domain knowledge

in some cases, if it is used as the only representation method it can cause complex
representation problems in other cases. This dichotomy of behaviour is illustrated in

this chapter.

The implemented prototype system, its desirable characteristics and its draw-
backs, its user interface, the query facility, and its answer justification capabilities, are
described in Chapter 7. Considering two case studies, the query facility provided is
described in detail, highlighting the decision support features described in Chapter 6.

We compare the capabilities of Event Calculus with that of Process Modelling
provided by the language PML, in Chapter 8. The outcome is compared by modelling
two examples in both formalisms: a simple interactive bank account, and the more
complex clinical pathway in vascular surgery.

Chapter 9 gives our conclusions and suggestions for future extensions.

A considerable amount of detailed information on the prototype system is sup-
plied in appendices. This is summarised here for completeness. Appendix A displays
the current patient record used at the vascular surgery department at Royal South
Hampshire Hospital. Appendix B~D illustrate the user interface facilities with sample
displays. Appendix B describes the main menu options (and the sub-menu options
available for each, if there are any) provided in the user interface: selecting a patient,
datainput, datadisplay, and the help facility. For each option sample dialogue displays
are given. Appendix C describes the query facility available to the user, that is finding
what properties are true about a patient at any specific time. The answer justification
facility is illustrated in Appendix D. Taking a case study how the system provides why

and whynot explanations is illustrated with accompanying sample dialogue displays.
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2 Identification of Knowledge Based
System Goals for Vascular Surgery and

Overview of Event Calculus Approach

The vascular surgery department at the Royal South Hampshire Hospital (RSH), our
collaborators in this research, is a large organisation dealing with around a thousand
patients each year. Vascular surgery is a rapidly expanding area of medical practice
attempting to reduce the suffering and death associated with arterial diseases. Arterial
disease is an epidemic of unparallelled proportions, contributing to the deaths of a
comparatively large percentage of all people.

The development of computer support in vascular surgery is strongly motivated
by current trends. The demand for patient care has increased very rapidly in the
recent years but the available funding for hospitals has been very limited. Thus,
the efficient utilisation of available resources by improved patient management has
become essential in order to optimise patient care. -

One aspect of the response to increased demand for medical services has been

the accelerating introduction of computers throughout the health services, usually for
administrative purposes and employing conventional data base technology.
Clinicians at the RSH Vascular Surgery Department are concerned to influence
the introduction of computerisation into their field. About three years ago they
approached computing researchers at the University of Southampton and the present

research was initiated with the aim of applying knowledge based system technology

to provide decision support for clinical management in vascular surgery.
Our attempt to develop a formalism for a support environment to assist the man-
agement of patients in vascular surgery is complemented by the research conducted

in parallel at the RSH on arriving at an effective, structured patient record for data
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collection (Appendix A).

In this chapter we identify the goals of the knowledge based system. In ordertodo
so, we will first describe the clinical pathway that is modelled by the knowledge base,
introducing the terminology used in this field. We then discuss the current problems
as perceived by the clinicians and from these problems we identify the goals to be
satisfied by our knowledge based system. The chapter ends with a brief over view
of our proposed solution to the problem of building such a system. It is based on
incorporating temporal reasoning, using the Event Calculus approach, into the basic
structure of the knowledge based system. The details of our approach are developed
in Chapter 4, but meanwhile this overview provides a context for our discussion in

Chapter 3 of other approaches to including time into a knowledge based system.

2.1 The Clinical Pathway

A major aspect of this thesis is to show how the Event Calculus can represent a
model of the clinical pathway in which specialists review patients at variable intervals
depending on how the results of investigations and consultations are progressing. In
this section we describe the clinical pathway (the part under our focus) for the arterial
side of the vascular surgery.

Initially, the patients are directed to the specialists in the department by their
General Practitioners (GP). First the patient is examined by a consultant. If the problem

the patient is suffering from is assumed to be of vascular nature then the patient is

recommended for admission to the hospital for further investigation of the disease and
later for treatment if necessary.

The progression of stages through which a patient passes while undergoing
treatment is referred to as the clinical pathway. We commence the clinical pathway

from the point where the patient is admitted to the hospital. Before describing the
pathway we will define some of the terminology used in the thesis.

interview A meeting between the clinician and the patient is termed as an interview.

The patient may be examined, symptoms and signs observed, and these may
be compared with test results or expected results of a treatment. Based on

the evaluation done, a conclusion or a hypothesis may be made, or a previous
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hypothesis may be eliminated.

The first interview the patient has when he or she enters the pathway is termed

as the initial interview.

diagnosis A conclusion ora hypothesis madeatany pointinthe pathﬁay We describe
the diagnosis made at the initial interview as an ‘initial diagnosis’ and a diagnosis
which is sufficiently refined so as to decide a treatment plan as a ‘final diagnosis’.

~ These two terms are only used to distinguish one from the other in our literary
description of the system. However, in the actual representation just the term

~ 'diagnosis’ is used to represent both; they are distinguished by their structures.

general tests These are the tests carried out in order to evaluate and make hypotheses

about a patient’s diseased condition. They include,

- preliminary tests which are done on all patients (unless in exceptional
cases such as an emergency) irrespective of the patient’s particular problem

(e.g. blood test, blood pressure). Some of these may not be helpful in the

diagnostic process but will be used in the treatment plan or for anaesthetic

purposes.

- tests carried out based on patient’s responses to the clinician’s questions
(e.g. a patient who reports to be suffering from diabetes will be tested for

blood sugar level, a patient who complains about chest pain will undergo a

chest X-ray).

specific tests Tests done in order to support a particular diagnosis, i.e. a belief or a

hypothesis, or to disprove it. For example,

- the test, ultrasound will be carried out if it was suspected that the patient

suffers from dilatory arterial disease;

- an arteriogram will be carried out if it was suspected that the patient

suffers from occlusive arterial disease or both dilatory and occlusive arterial

diseases.

At the initial interview the patient is examined by a clinician, usually a junior

doctor. The results of the preliminary general tests (e.g. blood test, blood pressure)
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may be available at this interview to the clinician. An initial diagnosis will be made
based on the symptoms and signs observed, general test results available, and the
results of the examinations (such as pulse) carried out. Depending on the diagnosis,
specific tests may be performed. The results of the specific tests will confirm/support
the diagnosis or eliminate it.- The accumulation of all information gathered up to this
point (the family, social and medical history of the patient, the risk factors involved,

loss of independence to the patient, the observations made at the interview, and the

results of the tests carried out) will lead to a treatment plan.
A particular patient admitted for vascular surgery might progress through the

following typical stages:
interview The patient’s history and examination is recorded
by (usually) a junior doctor and an initial
diagnosis is produced (e.g. occlusive arterial disease).
investigation Further tests are carried out by a specialist
(e.g. arteriogram by radiologist) and a more specific
diagnosis is produced
(e.g. embolism, at(left, common_femoral)).
treatment Recommended treatment is carried out (e.g. surgeon

carries out the bypass operation)

followup (of treatment)  This essentially consists of a combination of the

above three stages.

The investigation stage normally continues until one of the following applies:
o a final diagnosis is made which determines a treatment,

o sufficient information is gathered for a treatment decision to be made although

no specific final diagnosis has been made

¢ unable to collect more information — a decision will be made on available data.
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In between the investigation stage and the treatment stage there will be the
treatment plan where all experts concerned with a particular case get together and
decide on an optimal plan for the patient concerned. We have not included this
planning stage in the pathway for simplicity, since the patient has no relation to it.
Although this is also not represented in the task hierarchy (given in Figure 5.1 in

Chapter 5) the treatment plan has been given much consideration when building our

inference system.

The followup stage may extend over a number of years. A treatment, in most cases,
is followed by an interview at which the patient’s condition is evaluated depending
on the progression of symptoms. If the symptoms still persist, the patient may be
subjected to further investigation. Specific tests may be carried out, which may lead
to further treatment. If the symptoms no longer can be observed, the patient may be
discharged from the hospital after a certain period of observation. Specific tests are
carried out to confirm the patient’s condition during this period. A discharged patient
does not leave the pathway completely unless it is confirmed that the patient has been
cured from the arterial condition, the expert believes that no help could be provided to
reduce the patient’s symptoms, or the patient meets death operative or otherwise. It
is the nature of the disease that for many patients it is a case of reducing the suffering

rather than complete cure. After leaving the hospital, the patient is monitored at

regular intervals until leaving the clinical pathway.

One may question the need to distinguish a followup stage if it only consists
of the other three stages. We have made this distinction because the sequence of
events occurring before the first treatment is often different to that occurring after, thus
differentiating the followup stage facilitates better understanding of the representation.

The clinical pathway is represented diagrammatically in Figure 2.1. The solid
arrows indicate the next step that might take place in the pathway. The dotted arrow

indicates a step that may occur in an urgent case.

Onceinthe pathway a patient may be directed back to an earlier stage (for example,
for further tests at the investigation stage, or for interview and tests at the treatment
stage). Since the stages represent increasing degrees of commitment, intermediate
stages will only be skipped in unusual circumstances (for example, in an emergency).

Communication between stages takes place, at present, by passing along the patient’s
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Treatment Plan

represents an event that would occur in the pathway

] 0

represents a stage where decisions regarding the treatments of patients
are taken but, not represented as an event in the pathway

@ = - o .-

eeed represents a period where the progression of the patient along the pathway
is temporarily suspended.

Figure 2.1: An overview of the clinical pathway
paper-based notes. One of the aims of the support environment is to enhance the

communicative function of the notes at the point when each clinician assesses the

requests of the previous stage and reports the results/recommendations of the current

stage.
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2.2 Current Problems

From the point of view of a clinician the overall aim of introducing a computerised
system is to improve the quality of patient care. Problems with the current system of

record keeping as perceived by clinicians included the following:

1. Incomplete and/or incorrect data can be recorded on the paper-based notes.
This can lead to varying degrees of non-optimal decisions, when the notes are

used to communicate between stages of the evaluation and between clinicians in

different fields (for example surgeon and radiologist);

2. A lack of control over the consistency in the quality of assessment, for example

before and after treatment or between teams;

3. A failure to adequately take into account up to date risk factors which bear on a

clinical decision;

4. An inability to properly respond to increasing demands to justify resource

consumption.

5. Unavailability of the information when it is required by more than one person

involved in the patient’s health care.

2.3 Knowledge Based System Goals

Our general aimis to develop a framework based on Event Calculus that could provide

general temporal reasoning capabilities to a knowledge based system. We have
chosen a relatively complete sub-domain of vascular surgery, the treatment of arterial
disease in the lower renal area’, as our application domain. Consequently we aim to

show how Event Calculus can afford a clear and flexible method for modelling the

interdependencies of properties which change with time, and for accessing historical

information in the application domain of vascular surgery.

Within this general aim, we identify the following specific goals which will enable the
knowledge based system to satisfy the current problems identified by clinicians.

1The arterial tree below the infra renal
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1. To incorporate an historical knowledge base of patient records.

2. To provide a framework for flexible interactive retrieval and assimilation of

information which can be tailored to:

(a) retrieve relevant information in the patient records for decision support;

(b) support completeness of data collection and consistent practice in particular

situations.

3. Provide support for patient management by generating system recommenda-

tions.

2.4 Overview of Our Approach

Kohane in (Kohane, 1987), writes that,

“Expert systems performance and knowledge acquisition is at best incom:
plete and at worst fatally flawed if the system does not posses a systematic
and principled "understanding” of temporal knowledge. Therefore, even
though temporal reasoning is not in and of itself sufficient to produce

satisfactory behaviour in expert systems, it is a necessary and significant
step in that direction.”

Temporal reasoning is important in many application areas, especially in medicine. In
health care, the patient history is a widely used diagnostic tool. Sometimes the patient
history may be the only available information to arrive at a diagnosis. Therefore any
computer-based system which deals with representing patient information should
have the capability of representing and reasoning with historical data. Temporal
information is an integral part of medical knowledge. In some areas of medicine it is
more explicitly acknowledged. In particular in vascular surgery relating the timing of

events to a patient’s clinical presentation is essential.

Our approach is to build a general temporal reasoning framework, into the

knowledge base. Some typical features which are expected of a general temporal

reasoning system are as follows. The ability to handle incomplete information about

the past and, correspondingly, assimilate information in any order. The ability to
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accept partially-specified information, for example that an event occurs before another
rather than the explicit times of both events. The ability to reason about transaction
time as well as event time. The ability to reason about persistence as a characteristically
temporal form of default reasoning. The Event Calculus has the potential to supply
these functionalities, and it is in this sense that we refer to it as a general temporal
reasoning framework. It is important to state, however, that in our application we
have not exercised all these functionalities equally. In particular we have not made
explicit use of under-specified events; that is we do not reason by default about absent
properties of events nor do we reason transitively about partially ordered events. We
have included transaction time in our formalism, so we cannot explain erroneous
conclusions drawn in the past. Our application does take into account incomplete past
information and reasons about persistence. It is important to add that we believe the
other temporal reasoning functionalities of the Event Calculus may turn out to be of use
for future developments of the system. We argue that this potential for development
is a key reason for using a general framework, in particular the Event Calculus.

Event Calculus is formalised within a logic programming framework. It seeks to
combine the expressive power of case semantics with the deductive power of logic
programming (Kowalski, 1992; Kowalski and Sergot, 1986). Formalised in a Hom
Clause subset of Classical logic augmented with negation as failure, the formalisation
is executable as a logic program. Therefore, applications based on the formalism can
be easily implemented in Prolog.

We will show that Event Calculus can represent a simplified model of clinical
practice in vascular surgery in which specialists review patients at variable intervals
depending on how the results of investigations and consultations are progressing. A
system of recommendations is constructed on top of the historical knowledge base,
so that recommendation of appropriate options at any time can be generated, thus
providing a powerful framework for support of patient management decisions.

We have implemented a system with the above characteristics. We refer to the
resulting system as a research workbench. By this we mean that the system forms a
suitable basis for the investigation and development of further tools in the application
domain. In order to fulfil the function of a research workbench our software has

been implemented in a declarative style which can be easily understood and modified.
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We have also refrained from optimising with respect to the application, prefering
generality at the expense of efficiency. The development of our final system divides
into two phases: the development of the Event Calculus based historical knowledge
base for the domain - this forms the research workbench itself; and the development
of the patient management system which provides a tool for use with the workbench.
The development of the patient management system is to some extent a test of the
effectiveness of the workbwnch. It also provides one of the core tools for use in this
domain. . .

By developing a research workbench, a prototype system, we will demonstrate
how we achieve the knowledge based system goals set out in the previous section.

Our approach is to apply query-the-user techniques developed for logic databases
(Sergot, 1982; Wolstenholme, 1992b) to control user interaction and the generation

of explanations. The user can then ask for an explanation of a recommendation. A
response is produced by applying the techniques for generating explanations in logic
databases, but because of our Event Calculus formalism we are able to produce, in
addition to rule traces, the sequence of related events which lead up to a conclusion
(Chapter 7, Section7.1.5). Aswellasbeinginformative this sequence of events provides
access to the detailed information on the patient record which is stored in the associated
case frames. The system can also operatein ‘why not’ mode in response to user queries,
explaining why a particular recommendation is not given or why a property of the

domain which seems to be true is not so at a specified time.

2.5 Conclusion

The uptake of knowledge based system technology in medical practice began 1n the
1970s and well known knowledge based systems such as MYCIN (see Section 3.2)
emerged. These knowledge based systems used different methods and formalisms
for representing and managing knowledge (Ramoni, Stefanelli, Magnani and Barosi,

1992). Most of the existing systems have used the production rule software approach
(MYCIN (Buchanan and Shortliffe, 1984), VM (Fagan, 1980), ONCOCIN (Kahn, 1988;
Kahn, Fagan and Tu, 1991a), PUFF (Aikins, Kunz, Shortliffe and Fallat, 1984)), the

frame based approach (ESPRE (Connelly, Sielaff and Scott, 1990), HELP (Evans, 1991))
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or a combination of both (GALEN (Rector, Nowlan and Kay, 1992; Rector, Nowlan and
kay, 1993), (FOETOS (Alonzo-Betanzos, Moret-Bonillo and Hernddez-Sande, 1991)).
Contrastingly we use a logic based approach using the deductive capabilities of the
logic programming language, Prolog.

The novel feéture of our system is that a general temporal reasoning framework
is built into the basic design of the knowledge base. Our justification for taking this
approach is that, by its greater expressiveness, such a system can satisfy the goals
given in the above section and thereby may be more attractive to medical practice.

Temporal reaéoning is important in many application areas and in particular in vascular

surgery to relate the timing of events to a patient’s clinical presentation. Computerised
vascular registries (see van den Akker, van Bockel, Brand and van Séhilfgaarde,l99l
for a recent example) do not have this ability. From our research (Soper, Abeysinghe
and Ranaboldo,1990; Soper, Abeysinghe and Ranaboldo,1991; Soper, Abeysinghe
and Ranaboldo,1992) we believe that the general temporal app;roach may provide
considerable advantages in terms both of construction methodology and performance
of the system.

In this chapter first and foremost we have established the goafs of our knowledge
based system. Before doing so, we described the clinical pathway that is modelled
by the knowledge base and introduced the terminology used in the field. The current

problems in the practice of vascular surgery as perceived by the clinicians were then
discussed. Based on these problems we identified the goals to be satisfied by our
knowledge based system. Finally an overview of the Event Calculus approach we

have taken was described.

In the next chapter we describe some other computer-based medical information
systems that involve time. It will be seen that most of the systems have used traditional
methods of knowledge representation and this entails having elaborate schemes for
reasoning, in particular about time, and retrieval of information. The next chapter
will give a flavour of what the current medical information systems capabilities are
and how they have been achieved, and will create an appreciation of what our system

could further provide to enhance and add to these capabilities.
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3 Other Computer-Based Medical

Information Systems Involving Time

In the previous chapter we gave a brief overview of the Event Calculus approach we

have used in our system. The aim of this chapter is to survey some other medical
information systems, and in so doing to establish the necessity to develop a general
temporal reasoning formalism that could be used in such systems. We are selective in
our discussion concentrating on information systems which take into account temporal
aspects of the data. These systems are described under the two broad categories: data
bases (systems that aim to store, retrieve and transmit patient related information); and
knowledge bases (advice systems that can apply stored information to the solution of
clinical problems, providing decision support, and/or making decisions). Before our

discussion the functions and increasing importance of the medical record is outlined.

3.1 Functions of the Medical Record

The medical record (also referred to as the patient record) is the main source of
information in patient care. It summarises the patient’s history and documents
observations, diagnostic conclusions, and treatment plans. The medical record also
provides a means of communication between those who are employed in health care;
for example, between the various specialist clinicians who deal with the patient,
between these specialists, junior doctor and nurses and so on. Typically clinicians
initiate a therapeutic action by recording orders on the medical record. The people
who complete the order (the radiologist, the junior doctors, the nurses in care) in turn
record their actions, observations, and results of the actions (if any) on the records.
The medical record also ensures continuity of care during a patient’s hospitalisation
and ensures continuity across outpatient visits (Shortliffe and Perreault, 1990). Most

sophisticated medical information systems which have aimed at automating the
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medical record have attempted to preserve the format of the paper-based medical

record in use.

With the evolution of various computer related technologies there has been an
explosion of information. The amount of information available for the clinician
has become so vast that, when it came to access and analyse the information, the
manually kept medical record became a hindrance (Collen, 1991). Inaccessibility is a
common drawback of paper records, especially in large hospitals where the retrieval of
a particular record may take considerable time; for example, the record may be in the
administration office for financial transactions, or it may be in the laboratory awaiting

a transaction from the blood transfusion personnel, when needed elsewhere. Since it
is vital that the information recorded in the patient record be available to the clinician

quickly and easily, the introduction of computer technology to handle information has

become essential. Computerised medical record systems and medical data bases are
being introduced at many health care institutions. At present, standards for Electronic
Medical Records are being mooted among many standards bodies (e.g. Institute of
Medicine, European Workshop on Open Systems) (Rector, Nowlan and Kay, 1991).

3.2 Medical Information Systems
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