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1. Introduction

During the last decade, evidence-based medicine
has given rise to an increasing number of clinical
practice guidelines and protocols.1 Medical guide-
lines are ‘‘systematically developed statements to
assist practitioners and patient decisions about
appropriate health-care for specific circum-
stances’’ [1]. They provide clinicians with health-
care recommendations based on valid and up-to-
date empirical evidence. In this way, guidelines
facilitate the spreading of high-standard practices
that otherwise would have much less impact. More-
over, it has been proved that adherence to guide-
lines and protocols may reduce health-care costs up
to a 25% [2].

A high number of medical guidelines have been
published in the literature and on internet, making
them more accessible. However, the work done on
developing and disseminating guidelines far out-
weighs the efforts on guaranteeing their quality.
Indeed, anomalies like ambiguity and incomplete-
ness are frequent in medical guidelines [3]. Further-
more, guidelines can be inconsistent because of the
lack of familiarity of the designers with certain
principles and notations. These problems preclude
the effective application of guidelines, and hinders
their potential benefits.

Recentefforts have tried toaddress theproblemof
guideline quality improvement. Themedical commu-
nity has sought to organise and integrate guidelines
into compendiums, to make them more accessible,
usable and comprehensible. With the aim of ensuring

a high degree of quality, the organisations promoting
these initiatives have also set minimal standards for
the inclusion of guidelines and protocols in the com-
pendiums. These standards take into account, for
instance, the relevance and validity of the sources
employed in their development. We believe that
these approaches are not sufficient, since they rely
on informalprocessesandnotations.Asa result,many
practical guidelines andprotocols still containambig-
uous, incomplete or even inconsistent elements.
Even when such ambiguity is intentional, in order
to allow for differences in organisational or personal
practice, it is important to state this explicitly.

An appropriate representation language, with
clear and well-defined semantics, would enable
the systematic verification of guidelines and proto-
cols by formal methods. In addition, unlike the post-
dissemination activities mentioned before, this
approach would make quality improvement possible
during the early stages of development. Research
from the fields of computer science and artificial
Intelligence can be of help in both the definition of
an adequate representation language and the devel-
opment of techniques for the formal analysis of
guidelines. The representation language must give
means to represent, explicitly and in a non-ambig-
uous way, the relevant knowledge about guidelines
and protocols. Based on the formal semantics of this
language, the analysis techniques should allow for
the determination of consistency (no contradic-
tions) and correctness (objectives are satisfied).

Taking this into account, the solution we suggest
to the quality problem of current guidelines
and protocols relies on the utilisation of formal
methods. Currently, protocols are described using
free-text, flowcharts and/or tables. Our proposal
consists in translating these informal descriptions
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1 Although the terms protocol and guideline differ (the term
protocol is in general used for a specialised version of a guide-
line), in this paper we use them indistinctively.



into a formal language, with the aim of analysing
different protocol properties. In order to assess the
feasibility of this novel approach, we have carried
out a case study in the formalisation and verification
of medical protocols. Throughout our case study we
have shown not only that medical protocols can be
expressed in terms of logic, but also that they can be
subject to formal verification. Even more, we have
demonstrated that both formalisation and verifica-
tion can serve to detect critical flaws in existing
protocols. Indeed, the idea of improving medical
protocols by formal methods has shown to be both
feasible in practice and useful.

This paper reports on the different phases and
results of our case study. The structure of the
paper is as follows. Section 2 describes our
approach in terms of the steps we have carried
out. The structure of the paper follows these steps.
We start with the selection of the case studies in
Section 3. Section 4 discusses the modelling of the
selected cases in a special-purpose knowledge
representation language, namely Asbru. We give
the formal underpinning of Asbru in Section 5 , such
that we are able to formalise our protocols in a
logic in Section 6. We identify a number of proper-
ties of guidelines and give their formal counter-
parts (Section 7). We then report on the
verification results in Section 8 , and continue with
the evaluation thereof by a team of experts (Sec-
tion 9). Section 10 contains related work, and
finally Section 11 concludes and discusses future
challenges.

2. Methodology

Our approach to solve the quality problem of med-
ical guidelines and protocols relies on the use of
formal methods. The activities through which we
have carried out the assessment of this approach are
the following:

1. Choose two real-world reference protocols which
cover a wide variety of characteristics.

2. Formalise these reference protocols.
3. Check the formalised protocols through the

verification of medically relevant protocol prop-
erties.

An evaluation of the obtained results has been
carried out with the help of a panel of domain
experts. The experts have categorised the uncov-
ered errors according to their criticality, ranging
from serious errors to trivial ones. In this way, the
detection of either a serious error or several trivial
ones can be considered as a success of our project.

The formalisation of medical protocols can be
tackled at different degrees. Since we aimed at a
formal verification, we chose the logic of the the-
orem prover KIV [4] as our target formalism. Prior to
the KIV formalisation step, we have carried out a
modelling step using Asbru, a specific-purpose
knowledge representation language for medical
protocols [5]. Asbru was selected among the existing
protocol representation languages (see [6] for a
review), because it allows for the description of
various medical aspects in a very precise way. The
gradual formalisation strategy (first Asbru, then KIV)
has made the formalisation task feasible.

Fig. 1 illustrates in more detail the process of our
approach. First we have selected two medical pro-
tocols which cover together a wide range of protocol
characteristics (see the selection step in figure 1).
Then the two selected protocols have undergone a
gradual transformation into a formal representa-
tion. Starting from the original texts (original pro-
tocolin the figure), the protocols have been
modelled first in the Asbru language (the modelling
step) and then translated into the KIV formal repre-
sentation (the formalisation of protocol). The
results of this transformation process have
been, respectively, a collection of Asbru plans
representing the protocol (the Asbru plans) and a
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step is discussed.



set of KIV programs encoding these plans (the KIV
representation). In order tomake this formalisation
possible, a formal semantics has been defined for
the main parts of the Asbru language (the formal
semantics). This is a crucial point in the process,
since the formal verification that we aim at is only
possible with a precise semantics.

In parallel to the above transformation, a number
of medically relevant properties has been identified
from an analysis of both the original protocols and
their Asbru version (the identification of properties
step). The result of this step are the protocol prop-
erties and their reformulation as Asbru properties.
Then we have selected a subset of the properties for
which a formal proof seemed feasible, we forma-
lised them (the formalisation of properties step),
and we have carried out the necessary proofs to
verify them (the verification step). Finally, the
results of the different steps have been evaluated
by a panel of medical experts, in order to assess the
overall utility of our approach.

The rest of the paper reports on the main results
of the process, which is structured according to the
steps described above. The relevant section num-
bers are indicated in Fig. 1.

3. Selection of reference protocols

Concerning the protocols that are the object of our
study, we selected two examples that cover a wide
range of protocol characteristics. The first protocol
is for the management of jaundice in healthy term
newborns [7] developed by the American Academy
of Pediatrics (AAP). The second protocol is for the
management of diabetes mellitus type 2 [8] , devel-
oped by the Dutch Association of General Practi-
tioners (NHG). Next we give some background
information on the protocols and motivate their
choice.

Medical protocols differ along several dimensions,
which can be related to the contents of the protocol
or to its form, amongst others. Important dimensions
are the target users of the protocol (e.g. general
practitioners (GPs) or nurses) and the aspects of
clinical practice it covers (e.g. diagnosis and/or
treatment). Theperiodof time towhich theprotocol
applies is also characteristic, varying between short
time-span (hours to days) and long time-span proto-
cols (weeks to years). Concerning the form, protocols
are usually more or less structured textual descrip-
tions, and sometimes combine alternative formats,
such as tables, lists or flowcharts.

The two selected protocols not only come from
different organisations but also differ in their char-
acteristics. The diabetes protocol is aimed at GPs

and covers both diagnosis and treatment over a long
period of time. The jaundice protocol is also
devoted to both diagnosis and treatment but, unlike
the diabetes protocol, is intended for use in a
hospital and over a short time-span. Regarding
the form, the careful layout of the diabetes protocol
contrasts with the rather unstructured text of the
jaundice protocol. The latter, however, includes
complementary descriptions such as flow diagrams
describing the protocol procedure. Finally, the two
protocols can be considered of high quality: one is in
daily use by Dutch GPs and the other is included in
the repository of the National Guideline Clearing-
house.2 Criteria for inclusion in the NGC are that the
guideline contains systematically developed state-
ments, was produced under the auspices of medical
specialty associations, is based on literature, and is
developed, reviewed, or revised within the last 5
years. Furthermore, both protocols have been pub-
lished in a peer-reviewed scientific journal. In sum-
mary, the chosen protocols cover different aspects
while fulfilling high quality standards, which makes
them good candidates for our case study.

In the following sections we will use the jaundice
protocol as the main example in our explanations,
and we therefore give a brief description of this
protocol.

3.1. The jaundice protocol

Jaundice, or hyperbilirubinemia, is a common dis-
ease in newborns which is caused by elevated bilir-
ubin levels in the blood. Under certain
circumstances, high bilirubin levels may have detri-
mental neurological effects and thus must be trea-
ted. In many cases jaundice disappears without
treatment, but sometimes phototherapy is needed
to reduce the levels of total serum bilirubin (TSB). In
a few cases, however, jaundice is a sign of a severe
disease.

The jaundice protocol of the AAP is intended for
the management of the disease in healthy term3

newborns. The guideline is a 10 page document
which contains knowledge in various notations:
the main text; a list of factors to be considered
when assessing a jaundiced newborn; two tables –—
one for the management of healthy term newborns
and another for the treatment options for jaundiced
breast-fed newborns; and a flowchart describing the
steps in the protocol. The protocol consists of an
evaluation (or diagnosis) part and a treatment part,
to be performed in sequence. During the application
of the protocol, as soon as the possibility of a more
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serious disease is uncovered, the recommendation is
to exit the protocol without any further action.

We have now discussed the selection step from
Fig. 1 , and in the next section we continue with
modelling the protocol using the special-purpose
language Asbru.

4. Modelling of the jaundice protocol
in Asbru

Different languages have been proposed in the
literature to represent medical protocols. Most
of them consider protocols as a composition of
actions to be performed and conditions to control
them [9]. However, although the trend is changing
lately, many of the protocol representation lan-
guages in the literature are not formal enough for
our purposes. For instance, they often incorporate
free-text elements which do not have clear seman-
tics. Exceptions to this are PROforma [10] and
Asbru [5].

In this section, we present the main features of
Asbru, we report on the Asbru modelling of
the protocols, and we conclude with lessons
learned.

4.1. Asbru: a knowledge representation
language for protocols

Themain features of Asbru are: (i) medical protocols
are viewed as hierarchical skeletal plans in the sense
of AI planning, i.e. plans with subplans; (ii) it is
possible to specify the intentions of a plan, in addi-
tion to the action composition; (iii) a wide variety of
control structures can be used to specify the control
within a plan; and (iv) a rich language can be used to
describe temporal annotations. Below we give a
short description of the main constructs of the
language (see [11] for more details).

A medical protocol is considered in Asbru as a
hierarchical plan. The main components of an Asbru
plan are intentions, conditions and plan-body. We
briefly discuss these components.

The intentions are the high-level goals of a plan.
Intentions can be expressed in terms of achieving,
maintaining or avoiding a certain state or action.
The states or actions to which intentions refer can
be intermediate or final (overall). Thus, the label
‘‘achieve intermediate state’’ means that sometime
during the execution of the plan a certain state must
be achieved. In total there are twelve possible forms
of intention: [achieve/maintain/avoid] [intermedi-
ate/overall] [state/action].

A variety of conditions can be associated with a
plan, which define different aspects of its execu-

tion. The most important types of conditions are the
following:

� filter conditions, which must be true before the
plan can be started;

� abort conditions, which define when a started
plan must be aborted;

� complete conditions, which define when a started
plan can complete successfully;

� activate conditions, with possible values ‘‘man-
ual’’ or ‘‘automatic’’. If the activate mode is
manual, the user is asked for confirmation before
the plan is started.

The plan-body contains the actions and/or sub-
plans to be executed as part of the plan. The main
forms of plan-body are the following:

� User-performed: an action to be performed by the
user, which requires user interaction and thus is
not further modelled.

� Single step: an action which can be either an
activation of a subplan, an assignment of a vari-
able, a request for an input value or an if-then-
else statement.

� Subplans: a set of steps to be performed in a given
order. The possibilities are: in sequence (sequen-
tially), in parallel (parallel), in any possible
sequential order (any-order), and in any possible
order, sequential or not (unordered).

� Cyclical plan: a repetition of actions over time
periods.

In case a plan has subplans, in addition to the
specification of the ordering (sequentially, parallel
and so forth), it is necessary to specify a waiting
strategy to describe which of the subplans must be
completed so that the parent plan can be considered
successfully completed. It is possible to specify, e.g.
whether all the subplans should be executed (‘‘wait-
for ALL’’) or not (e.g. ‘‘wait-for ONE’’, or ‘‘wait-for’’
some specific plan).

Time annotations can be associated with differ-
ent Asbru elements (e.g. intentions, conditions and
even plan activations). A time annotation specifies:
(1) in which interval things must start, (2) in which
interval things must end, (3) their minimal and
maximal duration, and (4) a reference time point.
Any of these elements can be left undefined, allow-
ing for the specification of incomplete time annota-
tions. The general scheme for a time annotation is:

([EarliestStartingShift, LatestStartingShift],
[EarliestFinishingShift, LatestFinishingShift],
[MinimalDuration, MaximalDuration],
Reference)
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4.2. Asbru model of the jaundice protocol

In this section we show the main structure of our
Asbrumodel of the jaundice protocol. This illustrates
the need for the variety of Asbru’s control structures.
We also give an example of a plan description that
serves to illustrate the main Asbru features, such
intentions, various conditions and time annotations.

As the original document, the Asbru model of the
jaundice protocol has as main components a diag-
nostics part and a treatment part. It consists of
about 40 plans and has a length of 18 pages in a
simplified Asbru notation. Fig. 2 shows the overall
structure of the protocol as a hierarchy of plans.

The treatment phase, on which we focus here,
consists of two parallel parts, namely the actual
treatments and a cyclical plan asking for the input of
new age and TSB values every 12—24 h. Regarding
the treatments (label (�) in Fig. 2), either the
‘‘regular-treatments’’ or an ‘‘exchange-transfu-

sion’’ can take place depending on the bilirubin
level. The ‘‘regular-treatments’’ plan contains the
main treatment procedure. It consists of two parts
to be performed in any possible order (unordered):
the feeding alternatives and the different therapies
(see label (�)); the plans in this group can be tried in
any-order, one at a time.

Fig. 3 shows the ‘‘phototherapy-intensive’’ plan,
which describes one of the therapies. Its plan-body
simply contains a subplan activation pointing to a
user-performed action. One of its intentions is
attaining normal bilirubin levels. It also contains
different conditions, e.g. one of the abort condi-
tions specifies that the plan should abort as soon as it
fails to reduce the bilirubin levels in 4 h.

4.3. Lessons learned

The task of modelling the jaundice protocol in Asbru
has required a significant effort. It is a typical
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Figure 2 Overview of the jaundice protocol in Asbru. The main entry point of the protocol is the ‘‘diagnostics-and-
treatment-hyperbilirubinemia’’ plan –— the three ‘‘check-for- . . .’’ plans model a continuous monitoring of TSB level and
two check-ups at specific time intervals. The plan ‘‘diagnostics-and-treatment-hyperbilirubinemia’’ is divided into two
subplans, for diagnostics and a treatment, to be executed sequentially. (0) and (�) are labels for group of plans.



knowledge engineering task, where the knowledge
in the original document is transformed into the
Asbru notation, which implies devising an overall
plan structure and adding all the necessary details
to make it executable. As result, the Asbru version
of a protocol is much more lengthy than the original
text: the original jaundice protocol is 10 pages,
while the Asbru code (consisting of 40 plans) fills
18 pages in the simplified notation, and 30 pages in
its full XML format.

More importantly, numerous anomalies became
apparent during the Asbru modelling of the jaundice
protocol. We use the term anomaly to refer to any
issue preventing a satisfactory interpretation of the
original protocol. Below we give examples of the
different anomalies we have found (see [12] for
more details). For presentation purposes they have
been grouped into four general categories: ambi-
guity, incompleteness, inconsistency and redun-
dancy.

4.3.1. Ambiguity
Ambiguous protocol parts are inherently hard to
interpret. For instance, a problem we encountered
while modelling the jaundice protocol was deter-
mining whether the terms ‘‘jaundiced’’, ‘‘clinically
jaundiced’’ and ‘‘clinically significant jaundice by
medical judgement’’ had the same meaning or not.
These are terms that are used in the flowchart form
of the original protocol, but not defined elsewhere.

The problem with ambiguity is that it leaves
space for wrong interpretations by the medical
practitioner, and therefore may have a negative
effect on the decisions made.

4.3.2. Incompleteness
Incompleteness can be related either to insufficient
information or to entirely missing pieces of informa-
tion. In either case, incompleteness hinders a cor-
rect interpretation of the protocol. For example,
the original protocol contains a table with ‘‘factors
to be considered when assessing a jaundiced
infant’’. One of these factors is ‘‘rapid increase in
the TSB level after 24—48 h’’. However, what
‘‘rapid’’ exactly means is missing in the protocol.

As an example of insufficient information we can
cite a sentence of suggesting a procedure for the
choice of TSB monitoring times but without further
details on it: ‘‘determination of the rate of rise of
TSB and the infants age may help determine how
often to monitor bilirubin levels and whether to
begin phototherapy’’.

4.3.3. Inconsistency
Inconsistencies are elements that may result in
different (and even conflicting) decisions given
the same patient data. The problems derived from
inconsistent elements are very serious and as such
must be avoided.

The jaundice protocol presents several inconsis-
tencies. For instance, we found an inconsistency
related to the applicability conditions of the proto-
col, which is meant for ‘‘healthy newborns’’ accord-
ing to the title. The protocol also specifies that
‘‘infants who are clinically jaundiced at � 24 h
old are not considered healthy’’. However, else-
where in the protocol an action is advised for exactly
these children (i.e. babies to whom the protocol
should not be applied): ‘‘a TSB level needs to be
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determined in infants noted to be jaundiced in the
first 24 h of life’’.

4.3.4. Redundancy
Whenever some part of the protocol can be removed
without any (noticeable) effect in the resulting
recommendations, it can be considered redundant.
Although redundant elements are in principle harm-
less, the main problem is that they may cause
unnecessary inconveniences for the patient and
efficiency loss in the care process. We did not find
any occurrence of this type of anomaly in the jaun-
dice protocol. However, we did find redundancies
during the Asbru modelling of the diabetes protocol.

Table 1 shows the number of uncovered anoma-
lies referring in the two protocols of our case study.
By far themost common anomaly in both protocols is
incompleteness. Other anomalies only occur in one
of the protocols. No inconsistency was found in the
diabetes protocol whereas several were found in the
jaundice protocol, mainly between alternative for-
mulations of the same recommendations between
text, tables and/or flowcharts. Athough the two
protocols differ in characteristics, these differences
in types of anomalies do not seem related to these
different characteristics.

As Table 1 shows, a significant number of anoma-
lies can be detected through Asbru modelling [12] ,
[13]. These anomalies are protocol parts in which
potential problems might arise, and therefore indi-
cate points where improvements are possible. The
fact that these anomalies were detected during the
modelling of two high quality protocols is already an
important contribution of our approach.

We now continue with the formalisation stage
(see Fig. 2), namely from Asbru to formal logic. To
make this step possible, a formal semantics of Asbru
is needed. This is discussed in the next section.

5. Formal semantics of Asbru

With the definition of a formal semantics of Asbru,
we aim to achieve two goals: first, the semantics
should document the language, users should be able
to understand the details of Asbru; second, the
semantics should be formal enough to derive a
calculus. In order to achieve the second goal, we
use structural operational semantics (SOS) [14] to
define Asbru. However, SOS rules are difficult to

understand for people without a formal background.
Therefore, we use automata, which we depict as
state charts [15] , to informally illustrate the seman-
tics. In this section, we give an overview of the
semantics. A more complete definition of the
semantics can be found in [16].

5.1. Overview

Asbru is a plan oriented language, and Asbru proto-
cols are organised in a hierarchy of plans. A parent
plan can refer to other sub plans in its plan-body.
Conditions are used to control the applicability of a
plan and to monitor its execution. Conditions can be
monitored over time according to the so called time
annotations. The sub plans in the plan body can be
organised using different body types (sequential,
parallel, unordered, or any-order). The current
state of a plan — especially if a plan has been
rejected, aborted, or completed — is propagated
to its parent and sub plans. If a plan is mandatory, it
must be completed; otherwise, it may also be
rejected or aborted.

The formal semantics of Asbru consists of two
parts. An operational semantics defines the plan
execution engine, which is triggered with signals
from an underlying data abstraction unit. All Asbru
plans run in parallel and communicate via shared
variables and signals. The data abstraction unit
takes different types of patient data and provides
signals to trigger plan conditions. Signals are also
used by plans to control the execution of sub plans.

5.2. Plan execution

Plans behave as depicted in the state chart of
Fig. 4. The plan control is divided into the selec-
tion phase selection and the execution phase
execution. Initially, a plan is inactive. An external
signal consider triggers the selection phase (tran-
sition SC). In state considered, the filter condition
filtert p is checked. If the condition is satisfied,
control advances to state ready (transition F).
Transitions E.1 and E.2 model manual and auto-
matic activation and are omitted here. If, during
the selection phase, the filter condition is not
fulfillable any more, the plan is rejected (transi-
tion R). In state activated, the sub plans of the
current plan are executed. How the execution of
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Ambiguity Incompleteness Inconsistency Redundancy

Jaundice 1 10 6 0
Diabetes 4 38 0 2



the sub plan is controlled by the parent depends on
its body type, i.e. the children can be executed
sequentially, in parallel, unordered, or in any-
order. For each body type there is a corresponding
controlling state chart (see Section 5.3). The
execution of sub plans can be either completed
successfully (transition C) or aborted, e.g. in the
case of emergency patient readings (transition A).
Further reasons to reject or abort plans (transi-
tions R.1—R.3, A.1—A.4) are omitted here.

Roughly, each transition corresponds to an SOS
rule. For example, the rule:

½½P:state ¼ considered��s daðF; sÞ!�daðtrue; s0Þ
psmPðsÞ! psmPðs0½P:state ready�Þ

where F is the filter condition of plan P, expresses
that if P is in state considered and the filter precondi-
tion F is evaluated to true4 by the data abstraction
unit da, plan P may progress to state ready.

5.3. Controls

The different body types may empose restrictions
on the execution of sub plans. This is done by
deferring the generation of the events consider,
activate, and retry. Fig. 5 contains a controlling
state chart for a parent plan which executes its sub
plans in any-order. The selection phases are exe-
cuted in parallel. The execution phases of the sub
plans are synchronized such that at most one sub
plan is active at the same time. The first plan to
become selectable is activated (transition i:a).
Only if this plan terminates (transition i:T) another
one can be activated. If several sub plans reach

state selected simultaneously, the choice is non-
deterministic. If option ‘‘retry-aborted’’ is chosen,
then transition i:r is used to initiate a retrial. See
[16] for complete set of controlling state charts for
the Asbru control structures.

5.4. Data abstraction unit

The underlying data abstraction unit is not
described in detail here and only its purpose is
summarised. The semantics of the abstraction unit
is not operational, but functional in nature. As
input, measurements of patient parameters are
taken. The type of parameters can be very differ-
ent, ranging from quantitative values, like the bilir-
ubin level in blood, to boolean values, e.g. whether
the patient is male or female. Data can be provided
as a continuous stream of patient readings (high
frequency domains such as artificial ventilation of
prematured babies) or as sporadic measurements
once every month (low frequency domains like dia-
betes mellitus).

The incoming data is memorized in a global vari-
able, the patient record. Quantitative values can be
abstracted to qualitative values. More importantly,
if the data is time-annotated in an Asbru plan, the
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Figure 5 Any-order control.

4 s is the current valuation, and s0 is the next valuation.



abstraction unit evaluates data over a long-time
period. For example, the time-annotated condition:

ðbilirubindecrease< 1Þ in ð½4 h; -�; ½-; 6 h�; ½-; -�; nowÞ

requires monitoring the decrease of the bilirubin
level over a period of at least 4 h (modelled as Ear-
liestStartingShift) and up to 6 h (modelled as Latest-
FinishingShift). The data abstraction unit abstracts
from all these features and provides signals to trigger
the plan execution unit.

This section summarised our formal semantics for
Asbru, a crucial element in our process from Fig. 2.
In the next section we will formalise a specific
protocol (jaundice) in logic, based on the semantics
given above.

6. Formalisation of the jaundice
protocol in KIV

In the second stage of the process (see Fig. 1) we
have used the logic of the KIV verification tool [4].
KIV is an interactive theorem prover with strong
proof support for higher-order logic and elaborate
heuristics for automation. Currently, special proof
support for temporal logic and parallel programs is
being added. In contrast to fully automatic verifica-
tion tools, the use of the KIV interactive tool allows
for the verification of large and complex systems, as
has been shown by its application to a number of
real-world systems (distributed systems, control
systems, etc).

Below we first describe the relevant aspects of
KIV for Asbru specification and verification, we con-
tinue with the formalisation of our case study, and
conclude with the lessons learned from this forma-
lisation step.

6.1. KIV

KIV supports the entire software development pro-
cess, i.e. the specification, the implementation and
the verification of software systems. For specifica-

tion, three aspects are important: specifications can
be structured, and both functional and operational
system aspects can be described. A specification is
broken down into smaller and more tractable com-
ponents, using structuring operations such as union ,
that can be used to combine more simple specifica-
tions. For functional aspects, algebraic specifica-
tions are used to specify abstract data types.

Complex operational behaviour can be specified
using parallel programs. Programs in KIV can contain
assignments (v :¼ t), conditionals (if fpl then c1

else c2), loops (while fpl do c), local variables
(var v ¼ t in c), nondeterministic choices (choose
f or c), interleaving (fkc) and synchronisation
points (await fpl). For a better support of Asbru,
additional basic constructs have been implemented:
interrupts (break c if fpl), for modelling different
plan conditions; and synchronous parallel execution
(fksc), as well as any-order execution (fkac), for a
more direct translation of plan-bodies. With the
help of these constructs, the main features of Asbru
can be directly translated. Others still need to be
encoded using additional program variables.

Concerning the verification, we use a variant of
interval temporal logic (ITL) [17] to formulate prop-
erties. This logic is first-order and allows finite and
infinite intervals. Here we restrict ourselves to the
temporal operators always (& f), eventually (^f),
next (�f), and laststep –— which is true only in the
last step of an interval. Single transitions are
expressed as first-order relations between unprimed
and primed variables, where the latter represent
the value of the variable in the next state. For
example, the formula v ¼ 0^ ð& v 0 ¼ v þ
1Þ!^ v ¼ n states that, if variable v is initially
0, and the value v 0 in the next state is always
incremented by one, then eventually the variable
will be equal to an arbitrary natural number n.

In KIV, the proof technique for verifying parallel
programs is symbolic execution with induction.
Details can be found in [18]. Since programs are
treated as formulas — for both, the semantics is a set
of traces — they can be arbitrarily mixed. This gives
rise to a modular proof technique, which is very

202                

Table 2 Translation patterns of some Asbru constructs into KIV

Asbru KIV

complete condition f body If f then body
filter precondition f body Break body if f, update plan-state = ‘‘complete’’
abort condition f body Break body if f, update plan-state = ‘‘abort’’
� name � ( plan activation) � name � #(. . .) ( procedure call)
do type = sequentially P1 . . ., Pn P1; . . ., Pn
do type = any-order P1, . . ., Pn P1 ka . . ., Pn
Wait-for Pi body Break body if some expression on Pi-state



important for the verification of Asbru plans as they
tend to be large.

6.2. KIV formalisation of the jaundice
protocol

In a first attempt to formally analyse Asbru plans, we
have translated them into parallel programs. The
translation of the Asbrumodel into KIV has been done
in a structure-preservingway, bymapping each Asbru
plan into a KIV specification containing a parallel
program.Thus, the structureof the jaundiceprotocol
in KIV roughly mirrors the Asbru model of Fig. 2. This
gives the possibility to obtain feedback from the
formalisation and verification phases in terms of
the Asbru model, and to exploit this structure during
proof attempts. Table 2 shows some of the patterns
that we used in the translation of Asbru plans.

In many cases the KIV translation closely follows
the structure of the original Asbru plan, except for
small details. This means that a large part of the
translation could be done automatically (up to 80%).
Other translations needed additional encodings, and
therefore had to be done manually. The example in
Fig. 6, corresponding to the plan ‘‘phototherapy-
intensive’’, serves to illustrate a mixture of auto-
matic and manual translations that we have
obtained. See Fig. 3 for the Asbru model of this plan.

This translation includes an await construct to
model the filter preconditions of the plan, as well as
an interrupt (break) to monitor the conditions under
which the plan should abort. The KIV plan also shows
the way in which time annotations can be encoded,

with the help of additional variables holding the
time at which a plan has been activated (such as
phototherapy-intensive-activated).

6.3. Lessons learned

The KIV formalisation step has taken considerably
less effort than the Asbru modelling step [13]. This is
mainly due to the structure-preserving strategy we
followed. Thanks to this, the formalisation is largely
a mechanical translation of Asbru plans into KIV
programs.

We cannot strictly say that the formalisation in
KIV has contributed to the improvement of the
original protocol, as was the case in the Asbru
modelling. Clearly, the most important contribution
of this formalisation stage is to produce a version of
the protocol that can be used as the basis for
verification of protocol properties as discussed in
Sections 7 and 8.

Furthermore, the KIV formalisation has served to
disambiguate unclarities in the Asbru model that
resulted from the modelling stage: a number of
semantic problems with Asbru were uncovered
and resolved by refining the formal semantics of
Asbru in KIV.

7. Identification of protocol properties

In parallel to the formalisation process described so
far (the right-pointing arrows in Fig. 1), we have
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Figure 6 KIV translation of ‘‘phototherapy-intensive’’ plan of Fig. 3.



identified a number of protocol properties which
were deemed potentially interesting and medically
relevant (the downwards-pointing arrows in Fig. 1).

Such properties require a deep understanding of
both the disease and the protocol dealing with it.
These properties focus on aspects like the relevant
clinical parameters or the actions that the care
providers are required to perform. As an example,
when treating diabetes with insulin, a desirable
property of the protocol (as recommended by our
domain expert) is to distribute the morning and
evening insulin doses according to the ratio 2/3—
1/3.5

The correctness of plan intentions and proper-
ties based on medical indicators6 were deemed of
particular interest from a medical point of view.
The correctness of intentions aims at ensuring that
the intentions of a plan follow from its body. As for
the properties about indicators, the goal is to verify
that the protocol results in actions that comply
with certain quality criteria defined either in the
protocol itself or by external sources. In our case,
we have exploited the indicators for jaundice
treatment defined by the MAJIC7 Committee
[19]. These quality indicators for jaundice are for-
mulated by a different medical institution then the
one who developed the jaundice protocol. There-
fore these indicators are not specifically defined for
our protocol, which make them more attractive to
verify.

Notice that we are not claiming that we can verify
any intention a planmay have, in general, but rather
that formal verification can be applied to determine
under which conditions a protocol complies with the
intentions the developers had in mind.

8. Formalisation and verification of
protocol properties

The formalisation of protocol properties and their
verification constitute the final step of the process.
In this section we give two examples and summarise
the lessons that we have drawn from these verifica-
tion experiences.

8.1. Verification of an intention

One of the intentions of the plan ‘‘phototherapy-
intensive’’ is the reduction of the TSB levels by at

least 1 mg/dl within 4—6 h. We can view this as a
property that the plan should satisfy, i.e. while
executing the plan, there should be such a decrease.
This property was initially translated to the follow-
ing ITL formula:

Informally, this formula says that, if ‘‘photother-
apy-intensive’’ is activated, when 4—6 h have
elapsed, there should be a decrease in TSB levels
greater or equal than 1. This is exactly the second
conjunct of the second intention in Fig. 3.

The property was successfully proved in KIV, in a
fully automatic proof of more then a thousand steps.
However, the proof was successful only after a
number of proof attempts. These attempts uncov-
ered errors in the formulation of the intention,
which led to an improved formal semantics for Asbru
intentions. This property was somehow ‘‘easy’’ to
prove, because the intention is enforced by one of
the abort conditions of the plan (see Fig. 6). In the
next section we present a more difficult proof,
which required identifying the conditions under
which the property should hold. As we will see,
these conditions describe the most usual cases of
newborn jaundice.

8.2. Verification of an indicator

The MAJIC indicators that appear in [19] have been
refined by the same organisation into different
medical review criteria for the evaluation and treat-
ment of jaundice in infant care. This includes a set
of 11 criteria which jaundice protocols must comply
with. Among these criteria, we selected indicator #7
for verification. The indicator is stated as follows8:

INCLUSIONS If any phototherapy initiated
CRITERIA No more than one serum bilirubin level
drawn after phototherapy is discontinued
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5 Of course whether this recommendation should be part of the
protocol would have to be discussed with the team of experts that
developed the protocol.
6 Indicators are measures to judge the quality of care, system-

atically engineered by medical experts.
7 Making advances against jaundice in infant care

8 The rationale of this indicator is beyond the scope of this
work.



This states that if the decision is made to apply
phototherapy (which will involve drawing bilirubin
samples to measure the success of the therapy),
then such a measurement should no longer be
repeated after the therapy is discontinued.

This indicator was translated into the following
temporal formula:

Informally, when phototherapy is discontinued, if
another TSB value is measured, then there will not
be more TSB measurements (TSB history will stay
the same).

Several attempts were made to prove that the
‘‘regular-treatments’’ subplan (Fig. 2) complies
with this indicator. These attempts uncovered some
problems in the formalisation of the protocol. This
insight was used to enhance the translation patterns
for Asbru plans. Finally, it was proved that the
property does nothold! A counter example was
found, which consists in applying phototherapy once
and then doing observation for more than 24 h,
allowing ‘‘treatment-hyperbilirubinemia’’ to mea-
sure TSB twice. The analysis of this proof served to
identify the assumptions under which the indicator
should be satisfied: (1) if phototherapy is discon-
tinued, bilirubin levels are ‘‘normal’’; (2) the obser-
vation plan will run for less than 24 h; and (3) after
phototherapy and observation, bilirubin levels will
still be ‘‘normal’’. Given these additional assump-
tions, the proof could be completed successfully.
(Proving the indicator for the ‘‘regular-treatments’’
plan in the jaundice protocol involves thousands of
proof steps.) These assumptions were given to med-
ical experts for review, who concluded that they
capture the most usual cases, i.e. for most of new-
borns the assumptions hold and the protocol satis-
fies the indicator. Thus the assumptions explicitly
define the cases in which the indicator is satisfied.
They could be used to improve the original protocol,
e.g. to document the cases in which the indicator
might not be satisfied.

8.3. Lessons learned

The verification attempts have served to clarify any
remaining problems in the Asbru model. In particu-
lar, we discovered errors in the formulation of inten-
tions which shed light on the semantics of Asbru
intentions.

More importantly, we have shown that it is pos-
sible in practice to systematically analyse whether a
protocol formalised in KIV complies with certain
medically relevant properties [20]. Various proper-
ties of the jaundice protocol have been the object of
formal verification using the KIV system, with dif-
ferent types of results. In some cases the properties
have been confirmed, which means that the forma-
lised version of the protocol complies with them.
However, in other cases verification was proble-
matic, i.e. it was not possible to complete the proof
unless we added additional assumptions describing
the conditions needed to make the property true.

The incorporation of the additional assumptions
necessary to complete a proof might seem an extre-
mely difficult task, because of the high amount of
medical background knowledge that is usually
involved –— e.g. about medical actions, treatment
effects, etc. It is important to note that we have
followed a pragmatic approach, namely, assumptions
havebeen identifiedas theywereneeded,byexploit-
ing the information of failed proof attempts, rather
than elicited a priori from domain experts and other
valid sources. For example, the assumptions that
make indicator #7 true are statements of the kind
‘‘if phototherapy is discontinued, bilirubin levels are
normal’’, rather different from an exhaustive
description of the effects of the different photo-
therapies. This results in a characterisation of the
circumstances under which the property holds. The
obtained characterisation, after analysis by medical
experts, could be used either to redefine/restrict the
property or to improve the original protocol text by
documenting the cases under which the property
does (or does not) hold.

9. Evaluation of results

In order to assess the overall utility of our approach,
a selection of the results of the formalisation and
verification steps have been presented for evalua-
tion to a group of medical experts. The evaluation
has been done by means of structured interviews in
which three different experts judged: (1) the qual-
ity of the selected protocols, (2) the criticality of
the problems detected in the protocols, and (3) the
utility of the approach of quality improvement of
protocols by formal methods.

Most of the problems detected in the jaundice
protocol were not considered serious from a clinical
point of view. However, one of the experts, who is
also involved in guideline development, stated that
some of the flaws were serious as they indicate lack
of care in designing the protocol, and therefore
should be avoided. Concerning the diabetes proto-
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col, half of the flaws were not considered very
serious, but the remainder were judged as very
serious, and one even extremely serious [21].

Finally, in general the three experts regarded the
computer-supported systematic analysis of proto-
cols we carried out as an improvement over current
methodologies. The experts judged our approach
especially promising for guideline development. In
addition, they mentioned that it constitutes an
important first step to make computerised support
for guidelines possible.

10. Related work

In this section we relate our work to currently
ongoing work in the literature for computerised
medical guidelines and protocols. First of all we
would like to emphasize that although there is a
lot work on decision support systems in clinical
settings with respect to medical protocols, there
is only a small amount of work concerning the
improvement of medical protocols themselves.

In the last decade a number of languages for
medical protocols have been developed with differ-
ent levels of formality. Although we have used Asbru
as protocol representation language in our case
study, we believe that the same can be done with
other languages like PROforma [22] , EON [23] and
others [24,25] , provided that they are extended
with a formal semantics (which most of these lan-
guages are currently lacking). In this sense, our
proposal constitutes a general approach to the
improvement of medical guidelines and protocols,
and is independent of our specific choice for Asbru.

A rather different approach for improving a guide-
line is by critiquing the physician. Critiquing involves
comparing the actions that physicians perform to
solve particular patient cases with the recommenda-
tions prescribed by the guideline for those cases [26].
When deviations occur, critiquing can concentrate on
the explanation thereof or, alternatively, can provide
a valuable input for guideline improvement [27]. If
critiquing is performed based on intentions [28] , the
physician’s intentions are inferred from the patient
data and the performed actions. These are then
checked against the intentions stated in the guide-
line. In [28] , satisfactionof intentionsdepends on the
dataofa specificpatient,whereas inour approachwe
try to find general assumptions under which the
intentions hold for a given guideline, independently
of the data of a specific patient.

Another direction of related work is automated
quality assessment of clinical actions and patient
outcomes. This concerns deriving structured quality
indicators from formalised specifications of guide-

lines used in decision support [29]. In our work we
use such indicators as formal properties that the
guideline must comply with.

We consider work such as [30—33] as other
approaches to the improvement of medical guide-
lines.

Together, these works cover a whole spectrum of
properties of guidelines, ranging from internal
coherence properties related to the representation
language to properties which depend on the specific
guideline, to general properties of guidelines such
as safety properties. The work of [30] and [32] fit in
the beginning of this spectrum, while the work of
[31,33] fits in the end.

The motivation of [30,32,34,35] is slightly differ-
ent from ours. They identify anomalies in guide-
lines, but their focus is, as mentioned above, more
on language coherence properties, whereas our
focus is mainly on properties specific to the proto-
col.

Miller et al. [30] tackles the problem that
clinical logic specified in the guidelines may be
incomplete or inconsistent. If ‘‘if-then’’ rules are
used as representation language for guidelines,
incompleteness means that there are combina-
tions of clinically meaningful conditions to which
the system (guideline) is not able to respond. The
Commander tool supports the verification of rule-
based clinical guidelines using semantic con-
straints. Commander is able to point out clinical
situations where the rules are incomplete. In their
study of a guideline for childhood immunization,
Miller et al. were able to identify a number of
missing immunization rules, which required a
response by the guideline.

Shiffman and Greens [34] and Shiffman [35] pre-
sent a method for the verification and simplification
of guidelines by applying decision-table techniques.
Their assumption is that a guideline can be
described as situation/action statements: If the
antecedent circumstances exist, then one should
perform the recommended actions. They focus on
two properties for verification, namely complete-
ness and consistency of a guideline expressed in
terms of decision-table. Again, these properties
are internal coherence properties, whereas we
are focussed on domain specific properties.

Hammond et al. [31] uses another approach to
improve medical guidelines, which can be consid-
ered as exploiting general safety properties for
guidelines, and therefore belonging to the end of
the spectrum (i.e. general properties about guide-
lines). They work on safety reasoning in protocols,
and identify a number of generic safety principles.
The idea is that the same generic knowledge can be
reused to generate specific safety clauses when
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designing new treatment plans. These inclusion of
specific safety clauses can be considered as an
improvement of the protocol.

Finally, it is also worth tomention that our work is
consistent with some approaches to protocol
improvement from the medical communities [36].
For instance, the appraisal instrument developed by
the AGREE Collaboration [37]http://www.agreecol-
laboration.org/(accessed: 1 June 2005) stresses
protocol aspects that can be detected through for-
malisation, such as the specificity and unambiguity
of recommendations.

11. Conclusions and future challenges

11.1. Conclusions

In this paper we have shown that it is possible to
formalise a significant piece of medical knowledge
to such an extent that it can be used as the basis for
formal verification, and that this verification not
only is feasible but also useful for quality improve-
ment purposes. We have fully formalised two real-
world medical protocols in a two-stage formalisa-
tion process. Subsequently, we have used a theorem
prover to systematically analyse whether the for-
malisation complies with certain medically relevant
protocol properties. This process has revealed a
number of anomalies which were judged to be of
medical relevance by a panel of independent med-
ical experts.

Throughout this process we have obtained the
following concrete results:

� A consolidated formal language to model medical
practice protocols. The Asbru protocol represen-
tation language has been extensively tested with
two real-life medical protocols. In a later stage,
the semantics of the Asbru constructs has been
clarified and formally specified –— formal seman-
tics of Asbru. As result, Asbru has become a
formal language for protocol representation.

� Two protocols, each both formalised in Asbru
and in KIV. The two medical protocols used in our
study have been gradually transformed into a
formal representation. Each of the (intermediate)
versions of the protocols constitutes an achieve-
ment, since it demonstrates that protocol forma-
lisation is feasible.

� A list of anomalies obtained during the formali-
sation process of our two case studies.

� With the aim of carrying out a series of formal
verification exercises, a number of medically
relevant protocol properties has been identi-
fied.

� Verification proofs for these protocols and prop-
erties in KIV. Some of the previous properties have
been selected for verification in KIV, and proofs
have been produced for them with different types
of results. The fact that these proofs have been
completed shows that formal verification of pro-
tocols is feasible.

The main contribution of our work is to show that
it is indeed possible to formally analyse medical
protocols to improve their quality. If a protocol is
developed with certain goals in mind (expressed as
intentions or indicators), formal verification can
serve to check whether the protocol actually com-
plies with them. Even if this is not the case, the
verification attempts can be of help in obtaining
counter examples and/or assumptions which can be
used to improve the original document.

Obviously, this achievement comes at a price: a
significant amount of work has been necessary for
such an effort. Although we are not in a position to
make strong quantitative statements, the formali-
sation and verification exercise reported in this
paper has taken over a person-year to complete.
However, this has been the first attempt ever in
verifying medical protocols with mathematical
rigour. We expect that the necessary effort should
decrease in the future, e.g. with more direct KIV
support for Asbru protocols. Notice that our
approach requires to have a team with a number
of different skills: a medical expert, a knowledge
engineer (ideally trained in Asbru, and with some
medical background) and a formal methods expert
trained in KIV.

11.2. Future challenges

In this section we discuss some future challenges.
We first discuss some challenges concerning apply-
ing our proposed approach of protocol improve-
ment. We continue with some current problems in
medical protocol development, which leads to the
challenge of living guidelines.

In this paper we have shown that our approach of
applying formal methods for protocol improvement
is in principal possible: we completed the entire
process of modelling and formalisation of both pro-
tocol and properties, and completed some proofs.

As we have seen, several techniques (modelling,
formalising and verifying) enable us to find anoma-
lies in the protocols. Open questions that remain
are: when do we need which type of techniques;
what kind of anomalies can be found by using these
different techniques; would it be possible to use
verification only in the critical parts of the protocol,
and how can we identify these critical parts.
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We have used Asbru as the language for modelling
protocols. Other less formal guideline representa-
tion language like EON, Glif, GUIDE or others [24]
could be used as well. We expect that modelling in
these languages can also detect anomalies.
Although, we expect that this would yield fewer
anomalies because of the informal nature of these
languages.

Other techniques which could contribute to our
formal methods approach is to use model checking
for proving properties, or to use an Asbru interpreter
such that patient data can be checked against the
protocol.

An entirely different set of challenges arises from
considering the two major problems with clinical
guidelines from the medical perspective. Currently,
the two problems are:

1. At this moment, a guideline is a static document
which cannot be modified easily. Consequently,
recommendations can be outdated or no longer
applicable in practice, because most guidelines
are only revised every 5 years, while scientific
and pragmatic knowledge is growing faster every
year.

2. Practitioners’ adherence to guidelines is often
insufficient.

These problems have led to future challenges,
sometimes referred to as ‘‘living guidelines’’:

1. Update of the guidelines on a more continuous
basis: clinical guidelines have to become flex-
ible, adaptable documents. The aim is to develop
guidelines which present up-to-date and state-
of-the-art knowledge to practitioners. To make
this possible, guidelines have to be modular in
structure, so that only part of a guideline can be
adjusted and not the whole document needs
revision.

2. Enhancing the adherence to guidelines by sup-
porting them with computerised tools aiming at
integrating the guidelinesmore in the daily work-
processes of practitioners.

To make the approach of living guidelines possi-
ble, there must be some major changes in the
guideline development process. Most guidelines
are authored in an unstructured narrative form.
Computer-based support for the authoring process
depends on a more formal, structured representa-
tion such as those investigated in this paper. To
incorporate guidelines in computerised systems,
they must be developed in a more structured way.
Formal methods can be of help here. This will be an

important first step to enhance further computer-
based support of guidelines and protocols.
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[14] Acteto L, Fokkink W, Verhoef C. Handbook of process alge-
bra. In: Chapter structural operational semantics. New York,
USA: Elsevier; 2001.

[15] Harel D. On visual formalisms. Commun ACM 1988;31
(5):514—30.

[16] Balser M, Duelli C, Reif W. Formal semantics of Asbru –— an
overview. In: Ehrig H, Kraemer B, Ertas A, editors. Proceed-
ings of the 6th biennial world conference on integrated
design and process technology (IDPT-02). USA: Society for
Design and Process Science; 2002. p. 1—8.

[17] Moszkowski B. A temporal logic for multilevel reasoning
about hardware. IEEE Comput 1985;18(2):10—9.

[18] Balser M, Duelli C, Reif W, Schellhorn G. Verifying concurrent
systems with symbolic execution. J Logic Comput (special
issue) 2002;12(4):549—60.

[19] MAJIC. MAJIC Steering Committee meets. Making Advances
Against Jaundice in InfantCare (MAJIC)Newsletter1998;1 (2).

[20] Marcos M, Balser M, ten Teije A, van Harmelen F, Duelli C.
Experiences in the formalisation and verification of medical
protocols. In: Keravnou E, Dojat M, Barahona P, editors.
Proceedings of the 9th European conference on artificial
intelligence in medicine (AIME-2003), number 2780 in LNAI.
New York: Springer-Verlag; 2003. p. 132—41.

[21] Deliverable D5: evaluation of results, Protocure Project,
ISTD2001—33049, 2002. http://www.protocure.org/ (acces-
sed: 1 June 2005).

[22] Fox J, Johns N, Rahmanzadeh AH. Disseminating medical
knowledge: the proforma approach. Artif Intell Med 1998;
14(12):157—81.

[23] Musen MA, Tu SW, Das AK, Shahar Y. Eon: a component-based
approach to automation of protocoldirected therapy. J Am
Med Inform Assoc 1996;39(6):367—88.

[24] Peleg M, Tu S, Bury J, Ciccarese P, Fox J, Greenes RA, et al.
Comparing computer-interpretable guideline models: a case-
study approach. J Am Med Inform Assoc 2003;10(1): 52—68.

[25] Wang D, Peleg M, Tu S, Boxwala A, Greenes R, Patel V, et al.
Representation primitives, process models and patient data

in computer-interpretable clinical practice guidelines: a
literature review of guideline representation models. Int J
Med Inform 2002;68(1):59—70.

[26] Miller, PM. A critiquing approach to expert computer advice:
ATTENDING. Research notes in artificial intelligence. Lon-
don: Pitman Publishing; 1984.

[27] Marcos M, Berger G, van Harmelen F, ten Teije A, Roomans H,
Miksch s. Using critiquing for improving medical protocols:
harder than it seems. In: Quaglini, S, Barahona, P, Andreas-
sen S, editors. Proceedings of the 8th European conference
on artificial intelligence in medicine (AIME-2001), number
2101 in lecture notes in computer science. Portugal: Cascais;
2001. p. 431—41.

[28] Advani A, Lo K, Shahar Y. Intention-based critiquing of
guideline-oriented medical care. In: Chute CG, editor. Pro-
ceedings of the annual fall symposium of the american
medical informatics (AMIA), Orlando, 1998. Philadelphia:
Hanley and Belfus; 1998. p. 483—7.

[29] Advani A, Goldstein MK, Shahar Y, Musen MA. Developing
quality indicators and auditing protocols from formal guide-
line models: knowledge representation and transforma-
tions. In: Musen M, editor. Proceedings of the annual fall
symposium of the american medical informatics, Washing-
ton, DC, USA, 2003. Philadelphia: Hanley and Belfus; 2003.
p. 11—5.

[30] Miller DW, Frawley SJ, Miller PL. Using semantic constraints
to help verify the completeness of a computer-based clinical
guideline for childhood immunization. Comput Meth Pro-
gram Biomed 1999;58:245—54.

[31] Hammond P, Sergot M, Wyatt J. Formalisation of safety
reasoning in protocols and hazard regulations. In: Gardner
RM, editor. Proceedings of the annual symposium on com-
puter application in medical care (SCAMC-95), New Orleans,
Louisiana, 1995. Philadelphia: Hanley and Belfus; 1995. p.
253—7.

[32] Duftschmid G, Miksch S. Knowledge-based verification of
clinical guidelines by detection of anomalies. Artif Intell Med
2001;22:23—41.

[33] Fox J, Das S. Safe and sound: artificial intelligence in
hazardous situations. Cambridge: MIT Press; 2000.

[34] Shiffman R, Greens R. Improving clinical guidelines with
logic and decision-table techniques. Med Decis Making
1994;14:245—54.

[35] Shiffman R. Representation of clinical practice guidelines in
conventional and augmented decision tables. J Am Med
Inform Assoc 1997;4:382—93.
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