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Abstract

Skeletal plans are a powerful way to reuse existing domain-specific procedural knowledge. In the Asgaard
project, a set of tasks that support the design and the execution of skeletal plans by a human executing
agent other than the original plan designer were aeated. T he underlying requirement to develop task-
specific problem-solving methods is a modeling language. Therefore, within the Asgaard project, a time-
oriented, intention-based language, called Asbru, was developed. During the design phase of plans, As-
bru alows to express durative actions and plans caused by durative states of an observed agent. The inten-
tions underlying these plans are represented explicitly as temporal patterns to be maintained, achieved or
avoided. The Asgaard project and the Asbru language were designed for low-frequency domains. We
proved the applicability of the Asbru language in the ral-world, high-frequency environment of neonatal
intensive care units (NICUs). The knowledge-base of VIE-VENT, an open-loop monitoring and therapy
planning system for atificially ventilated newborn infants, is enhanced and formulated in the Asbru syn-
tax. We show the benefits and limitations of the time-oriented, skeletal plan representation to be applica-
ble in real-world, high-frequency domains.
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1 Introduction: Improving Quality of
Heath Care by Automated Support
of Plan Design and Execution

Several domains require the apability of analyzing and
interpreting a large nmumber of time-oriented data in
combination w ith temporal domain knowledge. The
data are in general drawn on an irregular time grid,
since timing of observations depends on some individ-
ual factors. The domain knowledge is often not avail-
able in a form which gives a proper time annotation.

We are motivated by the needs for knowledge-based
support in the medical domain. Health care p roviders
are faced with two problems: (1) the information over-
load resulting from modern equipment, and (2) improv-
ing the quality of health cre through increased aware-
ness of proper disease management techniques. Clini-
cal protocols and guidelines should solve the difficul-
ties. Clinical guideline refers to a general principle by
which t o determine a oourse of actions and clinical
protocol rfers to a general dass of therapeutic interven-
tions.

Appropriate dinical protocols are available for a very
limited class of clinical problems only. They are not
adjusted to the patient data-management system, they
are partly vague and incomplete concerning their inten-
tions and their temporal and context-dependent repre-
sentation, and most often they are outdated after being
developed. Extracting and formulating the knowledge
structure for dinical protocols is a non trivial task. I
has to made explicit the context which is implicit in
the protocols.

During the last years, there have been several efforts
to create antomated ractive planners to support the
process of protocol-based care over a significant period
of time. One of these efforts is the Asgaard project,
in which tasks to support the design and the execution
of s keletal plans are defined [Shahar e al., 1996].
Within the Asgaard project, atime-oriented and inten-
tion-based language, called Asbru, was developed to
represent protocols. The Asgaard project was applied
to the low-frequency domain for controlled observation
and treatment of noninsulin-dependent gestational dia-
betes mellitus.

Treatment planning with wrspect to real-world medi-
cal environments in h igh-frequency domains entails
different problem features. The available data occur a
high observation flequencies (e.g., sampling mte every
10 seconds), at various regularities (e.g., continuously
or discontinuously assessed data), and a various types
(e.g., qualitative or quantitative data). The domain is
highly reactive in the sense that immediately actions
and reactions and particular aisis management are
needed. Experiences within the development of VIE-
VENT system [Miksch et al., 1996], an open-loop,
monitoring and therapy planning system for atificially
ventilated n ewborn infants, i ndicated the non t nvial
data analysis p roblems. V IE-VENT was e specially
designed for practical use under real-time constraints a
neonatal intensive care units (NICUs). However, the
performance and the acceptance of VIE-VENT oould be
improved s ignificantly incorporating p rotocol-based
concepts.

The aim of the paper is to prove the applicability of
the Asbru language in the high-frequency domain of
VIE-VENT, namely the mechanical ventilation of new-
born infants.

In the section 2 we explain why other representations
of skeletal plans fail to meet specific requirements. The
essential components of the Asbru language ae intro-
duced in section 3. Section 4 characterizes the medical
problem and illustrates how it is represented in Asbru.
In the last section we evaluate Asbru’s agplicability
identifying it’s strengths and limitations.

2 The Need for a New Representation
of Skeletal Plans

A common strategy for the representation and the ruse
of domain-specific procedural knowledge is the repre-
sentation of that knowledge a a library of skeletal
plans. Skeletal plans ae plan schemata a various
levels of detail that capture the essence of the proce-
dure, but leave mom fr execution-time flexibility in
the a chievement of particular goals [Friedland and
Iwasaki 1985]. Thus, they are usually reusable in
different contexts.

On the one hand, starting in the 1970s researchers in
medicine and medical informatics have rcognized the
importance of protocol-based care to ensure a high
quality of care. A standard procedural language, known
as the Arden syntax [Hripcsak et al., 1994], encodes
situation-action rules. Developers of the Arden syntax
have promoted this Pascal-like language because of the
pressing n eeds to facilitate exchange of guidelines
among health-care institutions using existing software
technology. The Arden syntax has significant limita-
tions: The language currently supports only aomic data
types, it lacks a defined semantic for making temporal
comparisons or for performing data astraction, and it
provides no principled way to rpresent dinical guide-
lines that are more complex than individual situation-
action rules.

On the other hand, computer-oriented knowledge in-
terchange languages (e.g., KIF [Genesereth and Fikes,
1992]), ontologies or models for knowledge sharing
(e.g., [Guarina and Giaretta 1995]), and general purpose
languages to support planning (e.g., PROPEL language
[Levinson 1995], O -Plan2 [Tate et al., 1994]) were
introduced. These traditional (plan-execution) represen-
tations have significant limitations and are not applica-
ble in dynamically changing environments: (1) they
assume i nstantaneous actions and effects; (2) actions
often are continuous (durative) and might have delayed
effects and temporally-extended goals [Bacchus and
Kabanza, 1996]; (3) there is uncertainty and variability
in the utility of available actions; (4) unobservable
underlying processes determine the observable state of
the world; (5) a goal may not be achievable; (6) se-
quential, concurrent, and cyclical execution of plans is
necessary. The requirements of plan specifications in
clinical domains are often a superset of the require-
ments in typical problem domains used in planning
res earch.

A sharable skeletal-plan-execution language needs to
be expressive with mspect to temporal annotations and
needs to have a nch set of parallel, sequential, and
iterative operators. Thus, it should enable designers to



express complex procedures in a manner similar to a
real programming language (although typically on a
higher 1 evel of abstraction). The language, however,
also requires well-defined semantics for both the pre-
scribed actions and the task-specific annotations, such
as the plan’s intentions and effects, and the preferences
(e.g., i mplicit utility functions) underlying them.
Thus, the executing agent’s (e.g., the physician’s) ac-
tions can be better supported, leading to a more flexi-
ble dialog and, in the case of the dinical domains, to a
better acceptance of artomated systems for guideline-
based c are support. Clear semantics for the task-
specific knowledge mles aso facilitate acquisition and
maintenance of these mwles.

With these requirements in mind, a syntax of a
time-oriented, intention-based language, called Asbru,
was designed [Miksch et al.,, 1997]. The Asbru lan-
guage i s part of the Asgaard project [ Shahar ef al.,
1996].

3 The Asgaard/Asbru Project

The Asgaard project outlined some useful task-specific
problem-solving methods to support both designer and
executor of skeletal plans [Shahar et al,, 1996]. The
project was particular oriented on medical problems
with low-frequency data. It mainly supports therapeutic
issues. The problem-solving methods ae divided in
tasks, w hich ae performed during design t ime and
execution time of a skeletal plan. During design time
the relevant tasks are: (1) verification and (2) valida-
tion. During execution time the relevant tasks are: (1)
applicability of the plan to a particular state of the
world, (2) guidance in proper execution of that plan,
(3) monitoring of the execution process, (4) assessment
of the results of the plan, (5) critiquing the execution
process and its results, and (6) assistance in the modi-
fication of the original plan.

3.1 Asbru: Language for representing
skeletal plans

The underlying requirement to perform these problem-
solving methods is a modeling language. Therefore,
within the Asgaard project, atime-oriented and inten-
tion-based' language, called Asbru, was developed to
represent and to annotate durative skeletal plans based
on the task-specific ontology [Miksch et al., 1997].

During t he design phase of plans, Asbru adlows to
express durative actions and plans caused by durative
states of an observed agent (e.g., many actions and
plans need to be executed in parallel or every particular
time point). These plans are combined with intentions
of the executing agent. They are uniformly represented
and organized in the guideline-specification [ ibrary.
During t he execution phase an gpplicable plan is in-
stantiated w ith distinctive aguments and state-
transition aiteria ae alded to execute and reason about
different tasks.

! The meaning of intentions in general and for planning
tasks in particular has been examined in philosophy
[Bratman 1987] and in Artificial Intelligence [Pollack
1992]. In Asbru, intentions are viewed as temporally ex-
tended goals at various abstraction levels [Bacchus and
Kabanza, 1996].

A plan consists of a name, a set of arguments, includ-
ing a time annotation (representing the temporal scope
of the plan), and five components: preferen ces, inten-
tions, conditions, effects, and a plan b ody. The
general aguments, the time annotation, and al compo-
nents are optional. A plan may consist of several sub-
plans. S ubplans are plans & a more detailed level.

However, s ubplans have the s ame structure as plans

(compare the example in Figure 2).

Preferen ces bias or constrain the selection of a plan
to achieve a given goal and express a kind of behavior
of the plan (e.g., implicit utility functions, a specifica-
tion of prohibited or obligatory resources).

Intentions are high-level goals at various levels of
the plan, an annotation specified by the designer,
which supports tasks such a aitiquing and modi fica-
tion. Intentions are temporal patterns of eecuting-
agent actions and external-world states that should be
maintained, achieved, or avoided. Intentions may con-
sist of:

(1) Intermediate s tates: the s tate(s) that should be
maintained, achieved, or avoided during the apli-
cability of the plan (e.g., the blood-gas levels are
slightly below or slightly above the target mange);

(2) Intermediate actions: the action(s) that should take
place during the execution of the plan (e.g., mini-
mize level of mechanical ventilation);

(3) Overall state patterns: the overall pattern of states
that should hold after finishing the plan (e.g., pa-
tient had less than one high blood-glucose value
per 30 minutes); and

(4) Overall action patterns: the overall p attern of ac-
tions that s hould hold after finishing the plan
(e.g., avoid hand-bagging).

Conditions are temporal patterns, sampled at a
specified frequency, that neced to hold a particular plan
steps to induce a particular state transition of the plan
instance. Different conditions are specified that enable
transition from one plan state into another. A plan is
completed when the completed conditions become true,
otherwise t he plan's execution suspends or aborts.
Aborting a plan's execution is often due to a failure of
the plan or part of it. The following oconditions are
distin guished:

(1) Filter-preconditions need to hold mitially if the
plan is applicable, but can not be achieved (.g.,
ventilator support required). They are necessary for
a state to become possible;

(2) Setup-preconditions need to be achieved to enable
a plan to start (e.g., inspiratory oxygen concentra-
tion F{Oy is less than 80%) and alow a transition
from apossible plan to an activated plan;

(3) Suspend-conditions determine when a started plan
has t o be suspended - certain ¢ onditions
(protection intervals) need to hold (e.g., blood gas
has been etremely above the target mnge for a
least five minutes);

(4) Abort-conditions determine when a started, sus-
pended, or restarted plan has to be aorted .g.,
the increase of the blood-gas level is too-fast for at
least 30 seconds);

(5) Complete-conditions determine when a started or
restarted plan has to be completed successfully
(e.g., returning to spontaneous breathing); and



(6) Restart-conditions d etermine when a suspended
plan has to be rstarted (e.g., blood gas level is
back to normal or is only slightly increased).

Effects cither describe the functional rlationship be-
tween the plan arguments and measurable parameters or
specify an overall effect of a plan. Effects have a like-
lihood annotation—a probability of occurrence.

The plan body is aset of plans to be executed either
sequentially, concurrently, or cyclically. A sequential
plan specifies a set of plans that ae executed in se-
quence; for continuation, al plans included have to be
completed successfully. Concurrent plans can be exe-
cuted in parallel or in any order. A cyclical plan in-
cludes a plan that can be repeated and optional tempo-
ral and oontinuation arguments that can specify its
behavior.

A plan in the guideline-specification (plan) library is
composed hierarchically. A decomposition of a plan
into its subplans is adways atempted by the execution
interpreter, unless the plan is not found in the guide-
line-specification 1 ibrary, thus mrpresenting a nonde-
composable plan (informally, an action in the dassical
planning literature). This can be viewed & a Semantic*
stop-condition. Such a plan is referred to the agent for
execution, which may msult in an interaction with a
user or an external call of a program.

During the execution phase, an applicable plan is in-
stantiated. At execution time, a set of mutually exclu-
sive plan states describes the status of a plan instance.
State-transition c riteria specify t mansitions between
states. The set of states is {possible, activated, com-
pleted, suspended, aborted}.

3.2 Temporal Patters and Annotations

Intentions, w orld states, and prescribed actions are
temporal patterns. A temporal pattern is ather a pa-
rameter preposition—a parameter (Or its abstraction),
its value, a context, and a time annotation (.g., the
state a bstraction of the blood-gas p arameter is
NORMAL, as defined in the context of weaning ther-
apy, during a certain time period)—, a combination of
multiple parameter propositions, or a plan-state associ-
ated to an instantiated plan (plan pointer) and a time
annotation.

The time annotations used allow to represent uncer-
tainty i n starting time, ending time, and duration
[Dechter et al., 1994; Rit 1986]. The time annotation
supports multiple time lines (.g., different zro-time
points and time units) by providing reference annota-
tions. Temporal shifts from the reference annotation are
defined to represent the uncertainty in starting time,
ending time, and duration, namely ecarliest starting
shift (ESS), latest starting shift (LSS), earliest finish-
ing shift (EFS), latest finishing shift (LFS), minimal
duration ( MinDu), and maximal duration (MaxDu).
The t emporal shifts are associated with time u nits
(e.g., minutes, days). Thus, a temporal annotation is
written a s (ESS, LSS], [EFS, LFS], [ MinDu,

MaxDu], R EFERENCE). ESS, L SS, EFS, LFS,
MinDu, and MaxDu can be "unknown" or "undefined"
to alow incomplete time annotation.

To allow temporal rpetitions, sets of cyclical time
points a nd cyclical time anotations ae defined.
Short-cuts are used to allow to start a plan immediately
at the current time (using the symbol *now*), to use
the activation of a plan as rference point (using t he
symbol * self*), or to allow that a condition holds
during the span of time over which the plan is executed
(using the symbol *).

For example, the parameter proposition "the level of
blood gas is normal or above the normal mnge in the
context of controlled ventilation-therapy for at least
three hours, using the activation of the plan as refer-
ence point", is written in Asbru as:

(STATE (BG) (OR NORMAL ABOVE-NORMAL)

controlled-ventilation
(l— -1, [, _1, [180 MIN,_], *self*])

4 Asbru in High-Frequency Domains

In the following, we will show how atreatment proto-
cols for atificial ventilated newborn infants will be
formulated in the Asbru syntax.

Artificial ventilation has greatly contributed towards
the i mprovement of the mortality and morbidity of
premature newborn infants [Perlman et al., 1995]. En-
hanced k nowledge about the pathophysiological
mechanisms of barotrauma and oxygen toxicity led to
the development of p atient-tailored strategies of me-
chanical ventilation and helped to reduce harmful side
effects of mspirator therapy. However, standardized
clinical t ratment protocols f or infants’ rspiratory
distress syndrome (I-RDS) are partly vague and incom-
plete concerning their intentions and their temporal and
context-dependent representation. T herefore, we ac-
quired t he implicit or not mentioned intentions and
conditions from domain experts.

Figure 1 illustrate the top-level treatment protocol
for I-RDS. After I-RDS is diagnosed, a plan dealing
with limited m onitoring possibilities i s activated,
called initial-phase. Then follows, depending on the
severity of t he disease, three different kinds of plans,
controlled-ventilation, permissive-hypercapnia, o r
crisis-management. Only one plan & time can be acti-
vated, h owever the order of execution and the activa-
tion frequency of the three different plans are depending
on the severity of the disease. The brackets in Figure 1
illustrate this cdrcumstance. Additionally, it is impor-
tant to ocontinue with the plan weaning only after a
successful completion o f the plan controlled-
ventilation. After a successful execution of the plan
weaning, t he extubation should be initiated. The ex-
tubation can be cther a single plan extubation or a
sequential execution of the subplans cpap and extuba-
tion.



ge2 initial-phase controlled-ventilation weaning cpap extubatio
EEZ
§ ! permissive-hypercapnia extubation
Q
2 ..
o crisis-management Time
] ] T T ] ] ] T ] ] i i ] ] T : i : ] ] i T ;
START END
I-RDS diagnosed exwbated  EN[BED
Figure 1: Treatment protocol for infants’ respiratory distress syndrome (I-RDS).
)\ PLAN : controlled-ventilation plan dgc-ventllatlon with dec-fio2, dec-f, or dec-pip,
respectively.
g | PREFERENCES: (...) I The f ollowing specification shows the treatment
=~ INTENTIONSIL...) protocol FRDS in Asbru syntax:
L CONDITIONS: (...) 5 <... parts deleted ...>
I |  (DO-ALL-SEQUENTIALLY
(initial-phase)
| . (one—-of-controlled-ventilation)
. o (weaning)
PLAN: inc-ventilation PLAN: observing ( one—ofgcpap—extubat ion)))
EJL&IEﬁIL?ny };}E (PLAN one-of-controlled-ventilation
R — <... parts deleted ...>
g CONDITIONS: () | CONDITIONS: L) oee (DO-SOME—ANY-ORDER
—  ACTION: inc-fio2 | ACTION: breathing (cont:_:oll!.ed—ventllat:l.?n)
I n | | p—— (permissive-hypercapnia)
| ACTION: inc-f . (crisis—-management )
" ACTION: inc-pip CONTINUATION-CONDITION controlled-
I | ventilation))

PLAN: dec-ventilation 000 The continuation condition specifies which subplans
must be completed successfully to continue with the
next plan. In the subplan one-of-controlled-ventilation

CONDITIONS the CONTINUATION-CONDITION g uarantees that it is
~ COp g . ! .
= ACTION: dec-fio2 1 only possible t-o s.tart the plan weaning, when p lan
I | controlled-ventilation h ad been completed success-
ACTION: dec-f YY) . . .
I - fullyy. Thea lternative subplans  permissive-
[ ACININBESHY hyp ercap nia or crisis-management are applied too,
- however the whole plan one-of-controlled-ventilation
— - will never be completed successfully without a final
—t — e ——y > successful ¢ ompletion of subplan  controlled-
Time Ve tilation.
(PLAN controlled-ventilation
. ] . , (PREFERENCES (SELECT-METHOD BEST-FIT))
Flgqre 2: Subplans of the treatment protocol for infants (INTENTION: INTERMEDIATE-STATE
res piratory distress syndrome (I-RDS). (MAINTAIN STATE (BG) NORMAL
controlled-ventilation *))
. . . . . (INTENTION: INTERMEDIATE-ACTION
Figure 2 is a om-in of Figure 1 showing the subplan (MAINTAIN STATE (RESPIRATOR-SETTING) LOW

con trolled-ventilation and its possible subplans using
the Asbru language. In Figure 2 two notations are used:
uppercase | etters Pllowed by olons (*”) indicate
elements of Asbru and lowercase letters indicate par-
ticular p lans, subplans, or actions. The plan con-
trolled-ventilation i s decomposed i n two subplans,
decreasing or increasing the ventilation setting (plan
inc-ventilation and dec-ventilation) and the plan ob-
serving. The frequency of these two plans cannot be
specified in advance. The number of activation periods
depends on the health condition of the patient. The
points (e@®) in Figure 2 indicate these unknown repe-
titions. The subplan inc-ventilation is decomposed in
three subplans, inc-fio2, inc-f, or inc-pip. These three
subplans are nondecomposable plans (actions). Addi-
tionally, only one of these three actions can be acti-
vated at each time period, which is illustrated with the
brackets. The same decomposition holds for the sub-

controlled-ventilation *))
(SETUP-PRECONDITIONS

(F102 (<= 80) * *now*)
(PIP (<= 30) * *now*)
(f (<= 80) * *now*))

(ACTIVATED-CONDITIONS AUTOMATIC)
(ABORT-CONDITIONS ACTIVATED

(OR (FiO2 (> 80) * [[_, _1, [, _1,
[30 SEC, _1, *self*])
(PIP (> 30) =* [[_, _1, [_, _1,
[30 SEC, _], *self*])
(f (> 80) = [, 1, [, _1,
[30 SEC, _1, *self*])
(RATE (BG) TOO-STEEP

controlled-ventilation
(- -1, [, -1, [180 MIN,_],
*self* 1))
(SAMPLING-FREQUENCY 10 SEC))
(COMPLETE-CONDITIONS
(Fi02 (<= 50) * [[_, _1, [_, _1,
[180 MIN, 180 MIN], *self*])
(PIP (<= 23) * [[_, _1, [, _1,
[180 MIN, 180 MIN], *self*])
(£ (<= 60) * [[_, _1, [, _1,
[180 MIN, 180 MIN], *self*])



(patient (NOT DYPNOEIC) * [[_, _1,
[180 MIN, 180 MIN], *self*]))
(STATE (BG) (OR NORMAL ABOVE-NORMAL)
controlled-ventilation
[(l— -1, [_, _1, [180 MIN,_], *self*])
(SAMPLING-FREQUENCY 10 MIN))
(DO-ALL-SEQUENTIALLY
(one-of-increase-decrease-ventilation)
(observing)))

—, -1,

The intentions of subplan con troll ed-ventilation are
to maintain a normal level of the blood-gas values and
the lowest level of mechanical ventilation (as defined
in the context of controlled ventilation therapy) during
the span of time over which the subplan is executed.
This subplan is activated immediately, if inspiratory
oxygen concentration F 102 < 80%, peak inspiratory
pressure PIP <30, and inspiratory frequency f < 80.
The subplan must be aorted, if FiO2 > 80%, PIP >
30, £> 80, or the increase of the blood-gas level is too
steep (as defined in the context of controlled ventila-
tion-therapy) for a least 30 seconds. The sampling
frequency of the abort condition is 10 seconds. The
subplan is completed successfully, if FiO2 < 50%, PIP
<23, < 60, the patient is not dyspnoeic, and the level
of blood gas is normal or above the normal mnge (as
defined in the context of controlled ventilation-therapy)
for at least three hours. The sampling frequency of the
complete condition is 10 minutes. The body of the
subplan controlled-ventilation consists of a sequential
execution oft he two subplans one-of-increase-
decrease-ventilation and observing.

5 Benefits and Limitations

Applying the Asbru language to represent time-oriented
skeletal plans is a very effective tool to acquire the
domain knowledge needed in a structured way. Clear
semantics for the task-specific knowledge facilitate
acquisition and maintenance. Asbru places a particular
emphasis on an expressive representation fOr time-
oriented actions and world states in combination with
the underlying i ntentions as t emporal patterns to be
maintained, achieved or avoided. It allows to use dif-
ferent g ranularities and rference points to represent
multiple time lines. Asbru’s representation includes the
duration of actions, their success or failure, and alows
time annotation o f events, actions/plans, and world
states with uncertainty in their appearances. Asbru has
arich set of sequential, concurrent, or cyclical opera-
tors, w hich enable t o epress complex procedures.
Preferences, intentions, conditions, effects, and actions,
are specified on various detailed levels depending of
their appearances and evidences. All components of
Asbru are optional. The epressive rpresentation re-
sults in an uniformly represented and organized plan-
specification library.

Nevertheless, the expressive rpresentation of Asbru
still has some limitation. In general, the medical ex-
perts were hard pressed to fill all the slots of the Asbru
language and there was very little procedural, pre-
compiled knowledge (protocols) found. It seemed over-
specified compared to flow diagram or agorithm type
of protocol, which the medical experts are used to work
with. The medical experts found it hard to define their
intentions or metrics by which to measure the success
or failure of an individual action. The best eperts
often have their own personal metrics by which they
judge t he success or failure of an action they have

taken. B ut these metrics are usually very arbitrary,
based on empirical factors, and difficult to extract from
the expert. Further, these metrics may differ ffom one
expert to another quite widely. The expert cannot usu-
ally be pushed into providing the evidence for these
metrics.

The flexibility of the time annotation is one of the
main benefits of Asbru. The choice to select different
reference points is heavily used in VIE-VENT’s plans.
Further, the aility to define different sampling inter-
vals as s hown in the sbove example is essential in
high-frequency domains. On the one hand, it is the
only way to be able to ract fast (within 30 seconds) in
critical s ituations. On the other hand, it adlows to
check for long-term stability on a 10 minutes sampling
frequency with eppropriate filtering of data. In sum-
mary, the acquisition of the temporal patterns and time
annotations needed is still quite difficult. In ral-world
high-frequency domains, the temporal dimensions are
vague or unknown most often. The position of a
measurement i n the sequence of time-ordered data in-
fluences the a bstraction o f higher-level oconcepts,
namely, recent measurements are more important than
historical m easurements. Additionally, i nformation
about the frequency and the duration of temporal pat-
terns in the past are needed (e.g., "three episodes of
extremely high levels of blood-gas values during the
last 3 hours occurred, the episodes lasted a least 5
minutes.").

Asbru p rovides sequential, ¢ oncurrent, or c yclical
operators to wmpresent plans. However, it is quite diffi-
cult to cope with al possible orders of plan execution
and all the exception conditions that might arise.
Clinical protocols ae a way of pre-compiling decisions
that m ust be made, in which experts knowledge is
distilled i to a form of procedural knowledge. The
trouble is that this by necessity can only cover a small
subset o f the possible situations and possible paths
through. Physicians use alot of background knowledge
in thinking about what is the best thing to do, which
is hard to acquire and to rpresent as a skeletal plan (or
computerized protocol). Additionally, a dear semantic
for aternative parts of plans (protocols) is needed. This
shows also the vague—nearly m issing—plan revision
strategies in Asbru.

The iterating condition in the definition of a cyclical
plan in Asbru depends on a temporal interval (pattem).
The iterating condition should aso be a plan state, to
allow, i.e., aplan which iterates a component to decide
which s ub-component to do. If the sub-component
abandons, or the duration state is violated, it needs to
be ale to iterate a that point. The iterations may occur
at andom times. Additionally, it should be possible to
count activation of plan states to express particular
orders o f plan execution (.g., plan A aborted three
times, then plan A completed successfully, then start
plan B).

6 Conclusion

Representing complex execution plans, such as dinical
protocols, and the intentions underlying them in a
sharable and acquirable form is imperative for useful,
flexible automated assistance in the execution of these
plans. In the manifold domains of dinical medicine
and intensive care, such a task-specific representation is



crucial for dissemination of modemn dinical knowledge,
since the use of clinical protocols will set up standards
in the provision of high quality of care.

We outlined the basic concepts of an effective time-
oriented representation of skeletal plans, called Asbru
and proved the applicability of the Asbru syntax in the
context of ventilator management in neonatal intensive
care, which is based on the accurate analysis of high-
frequency data.

The d ifferent knowledge-roles mpresented in the
Asbru language facilitate the acquisition of knowledge,
however filling al required slots is a demanding task.
Asbru still includes some vagueness in a fw defini-
tions, 1 ike cyclical time annotations, iterating plans,
the semantic o f the state-transition criteria, scoping
rules, a nd plan mrvision strategies. But its main
strengths are the eplicit representation of the inten-
tions of the defined plans, the transparency of the time
annotation of these plans, and the flexibility in the
usage of different rference points and different time
granularities .
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