On the representation of expert procedural knowledge

Reprezentace expertni procedurdlni znalosti

A. VESELY

Czech University of Agriculture, Prague, Czech Republic

Abstract: Procedural knowledge is used by experts for complex system control. In this article, the notion of a complex sys-
tem is taken in a broad sense. It might be a patient cured by a physician specialist, a biotechnological device, a department
of some business enterprise etc. The GLIF model was designed in collaboration of American universities for the formaliza-
tion of medical guidelines, but it can be used for formal representation of any procedural knowledge. The main objective
of the GLIF model was to enable computer processing and comparing of medical guidelines. In this, article also a more
sophisticated use of procedural knowledge representation by the means of the GLIF model is proposed. The provided data
about expert actions are stored into the database, the formalized knowledge represented by the GLIF model can be used for
building up sophisticated reminder systems that warn the user if he decides to make an impropriate action. Different kinds
of warnings in the reminder system are proposed and their properties are discussed. At the end, also the possibility of using
the GLIF model for decision support is discussed.
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Abstrakt: Procedurdlni znalost je pouzivdna experty pro fizeni slozitych systému. Pojem slozity systém je v tomto ¢lanku
chépdn v obecném smyslu. Slozity systém muze byt napriklad pacient 1é¢eny lékafem specialistou, biotechnologické zari-
zeni, oddéleni obchodni spole¢nosti atd. GLIF model, ktery byl navrzen ve spolupraci americkych univerzit pro formalizaci
lékarskych doporuceni, mtize byt pouzit pro formalni reprezentaci jakékoliv procedurdlni znalosti. Hlavnim cilem GLIF
modelu bylo umoznit poc¢itacové zpracovani a porovnavani lékarskych doporuceni. V tomto ¢lanku jsou navrzeny dalsi,
sofistifikovanéjsi zplisoby jak 1ze procedurdlni znalost, reprezentovanou GLIF modelem, pouzit. Pokud jsou data o akcich
experta zaznamendvaina do databdze, formalizovand znalost reprezentovand GLIF modelem muize byt pouzita pro vytvoreni
sofistifikovanych pripominkovych systém, které varuji uzivatele v pfipadé, Ze se rozhodne provést nevhodnou akci. Jsou
navrzeny rizné varianty upozornéni a jsou diskutovény jejich vlastnosti. Nakonec je diskutovana moznost pouziti GLIF
modelu pro podporu rozhodovani.

Klicova slova: reprezentace znalosti, pfipominkovy systém, GLIF model GLIF prohlize¢

In this article, the representation of procedural
knowledge that experts use for the complex system
control and its utilization in practice is pursued.
The notion of a complex system is taken here in a
broad sense. It might be for example a department
of a business enterprise, a biotechnological device
or a patient who is cured by a physician specialist.
The common property of all these complex systems
is that their behavior cannot be effectively described
by a mathematical model and therefore their control
could not be automatized in a simple way. In spite
of that, competent experts successfully control these

systems. They intuitively know how to respond to
changes of the system states or the system behavior.
Therefore, they are said to have some kind of implicit
procedural knowledge. Explicit and precise formula-
tion of this implicit knowledge, however, is usually
very difficult.

Sometimes groups of experts formulate procedural
knowledge in natural language in a form of so-called
guidelines. For example in 1999 experts in cardiology
from the WHO (World Health Organization) worked
out medical guidelines that described how to treat
patients with the hypertension disease (Mancia 2003).
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Formulation of procedural knowledge in natural
language is not, however, sufficient and some for-
mal means of representation are needed from the
following reasons.

At first, transformation of procedural knowledge
from natural language into some formal representa-
tion usually finds out inconsistencies and ambiguities
that can be corrected after the discussion between
knowledge engineers and experts.

At second, it enables more a precise comparing
of guidelines used by different teams of experts in
different countries or institutions.

In this article, we propose further a more sophisti-
cated use of formally represented guidelines. Formally
represented guidelines can be coded and processed
by a computer. Suppose that guidelines describe
expert procedural knowledge concerning complex
system control. If the values of the measured state
parameters and values of the control parameters of
the controlled system are stored into a database,
then formally represented guidelines can be used for
decision support and for design of a sophisticated
reminder system. Such reminder system can compare
the values of state and control the variables stored
in the database with guidelines. It can recognize the
non-compliance of the stored data and the guidelines
and warn the user.

Formal representation of procedural knowledge
is at present pursued mainly in the field of medical
informatics. The objectives of this effort are improve-
ment and unification of medical care. The author is
persuaded that those methods might be utilized with
the same benefits also in other application fields, for
example in economic management.

REPRESENTATION OF PROCEDURAL
KNOWLEDGE

A process is an evolving sequence of states and events.
A procedure is a pattern that determines the types of
states and events that may occur in the entire family
of processes. Each process in the family is called an
activation of the procedure. A procedure can consist of
more simple procedures. Knowing procedures means
to have procedural knowledge (Sowa 1999).

Processes defined by these procedures can run
sequentially or concurrently. According to this, the
whole procedure can be called sequential or parallel.
Procedures determined for running on the original
von Neumann computer are sequential, because
sequential is the architecture of the von Neumann
computer. Sequential procedures can be described
by the means of:
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1. Flow charts
2. State-transition diagrams
3. Finite-state machines

On modern computers, also parallel or concurrent
processes can be run. The Petri nets are a generaliza-
tion of the state-transition diagrams developed for
representing the concurrent processes. The Petri nets
have been also adopted as the basis of activity diagrams
in the Unified Modeling Language (UML).

Procedures determined for the complex system
control are in general parallel. Therefore the Petri
nets should be used for their description. The Petri
nets diagrams, however, are difficult to understand
for the untrained user. And besides, the parallelism
in procedures used for the complex system control
is limited. Therefore, if the symbolism of flow charts
is enlarged in such a way to be able to accommodate
the limited parallelism of procedures, flow charts
can be taken as a basis of the procedural knowledge
representation.

The complex system control starts from some state P
that does not need to be the initial state of the system.
In addition to that, some states of the controlled sys-
tem usually have commonly used names what makes
understanding flow charts simpler. Therefore, flow
charts should be enlarged by symbols for states.

Procedures that define the run of the Von Neumann
machine are deterministic. Therefore, branching in
flow charts is carried out uniquely according to the
result of evaluation of the branching conditions.
When representing procedural knowledge, experts are
usually unable to formulate such unique conditions
of branching. Therefore, branching under condition
must be conceived in a more general way.

To control a complex system means:

1. To measure state variables of the system.
2. To control the run of the system by changing values
of control variables.

From the ontological point of view, both activities
can be considered to be events. When formulating
procedural knowledge, experts use notions from some
commonly shared ontology. Among these notions,
there must be also the state and control variables
of the controlled system. These variables can be
binary or continuous and according to that, they
are described by functions or predicates. Although
the ontology is not usually explicitly and exactly
defined, from the properties of notions and from
the background knowledge validity of some formu-
lae it can be deduced. In knowledge engineering,
the set of these valid formulae is usually called the
T-box or theoretical knowledge. Their conjunction
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we denote @ . Results of the measurements of state
variables and the information about the carried out
control actions, are called when expressed by formulae
the factual knowledge or A-box. The conjunction of
these formulae we denote @ ,.

GLIF MODEL

The GLIF model is a result of collaboration among
the Columbia University, the Harvard University, the
McGill University and the Stanford University for
representation of procedural knowledge contained
in medical guidelines (Ohno-Machado 1998). The
main goal of the GLIF was to enable sharing of the
medical guidelines among institutions and across
computer applications. The GLIF specifies an object-
oriented model for guidelines representation and
syntax for guidelines utilization in software systems
as well as for their transport. The GLIF model could
be represented in the form of an oriented graph.
The nodes of the graph are guidelines steps and the
edges represent the continuation from one step to
the other. The guidelines steps are action step, state
step, decision step, branch and synchronization steps
(see Figure 1).

Action steps represent events. In the representation
of medical guidelines, action steps specify clinical
actions that the physician is supposed to perform.
The action step also may name the sub-guidelines,
which provide a greater detail for the action.

State steps represent states of the controlled sys-
tem.

Decision steps are used for conditional branching.
Branching conditions that belong to some edge coming
from decision step can be one of the following types:
strict in, strict out, in and out. If a strict out condition
is fulfilled, the continuation along the appropriate
edge is forbidden. Strict out conditions are evaluated
at first. If the edge has no strict out condition or its
strict out conditions are not fulfilled, the strict in
conditions are evaluated. If the first evaluated strict
in condition is fulfilled, the continuation goes along

Action step State step Decision step
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this edge. If strict in and strict out conditions do
not define uniquely how to continue, the user must
make the decision himself. The conditions out and
in facilitate his choice.

Branch and synchronization steps enable to in-
troduce the concurrency into the model. Guidelines
steps that follow the branch step can be performed
concurrently. Branches with the root in branch step
eventually converge in the synchronization step. In the
synchronization step, all branches are synchronized.
It means, that actions that follow the synchronization
step cannot be performed, unless all actions following
the branch step and preceding the synchronization
step are finished.

The advantages of the procedural knowledge rep-
resentation by the GLIF model are the following:

1. GLIF graph is clear and easily comprehensible
2. GLIF model can be easily coded and processed
by computer

At present time, when computers are widely used
in practice, the data that the user utilizes during the
complex system control are often stored in a database
either automatically or by the user himself. If it is
not the case now, it might be true in the near future.
Let us take a physician who cures a patient as an ex-
ample. Nowadays, most of physicians use computer
for recording the patient data even though only in
the form of free text that computer cannot process
automatically. But the electronic health record (EHR)
that enables to store patient data in a structural way
and thus to process them automatically by com-
puter is under development. At the same time, the
interconnection of the EHR databases is considered
in order that all relevant data about the examined
patient are at hand at the place where the patient is
examined and cured.

Databases containing structured data in the con-
nection with formal procedural knowledge models
provide new means for rendering the complex system
control more efficient. The formal model of procedural
knowledge, as for example the GLIF model, can be
used together with databases that contain the data
about the controlled system for:

Branch and
synchronization steps

A; eeo o An

Figure 1. Steps of the GLIF
model
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1. Design of reminder systems
2. Decision support (Vesely et al. 2003; Zvarovi et
al. 2004)

USING THE GLIF MODEL
FOR THE REMINDER SYSTEM DESIGN

To be able to build up a reminder system, the user is
supposed to monitor the controlled system and to store
the results of his monitoring and control actions into
the database. The reminder system determines if the
executed action (the measurement or control action),
the result of which is just stored into the database, is
or is not in compliance with the procedure description
given by the GLIF model. Therefore, the reminder
system must know also the results of the previous
actions and therefore it must have a connection to the
database, from which these results can be taken.

In the simplest case, the reminder system may work
in the tight connection with the GLIF model. Suppose
that the system control starts in a state P. Then the
reminder system makes inquiry if the events, the
results of which are put into the database, are the
same as those required by the GLIF model. In decision
steps, if the following action is not unambiguously
determined by strict conditions, the reminder system
follows all admissible branches (admissible branch is
that branch, which is not excluded after the evalua-
tion of strict conditions). As soon as the just carried
out action is not in compliance with some admissible
branch, that branch is excluded. If the last admissible
branch is excluded, then the just carried out action
is not in compliance with the GLIF model and the
reminder system immediately warns the user. The
reminder system that behaves in the described way
will be further called a reminder system with a tight
connection to the GLIF model.

This tight connection between the reminder system
and the GLIF model is not always appropriate. The
reminder system warns the user any time when the
user does not store the result of some action prescribed
by the GLIF model into the database or when he does
not retain the sequence of actions.

The reminder system may work also in loose con-
nection. To be able to describe the design principles
of such reminder system, it is necessary to give the
following definitions.

Branch S(P) of the GLIF model graph is a sequence
of the consecutive nodes and edges that begins with
the node P, in which none of its nodes or edges are
repeated.

The support of the branch S(P) is the conjunction
@ p of all strict in conditions and negation of all
strict out conditions, which lay on this branch.

Branch S(P) with the support Dy p) is according to
the theoretical knowledge @, and according to the
actual knowledge ® , admissible, if the formulae
Dy A D, A Dy
is consistent.

The formula is consistent if it has a model. It means
that under certain circumstances, the formula might
be valid. In other words, it means that unknown values
of parameters and predicates included in the formula
might be such that the formula is valid.

Using the preceding definitions, the following less
strict, degrees of non-compliance of some user action
and the GLIF model could be defined.

Suppose that the user controls the system from the
state P. When the user inputs into database the result
of some action A and this action is not comprised
in any branch S(P) starting in the node P, then the
execution of the action surely was not in compliance
with the GLIF model. In this case, the reminder system
must warn the user and we will say that the action
was carried out of the context of the GLIF model.

If the action A was not carried out of the context,
then during the input of the result of the action into
the database one of the following cases had to occur
(see also Figure 2).

Case 1

There is at least one admissible branch S(P) that
includes the action node A and there is at least one
admissible branch S(P) that does not include the
action node A. In this case, the action A might be or

The number of admissible

The number of admissible branches with the node A

branches without

the node A at least one

none

Case 1

at least one .
Weak warning

Case 2
Strong warning

Case 3

none Without warning

Case 4

Inconsistent data Figure 2. Possible kinds of warnings

in a reminder system
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might not be in compliance with the GLIF model.
The compliance with the GLIF model could not be
resolved, because the database does not contain all
measurements required by the GLIF model or in the
guidelines, the decision is left on the user.

Case 2

There is no admissible branch S(P) that includes
the action node A and there is at least one admissible
branch S(P) that does not include the action node
A. In this case, the execution of the action A surely
was not in compliance with the GLIF model. The
necessary data for the unambiguous continuation
according to the GLIF model might be or might not
be in the database.

Case 3

There is at least one admissible branch S(P) that
includes the action node A and there is no admissible
branch S(P) that does not include the action node
A. This case occurs if the content of the database
unambiguously determines that action A should be
executed according to the GLIF model.

Case 4

There is no admissible branch S(P) that includes
the action node A and there is no admissible branch
S(P) that does not include the action node A. This
case occurs if the GLIF model or the data are incon-
sistent. Under the assumption of the consistently
defined GLIF model, the reminder system can inform
the user about the inconsistency of the data stored
in the database.

Suppose that the reminder system with the loose
connection to the GLIF model checks the compliance
of the action, the result of which is going to be put
into the database with the GLIF model:

In the case 1 (weak warning), the reminder system
cannot find out whether the user action is in compli-
ance with the GLIF model or not due to the missing
data. In this case, the user should be warned that he
is going to carry out an action for which he has not
the sufficient support in the database.

In the case 2 (strong warning), the user decided to
carry out an action that surely contradicts the GLIF
model and must be immediately warned.

In the case 3, the reminder system does not gener-
ate any warning.

In the case 4 (inconsistent data), the user should be
warned that the patient data are not consistent.

The reminder system can be designed with a tight
or loose connection to the GLIF model. The reminder
system with a tight connection is able to catch even
small departures from the GLIF model. In applica-
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tions in which the procedure defined by the GLIF
model must be strictly adhered to, it is its a great
advantage. On the other hand, in the applications in
which to stick strictly to the GLIF defined procedure
is not important, the user might be deluged by a lot
of non-important warnings. It would be for example
in situations when it is not necessary for the user to
carry out all by the GLIF prescribed measurements or
when the sequential order of actions is not important.
In this case, it is better to use the reminder system
with a loose connection to the GLIF model, which
is able to catch only the substantial departures from
the GLIF model.

The GLIF model is a formal representation of pro-
cedural knowledge, which describes how to control
a complex system. Therefore, the GLIF model can
be used also as a mean of decision support. In this
case, the GLIF model provides a general view. The
user can see the right decision in the context. He can
see under which conditions the alternative decisions
are made and which actions follow.

When the GLIF model is coded in some standard
way, it can be represented on computer display by
the means of the GLIF browser. If the browser is con-
nected to the database, it can mark in the specified
color the branch of right decisions, provided they can
be uniquely determined by strict conditions. And it
can mark in a different color the branches, which are
excluded according to the GLIF model.

The system control with reminder and decision sup-
port facilities based on the GLIF model is described
on Figure 3. The user is supposed to put into the
database all information about the system behavior
and the results of his decisions. For example, the
user may be a physician who puts into database the
patient's symptoms and results of laboratory tests and
also the information about his therapeutic decisions.
The reminder system compares the input data with
the GLIF model and in the case of non-compliance,
it warns the user. As soon as the user is not certain
about his next action, he can activate the GLIF browser
and the GLIF browser will display the relevant part
of the GLIF model on the screen.

CONCLUSION

Formal models of procedural knowledge enable
computer processing. The methods of the complex
system control used by different experts or expert
teams can be compared and the best methods can be
standardized. The standardization results in a more
efficient control. Therefore, the formal models of
procedural knowledge representation are intensively
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Controlled
system

Reminder
system

GLIF browser

Database

studied, especially in the field of medical informatics.
The provided data about expert actions are stored
into the database, the formal models of the proce-
dural knowledge can be used also for building up the
sophisticated reminder systems and decision support
systems. The first realizations might be expected in
the medical informatics, where the procedures of di-
agnostic making and patient treatment are described
in so-called medical guidelines. Medical guidelines
have already been worked out by the teams of experts
for many groups of diseases. These guidelines are
written in natural language, but they can be easily
transformed into a formal representation, for example
into the GLIF model.

The first applications of the GLIF models con-
cerned decision support. An universal GLIF brows-
er controlled by data was realized and used in the
field of heart diseases in the European Centrum for
Medical Informatics, the Epidemiology and Statistics
(EuroMISE) (Vesely et al. 2004; Buchtela et al. 2004).
The above described reminder systems, however, have
not yet been realized. The advantage of such reminder
systems, however, is obvious and therefore their re-
alization can be expected in the near future.
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