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2 REVISION HISTORY

Abstract methods and also for validating Asbru plans by simula-
tion. On the other hand it should also help to understand

This paper gives part of the formal semantics of a plafile Asbru language with all its details.

ning language called Asbru which has been specificalfjur semantics for Asbru is presented as a set of state-
designed for the medical framework. A formal semantigharts. The notation has been very useful for further dis-

is an important step within the Protocure project whiafussions within our heterogenous group of people from

is concerned with the quality assurance of medical guidermal methods, medicine, planning, knowledge bases
lines and protocols. We have constructed a formal semand language design.

tics in the style of statecharts, which leads to a compagc
graphical overview of the operational behaviour. In th
style, the semantics documents the language’best.

br the statecharts to be a base for a formal language defi-
Hsltion, itis necessary to define a formal semantic for them,
too. The semantics of the statecharts of this paper have
This paper is a revised and extended version of [1].  been defined by W. Damm in [4].

The paper is organized as follows. Section 2 summarises

. the changes compared to [1]. In Sect. 3 we will give a

1 Introduction short overview of Asbru followed by notational issues in
Sect. 4. Section 5 gives an overview of the semantics.

This work is part of a European project called Protocufde hierarchy of plans is explaind in Sect. 6, which is fol-
[10], which is concerned with the quality assurance #iwed by the basic plan state model of Asbru in Sect. 7.
medical protocols. The idea is to model existing informdihis model is enriched with further important concepts
medical guidelines and protocols in the planning langua@eAsbru in Sections 8 to 14. Section 15 gives an out-
Asbru [7] [11] and to Verify certain properties_ A|ready{00k on how the interactive theorem prOVer KIV is used
Asbru has been used to formalize a variety of exampf&sformally verify properties of Asbru plans and Sect. 16
from different fields of medicine: diabetes mellitus, jaurtoncludes.

dice in new born babies, artificial ventilation of prema-

tured babies, treatment of breast cancer and others. Other

approaches to model medical protocols are e.g. [3] [8] Revision History

[6]. One of our major goals is to further utilize formal

methods in the medical domain by verifying propertieg firs version of the Asbru semantics has been published
of protocols with mathematical rigour by automatic ang| 1] This version has been revised and extended as fol-
interactive verification methods, leading to the following,, o

overall picture.

e e ik e SOS rules have been removed as state charts suffi-

VN N N\ ciently communicate the formal semantics for our
Informal ‘ modelling ‘ MHB ‘ modelling‘ Asbru translation | Algebraic WOI’kII"Ig gI’OUp A I|St Of SOS ru|eS can be denved
Guideline | | | | Plan pecificatiol

from the given state charts.

Formal

Semantic;
Propertieg modelling ‘Intentions, translation
\ Effects, ...

Defining a formal semantics of Asbru is an important step
within this project. It is the basis for applying formal Flags ‘overridable’ and ‘manual’ have been added to

1This work has been partially funded by the European Commission  conditions. These flags replace the original ‘activate-
IST program, under contract number IST-FP6-508794 Protdture mode’.

validation
(falsifies)

formal proof

- 2
satisfies? (satisfies)

e New body types ‘on abort’, ‘on suspend’, ‘on abort
on suspend’, and 'if then else’ have been added.

\/ﬁ/

Temporal
Logic

e The formal semantics for cyclical plans has been ex-
tended.
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4 NOTATION

plan RegularTreatments3 level is not too high in the beginning. The plan will be
intentions aborted, if bilirubin is too high or if it is very high and the
intermediate-state maintabilirubin # transfusion  decrease within the last two hours was not large enough.
overall-state achieviilirubin = observation Four different alternative treatments are available. The a
conditions plicability of these alternatives is determined by theinow
filter-preconditionbilirubin # transfusion filter conditions (which are not contained in Fig. 1). For
abort-condition bilirubin = transfusion example, plan Phototherapgtensive can only be used,
Vv bilirubin = pt-intensive if bilirubin level is ptintensive. Because of the "wait-for”
A bilirubin_decrease< 1 construct, the successful completion of plan Observation
[(=2h, ], [ 0h], [, ], now is mandatory, other plans are optional.

plan-body any-order
wait-for Observation
plan-activation Phototherapytensive
plan-activation Phototherapgyormal Prescription
plan-activation Phototherapyormal Recommende
plan-activation Observation

Asbru is a plan oriented language. Several plans are or-
ganized in a hierarchy of plans. A parent plan can refer
to other sub plans in its plan body. Conditions are used to
dcontrol the applicability of a plan and to monitor its exe-
cution. Conditions can be monitored over time according
to so called time annotations. The sub plans in the plan
body can be organized using different body types (e.g.
any-order). The current state of a plan — especially if a
Figure 1: Example Asbru plan from Jaundice case studjan has been rejected, aborted, or completed — is propa-
gated according to the plan hierarchy to its parent and sub
plans. If a plan is mandatory, it must be completed for its
e Setup, suspend and reactive conditions have begiperplan to complete, otherwise it may also be rejected
added. or aborted.

e The evaluation of conditions has been revised. Predi-
cates ‘satisfied’ and ‘satisfiable’ have been defined
properly formalize the semantics of time annotate
conditions.

Notation

4.1 EBNF

e Afirst discussion of effects has been added.

We will use an EBNF-like notation to describe the syntax

of constructs of Asbru. Terminal symbols are written in

normal style, names of the grammar rules are typeset in

. italic. Square brackets: | denote optional parts, and al-

3 Asbruin a Nutshell ternatives are Writtentis-](] -). Zero or more repetitions
are denoted as*.

As an example, Fig. 1 displays a simplified version of one

of the plans in the jaundice case study. Treating jaun- )

dice in newborn babies requires monitoring the level §r2 ~ Statecharts Notation

bilirubin in the blood. Quantitative bilirubin levels are . . )
abstracted to qualitative values observationn@tmal, A statechart is a directed graph representing a state ma-

ptrecommended, pittensive, and transfusion. The inchine (a nondeterministic automaton). It is used to spec-

tention of this treatment plan is to maintain a biIirubiHLy a system's dynamic behaviour. In th'_s’ paper we will
level lower than transfusion and to finally achieve a ve opt the syntax OfﬁTEMA_TE [9]. we W'_" expl_aln Its
low level of bilirubin called observation. The filter condi2@SIC features and semantics on the basis of Figure 2.

tion states that this plan is only applicable, if the biliub States are depicted as rounded rectan@aperstateon-

e Minor errors have been corrected.
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5 SEMANTICS OVERVIEW

OR-state AND-staie 5§ Semantics Overview

Suberstate Paralle
Plans may refer to sub plans in their plan body leading to

; hread1
L@ E@@\@@ a hierarchy of plans as described in Sect. 6. The behaviour

fffffffffffffffffffffff - of a single plan is defined in the so called plan state model:

hread2

conditions are used to control selection and execution of
plans. This is explained in Sect. 7. The relationship be-
tween parent and sub plans is encoded in events which

éntry point  Basic state Guarded substates ” el . |
transition (executed in parallel)  synchronize the execution of sub plans (see Sect. 8), and
N . the concept of propagation (see Sect. 9). The definition of
T : eventconditior] /action mandatory and optional sub plans is discussed in Sect. 10.

The special case of cyclical execution of sub plans is ex-
plained in Sect. 11. Conditions are evaluated by an under-
lying data abstraction unit (see Sect. 13). The abstraction
unit also takes care of monitoring data over a longer pe-

tains two substates. As the system can be only in one'§d of time as defined by time annotations in conditions
these at a given timeSuperstatds called an OR-state.@nd manipulating data as described by effects. In our se-
When the system enteBuperstateit’s initially in both Mantics intentions describe properties of plans and can be
Superstatatself and its substat®efaultstate The de- Used as proof obligations for verification (see Sect. 15).

fault substate is marked with an arc pointing from a bla&Kfects are wanted or unwanted side effects of plans and
bullet to the state. change the state of the abstracted patient (see Sect. 14).

Possible state transitions are represented as direc¥8dar, we only consider part of Asbru version 7.2 (as de-
arcs that may be labelled with guards of the forgeribed in [11]) within this paper. However, we claim that
evenfconditior] /action A guarded transition can onlythe major concepts of Asbru are covered. Concepts which
be taken whereventoccurs andcondition holds at the are neglected, include

same time. Note that an enabled transitioustbe taken

(nondeterministic choice if several transitions from desta ¢ local variables and return values,

are enabled).

Parallel is an AND-State. Its substateBhreadl and
Thread2- separated by a dashed line — are executed syne more complex cyclical plan execution.

chronously in parallel. Once transitidhis enabledac-

tion will be executed and theRarallel will become ac- Either these topics are well understood (e.g. local vari-
tive, changing the system’s active statesSoperstate ables) or they are not used in our case studies (e.g. pa-
Parallel, Threadl Thread2 Threadl.Dand Thread2.D rameter context). The formal semantics of cyclical plans
By means of composite AND- and OR-states, we can cigstill work in progress.

ate astate hierarchythus facilitating the readability of the
statechart.

Figure 2: Statechart notation

e context of parameters,

Itis necessary to distinguish between a data structure rep-
resenting the patient and the known data about the patient.
Treatments affect the patient, while only measurements
can make the results of a treatment - or, more generally,
the state of the patient - visible. It is self evident, that

The state charts are formally interpreted according to ﬂ:]%ndltlons may only be evaluated pver_the known mea-
semantics of [4]. The semantics of state charts is confirements, not the status of the patient itself.

plex in general. However, interpretation of the given stafs Asbru plans may refer to important time points of
charts in this paper are very intuitive. other asbru plans in the past, it is necessary to write down

4.3 Statecharts Interpretation
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7 PLAN STATE MODEL

A Ay Top_Level

T~ P N |
B C D B, Ci Dy | A |
N N | ' [‘Children
B E B, B, TLC : A1C : _
plan hierarchy plan instances : | By Civ Dy

Figure 3: Plan hierarchy

Further subplans of plan8,, C; and D, are ommited,
for the figure to be better readable.

a history of plan state changes. As conditions might set

past measurements in relation, it is also necessary to log

the history of measurements.
7 Plan State Model

The overall plan state model defines the semantics of the

) different conditions of a plan. Conditions are used to de-

6 Plan Hlerarchy cide if the plan body is applicable (selection phase) and
while executing the body, if execution should be inter-

. ] . rupted (execution phase).
In Asbru, plans are organized in a hierarchy as shown on

the left of Figure 3: a parent plas refers to a number of

sub plansB, C, and D in its plan body. Sub plans may

refer to further plans resulting in a tree hierarchy. Theél Syntax
plan name is used to reference a plan.

One and the same plan may occur several times witﬂ-ine syntax of a plan is as follows.
this hierarchy (e.g. pla®). Therefore we distinguish be-
tween plan references and plan instances. Each refergrlae = planname

corresponds to a unique instance. On the right of Fig. 3, [intention$

plan references have been numbered to give unique in-  [effect$

stances. The first occurence of plBris instanceB,, the [conditions

second is instancBs. [filter-preconditiontemporal-pattern bool bopl

setup-preconditiotemporal-pattern bool bool

suspend-conditiotemporal-pattern bool bodl

reactivate-conditiotemporal-pattern bool bool

abort-conditiortemporal-pattern bool bodl

6.1 Semantics overview [complete-conditioiemporal-pattern bool bodl
plan-body

In our semantics, all existing instances of plans are exe-

cuted in parallel. The hierarchy of instances is preserved.

That is, every plan, that has children, directly controks ti\ plan consists of intentions (see Sect. 15), effects (see
execution of its children. Additionally one top level conSect. 14) the definition of conditions (see below), and the
trol is launched for the main plan. For the situation iplan body (see Sect. 8). The different conditions consist of
Fig. 3, we denote this top level control with the followin@ temporal pattern and two boolean flags stating whether
statechart. the condition isoverridableor can bemanualy triggered.
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7 PLAN STATE MODEL

7.2 Semantics overview

Plan_Control

Execution

Selection

™ Considereﬂj

Activated

..._Control Su

< [suspende}
Re

<Plan Body>

FR SR A C

y Terminated
[Rejected_Setup ] [Aborted] [Complete}i

= Rejected_Filter

\

S :[satisfied(setumond]

F  :[satisfied(filtercond)

FR :[not satisfied(filtercond}
SR :[not satisfiable(setupond)
Su  : [satisfied(suspendond}
Re :[satisfied(reactivateond)
A :[satisfied(aboricond)

C  :[satisfied(completeond)

Figure 4: Semantics of plan state model

7.2 Semantics overview

A variation of the standard plan state model described
in [7] is given in Fig. 4 to define the semantics of con-
ditions. ThePlan Control is divided into the selection
phaseSelectionand the execution phagexecution Ini-
tially a plan isConsidered In this state, the filter con-
dition filter_cond is checked. If this condition is satis-
fied, control advances to staRessible(transition F). If

the filter condition is not satisfiable the state is changed to
RejectedFilter, else the state remains at st@@nsidered

In statePossible the setup condition is evaluated. If the
setup condition is satisfied, control advances to the exe-
cution phase. Otherwise, the plan is not immediately re-
jected. Only, if the setup condition is not satisfiable any-
more, the plan is rejected. (For details on the definition
of satisfied and satisfiable, see below.) In staté@vated

the sub plans of the current plan are executed, if the plan
is not user performed or an ask plan. This is described in
Sect. 8. The execution can be either completed success-
fully (transition C) or aborted in the case of emergency
patient readings (transition A). If the suspend condit®n i
satisfied or the super plan suspends, the state changes to
SuspendedWhile in this state, the plan no longer starts
further subplans. Execution of already started subplans
is also suspended if they are acticvated and proceeds to
the next synchronisation point if the subplan is currently
in selection phase. Plans in st&aspendeedvaluate the
abort condition, the complete condition is not evaluated.
The stateSuspendedan be left, once the reactivate condi-
tion is satisfied and the parent is activated, in which case
the plan state changes back to stAtivated We refer

to Terminated if the reason for termination — rejection,
completion, or abortion — is irrelevant.

For evaluating conditions, two additional flags
overridable and manual have to be taken into ac-
count. If the first flagoverridableis true, an external
signaloverridecan immediately trigger the condition. If
the second flagnanualis true, an external signahanual

is necessary to acknowledge the condition.

For a given plarC, the formal semantics of the setup con-
dition is as follows:

satisfied(setugond)=
satisfied(setup)
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8 PLAN BODY 8.2 Semantics overview

A (— setupmanualv C.setupmanual) " Plan Contro _
V setupoverridablen C.setupoverride — <—.
f
satisfiable(setwgond)=
satisfiable(setupp)
V setupoverridable IRA

satisfied(setupp) and satisfiable(setuyp) are defined in

Section 13. The semantics of the other conditions is anal- SC  : consider

000US E  :activate
gous. RA :retry
Figure 5: Synchronization states in plan state model
8 Plan Body

How the parent plan controls the plan instances in its pl§n2 ~ Semantics overview

body will be explained next.
Sub plang’y, ..., C,, are controlled in the body of a plan

P. Their execution can be organized differently: they can
be executedequentiallystarting withC', they can be ex-

8.1 Syntax ecuted in parallel either with synchronizatiopa(allel)
or without synchronizationupordered of the selection
The syntax of the plan body is as follows. and execution phases, and finally they can be executed
sequentially, buany order i.e., only one sub plan is ex-
plan-body ecuted at once, but the sequence is not fiedborted

= plan-body ( sequentigdaralle|any-ordefunordered plans can be retried. Additionally, a sub plan can be exe-
|on abortjon suspengn abort/suspend cuted depending on a condition or on the the abortion or

|if then else(conditionalsk(parameter)) suspension of another plan.

|cyclical In order to allow synchronization of the selection and ex-
[wait-for-optiona) [retry-aborted ecution phases of the sub plans, and the retrial of plans,
wait-for the plan state model has to be enriched with intermedi-
(plan-activatiomamg* ate statesnactive Ready and additional transitionSC,

E, RA, resulting in the adapted statechart of Fig. 5. The
The type of the body is either ‘sequential’, ‘para”ergdditional eventsonsider activate andretry are used to
‘any order’, ‘unordered’, ‘on abort’, ‘on suspend’, ‘orexternally control progress of a plan. A parent plan can
abort/suspend’, ‘if then else’, or ‘ask’. Additionally thehus synchronize the sub plans in its plan body. For this,
body can be cyclical (see Sect. 11). With option ‘retrfheActivatedstate of the parent is refined with a control-
aborted’ aborted sub plans will be retried. The ‘waiting statechart.

for’ construct defines mandatory and optional plans (sg@o restriction on the progress of sub pléhis required,

Sect. 10 — here also the option ‘wait-for-optional’ is ethe controlling statechauhControli C; of Fig. 6 can
plained), and the names of the sub plans are listed as plan-

activations. 2Cyclical execution will be explained in Sect. 11

6 of 17



8 PLAN BODY 8.2 Semantics overview

Sub_ControlC_i l ‘Unordered_ControP‘

*Iﬁ[s“b—se'ed}ﬁ [ Silrlb—Exeé [Sub_ControI CJL:[ Sub_Control CL:Z" . i[ Sub_Control}g

i.c: /C;.consider
i.a : [in(C;.Ready] /C;.activate
i.r:  [retry-aborted= yesA in(C;.Aborted] /C;.retry

Figure 8: Controller for unordered execution

. . . Parallel_ControlP 1.rpyr3 2.r nr
Figure 6: Controller for executing a sub plan withnore- | o — 1t

strictions

lra 2ra n.ri

; Sequential_ControP

1N 2N c: /Ci.consider...;C,.consider
[Sub_ControI C}»(Sub_Control C;E [ Sub Control C]_ 0 [/\ ?:lin(C,;.Ready N in(Ci.Rejectebj
B ) _ / C,.activate...;C,.activate
_ retry-aborted= no A in(C; Terminateql i [retry-aborted= yesA in(C;.Aborted)]
i.N : |V retry-aborted= yesA in(C;.Completedl / Ci.retry:
V retry-aborted= yes/ in(C;.Rejectey ira: [retry-aborted= yesA in(C;.Ready]

/ C,.activate
Figure 7: Controller for sequential execution
Figure 9: Controller for parallel execution

be used. Sub pla@’; is considered immediately (transi-

tioni.c) and is activated as soon as it reaches SRaiady

(transitioni.a). If option "retry-aborted” is chosen, theng 2 2 Unordered execution
the sub plan is retried, if it aborts (transitiom).

The dlfferent body types may oppose restrictions on %8e controller in Fig. 8 executes the sub plans in parallel
execution of sub plans. This is done by deferring the 9elhd no further synchronization is necessary.
eration of the newly added events. Controlling statecharts

for the different body types are explained next.

8.2.1 Sequential execution 8.2.3 Parallel execution

The controller of Fig. 7 considers the first sub plan. _ _ )
As soon as it terminates, we continue with the sekhe parallel operator (see Fig. 9) synchronizes selection

ond plan (transitionl.N). During execution of one and gxecutiqn pha;es of all sut.).plans. The sub plans are
plan, no synchronization is required. Thus, we u&@nsidered immediately (transitiar). They may only

SuhControl C; to execute each sub plan. In the case Bfoceed tActivatedstate, if all sub plans aieady(tran-

"retry-aborted”, a sub plan is considered to terminat, iff1O" a)?

is either completed or rejected. If it aborts, the controlléf the retry flag is set, all plans that abort are immediately
SubControl C; will take care of retrying the plan imme-retried. They are reactivated as soon as they again reach
diately (see Fig. 6). stateReady

7 of 17



8 PLAN BODY 8.2 Semantics overview

Any_Order_ControlP ; On_Abort_ControlP
Sub_Exec_fL (Sub_Control Cﬁ[ Sub_Control C
M1T 4 (Sub E
sl 2 S |
ri@ub_Sele@D 2 1.A: [in(C,.Aborted]
n.alA[n.rk
yin.T . .
[Sub Exec)n Figure 11: Controller for on abort execution
:On_Suspend_Contr(ﬂ
no (Sub_Control C_{F(Sub_Control CJJ
(A j—;—in(Cy.Aborted _ _
i.a: V retry-aborted= no)
Ain(C;.Ready 1.5 : [in(C,.Suspended

/ C,.activate
i.T: [in(C;.Terminated] ] _
iy [retry-aborted= yesA in(C;.Aborted] Figure 12: Controller for on suspend execution
/ C;.consider

Fig. 11). Option "retry-aborted” only affects execution of
Figure 10: Controller for any order execution Cs. If & aborts, then transitioh. A overrides transition
1. of controllerSuh Control C; (see Fig. 6) which would
have initiated a retrial of’;.
8.2.4 Any order execution

In Fig. 10 only the selection phases are started in paral@2-6 On suspend execution

The execution phases of the sub plans are synchronized ¢ bod b ol ) dard
such that at most one sub plan is active at the same tirh8!S tYP€ of body executes sub plan using standar

For this the plans are considered immediately (transitiSA"tr0!- If the plan suspends, thef is executed (see

¢). The first plan to become selectable is activated (trafﬁgns't'onl's n Fig. 12). Optllon ”;etry-abortef?” only
sition 7.a). Only if this plan terminates (transitionT’) affects execution of’,. Execution ofC’, is not affected

another one can be activated. If several sub plans regé(ﬁhe start ofC.
stateReadysimultaneously, the choice is nondeterminis-

tic. If option "retry-aborted” is chosen, then transition 8. 2.7  On abort on suspend execution
is used to initiate a retrial.

As long as any plan is set to aborted (and retry-aborted f8iS type of body executes sub plaij using standard
set), no other plan can reach the activated state. Therefegtrol. If the plan suspends, ther is executed (see

it is guaranteed, that every aborting plan gets to reenter
the selection phase.

On_Abort_on_Suspend_Contrbl
[Sub_ControI C_)ll—'s;[Sub_Control C
8.2.5 On abort execution Y'Y

This type of body contains exactly two sub plarisand
Cs. It executes sub plag’; using standard control. If
the plan aborts, thefi; is executed (see transitidnA in

1.5 : [in(C,.Suspendedl
1.A: [in(C,.Aborted]

3As will be explained in Sect. 10, it is sufficient that all matatg . . .
sub plans ar®eadyin order to proceed tActivatedstate. Figure 13: Controller for on suspend execution
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10 CONTINUATION SPECIFICATION

; If-Then-Else_ControP

conditional
> Sub_Control C_J i
m . Terminated
Sub_Control C_2| Rejected Aborted Complete,
A
—| Parent_Aborted

R. A
—*| Parent_Aborted ] | Parent_Completed ]

Figure 14: Controller for on suspend execution

R. A.
*E[Parent_Complete}I *S[Sub_Plan_Aboned/Reje ed

transition1.S in Fig. 13). Option "retry-aborted” affects
both execution of’;, andC;. Execution ofC is not af- R.1 :[in(P.Aborted]
fected by the start of’s. If C, aborts,Cj is started. The R.2 :[in(P.Complete}]
start ofC; andC; are mutual exclusive.
A.1 :[in(P.Aborted]
A2 :[in(P.Complete}

8.2.8 Ifthen else execution 4 . n in(C;.Rejectel
3 {V i=1 (\/ in(C;.Aborted )}
This type of body executes sub pléh, if the conditional
evaluates to true. If not, sub plar, will be executed. satisfied(completeond)
(See Figure 14.) If no plag’; is present and the condi- ¢ {/\ A j_lin(Ci.Complete;d)]
tional evaluates to false, plan will be completed imme-
diately.
Figure 15: Semantics of propagation
9 Propagation 10 Continuation Specification

The parent is able to control and synchronize progress¥tme of the sub plans are mandatory for the successful
its sub plans as described in the previous section. Nev@fecution of the parent plan, others are optional. The

theless additional control to propagate execution stdtesWait-for” construct determines, which or how many of

a sub plan to its parent and vice versa is necessary. Hsub plans the parent requires to complete successfully.
example, if a (mandatory) sub plar} aborts, then also

the parent aborts. This is known as propagation in Asb
There are a number of dependencies between sub plﬂa:tr?sl Syntax
and parent similar to this example. All of them are dis- wait-for

played as additional or refined transitions in Fig. 15.  _ (abstract-wait-for|alljonenumber], lisf[none)

If it is relevant, it can be further distinguished between

the statesParentAborted if the superplan of the cur-

rent plan abortsParent Completedif the superplan com- The parent either requires all, one, a fixed number or none
pletes, Child_Aborted if a crucial subplan aborts orof its sub plans to complete successfully. Alternatively, a
Child_Completedif certain subplans complete. This cafpgical expressiombstract-wait-forcan be used to spec-
be relevant, if the completion of a subplan denotes tfig the set of plans to complete successfully. The syntax
occurance of an unwanted event, e.g. the subplan cdgi-the logical expression is as follows.

pletes upon detection of critical blood pressure, but the

superplan only deals with elevated (but non-critical) llloo abstract-wait-for

pressure. = name

9of 17



10 CONTINUATION SPECIFICATION 10.3 Semantics

| not abstract-wait-for 1. Extract the "wait for” construct oP,
| abstract-wait-for(andor|xor) abstract-wait-for . . .
2. turn it into a formula with variables,, . .., v,,
We will also define the option "wait-for-optional” of the 3 - rajace the variables with a given list of conditions

plan body (see Sect. 8) in this section. by b]

. . 4. evaluate the resulting expression.
10.2 Semantics Overview

We will use a function cs([by, . .., b,]) to abstract from
Let Cy,...,C), be the sub plans of plaff. The "wait- these steps.

for. construct of 7 is transformed into a formula WlthWith this function, the transitiongl.3 and C' of Sect. 9
variablesvy, . .., v,. For example the construct
can be adapted as follows.

wait-for (Cy andCy) or Cs

A3 cs in(C;.Rejectedl
(which either requires plar@, andC,, or C5 to complete) < TP LU \vin(C,.Aborted
is transformed into the following formula. c satisfied(completeond)}

(1 A v2) V 03 A csp([in(C;.Completedl)

Within this formula, the variables can be replaced S%f parent plan will abort,_ .'f too many plans have _been
boolean conditions concerning the current state of e ected or aborted (transitiod.3), it il <_:omp|ete, i

sub plan. For our example, we can determine, if enouﬁﬂough sub plans have completed (transiGgn

sub plans have completed already, by replacing the valso — for parallel execution (see Sect. 8.2.3) — we will
ablesv; with the conditionsn(C;.Completedlleading to Start execution, if enough sub plans are selected. For this,

the expression we adapt transition as follows.
(in(C;.Completedi A in(Cs.Completed) a: [csp([in(C;.Selectey])]
v in(Cs.Completedl / Ci.activate...;C,.activate

If and only if this expression evaluatesttae, enough sub If the body contains option "

plans have completed wait-for-optional”, then agai

enough sub plans must complete to satisfy the continua-
Similarly we can determine, if too many sub plans ha®n specification, and the parent plan additionally waits
been rejected or aborted, such that the parent cannot céamall sub plans to at least terminate (either with or with-
plete successfully any more. By replacing variabdes out success). Therefore transitiGhneeds to be refined

with conditions further.
= (in(C;.Rejectedl v in(C;.Aborted) satisfied(completeond)
We receive c A csp([in(C;.Completed])

A (- wait-for-optional= yes

~ (in(Cy.Rejectedl v in(C;.Aborted) — A I,in(C;.Terminateq)

A = (in(Cy.Rejectedl v in(Cq.Aborted)
V = (in(Cs.Rejectedl v in(Cz.Aborted)

This expression evaluates teue, if and only if still

enough sub plans can complete. Vice versa, if it evaluatest P be a plan with sub plars,, . . ., C,,. Two functions
to false too many sub plans have aborted and the par&itand awf are used to turn the "wait for” construrinto
needs to abort also. a formulay € F.

10.3 Semantics

Summarized, the following steps are necessary to take wf : wait-for— F
care of the continuation specification Bf awf : abstract-wait-for— F
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11 CYCLICAL PLANS 10.4 Open Issues

Function wf translates the special cases — i.e. all, odd).4 Open Issues
a fixed number or none of the sub plans must complete
— into a formula. A more general specification of type e (“retry-aborted” in continuation specification) If op-

abstract-wait-foris taken care of in function awf. tion "retry aborted” is chosen, aborted sub plans may
Function wf is defined as follows. still complete. This is currently not considered in the
continuation specification!
wfall) = Av
wf(ong) = Vv
wi(m, list) =V (,).cpermi....n)) ;
/\l—’i?vpi i 11 Cyclical Plans
wf(nong = true
wf(awf) = awf(awf) Cyclical plans are used to model repetition of a single sub

plan. A restricted version of cyclical time annotations is
If a fixed numberm of sub plans are required to comsypported here.

plete, a formula is generated which takes all permuta-

tions pernf[1,...,n]) of numbersl, ..., n and requires

the firstmm sub plans of the permutated list to completq.] 1 Syntax
For the semantics it does not matter that the resulting for-

mula is highly redundant. cyclical-plan
The definition of function awf is straightforward. = cyclical-plan
start-timecyclical-time-annotation
awf(namg = wv;, if name=C; name
awf(notawf) = - awf(awf) /* complete condition */
awf(awf, andawf,) = awf(awf,) A awf(awf,) [cyclical-complete-conditign
awf(awf, orawf,) = awf(awf,) v awf(awf,)
awf(awf, xorawf,) =  awf(awf,) A - awf(awf,)

Our simplified cyclical plan consists of a cyclical time an-
notation which defines a set of starting intervals, the name
of a sub plan, and a complete condition.

Vv - awf(awf, ) A awf(awf,)

Using these functions, we can define a function

As complete condition only a single option is supported
csp : [bool — bool here.

which takes a list of boolean values and evaluates for a N
plan P the continuation specificationf,, by substituting ~ cyclical-complete-condition
all variablesyy , . . . , v, in the generated formula \ukf,) = times-completedumber
with the given boolean values as follows.
Cyclical time annotations are extensively used in cyclical
csp([br, .-, bal) = wh(whp)otte plans. The difference to time annotations of Sect. 13 is
a more complex specification for the reference time point

It is pOSSible to add a list of Subplans to the wait-for eonsisting of atime point, an offset and a frequency_
construct. This is semantically similar to the wait-for n

without an additional plan list, but checks only for plans

N cyclical-time-annotation
out of this list instead of all subplans.

= time-range

Note: Although it is not strictly forbidden, be advised, [starting shiffminimum [maximuni]
that the use of indirect subplans in the continuation spec- [finishing shift{minimum [maximunfl
ification is not defined. This might or might not work [duration[minimumn [maximun
depending on the implementation. time-point offset frequency
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12 TIME ANNOTATIONS 11.3 Open Issues

Cyc||ca| ControlP and has not been executed often enough, we will repeat
the plan, but will wait for theith time point in the given
[Start] ~(Sub_Control C}' [Rest} cyclical time annotation.
IN: /i:=1;j:=0 11.3 Open Issues
ST: [ess+ ref(j) < time < Iss+ ref(j)]

e Finishing  shift  [efsfs] and  duration

/ Cj.consider k ]
[mindu, maxdy] of “start-time” are not yet

1.5: [in(Cy. Terminatedh i < n)]

RS: [ess+ ref(j) < time < Iss+ ref(;)] supported.
/ Cypretry;i:=i+1;j:=j+1
CO: Iss+ ref(j) < tim . .
/ j[ =j+ 1( ° 12 Time Annotations

In the example of Fig. 1, a time annotation has been used
to describe the monitoring of conditions over time. This
is taken care of in the data abstraction unit (see Sect. 13).

In the following, we will use an abbreviated syntax of
cyclical time annotations which is as follows:
y 12.1 Syntax

Figure 16: Controller for cyclical execution

[[esslss, [efs Ifs], [mindu maxdd, tp, offset frequency
time-annotation

. . = time-range
11.2 Semantics overview [starting-shiftiearliestexpressioh|latestexpressiof
. . ) ) [finishing-shift[earliestexpressioh[latestexpressiol
For a first version of the semantics we will take a look at [duration
the following definition: [minimum expressioh[maximumexpressiofj
reference-pointgxpressiomow)complex-refpoint

cyclical-plan
start-time _ complex-refpoint (plan-name, plan-state, (entelefave))
[[esslsq, [efs Ifs], [mindu , maxdy],
tp, offset frequency Within a time-annotation, expressions are used to define
(_Jl a variety of time points. Informally, a plan must be acti-
times-completed vated within the starting shift. It must complete within the

finishing shift and its duration of execution must comply

with the minimum and maximum duration. Time values

are relative to the given reference point and negativesshift
Slot "start-time” contains a cyclical time annotation. $hiare allowed. In this paper, time annotations are abbrevi-
time annotation defines a set of time points. From this seted as follows

theith time point is used as reference point. Ttretime

point ref(i) can be calculated according to this formula

In this definition, plan’' is repeated times.

[[esslsg, [efs Ifs], [mindu maxdy, ref]

and we will use the underscoréto represent unspecified

ref(i) = tp + offset+ (4) - frequency valles

A controller for cyclical plans is as in Fig. 16. As soon a&] describes a number of static checks that a time annota-

timeis within the starting interval, sub plat} is consid- tion must satisfy to be considered well-formed. Here, we
ered (transitior5T). If C has terminated (transition5) assume that every time annotation is well-formed.
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13 DATA ABSTRACTION 13.2 Semantics overview

The referencepoint can be one of three different types. It| simple-conditiorformula
can be an absolute time, now or a complex-refpoint. | temporal-pattern(V|A) temporal-pattern

A complex reference point is a link to a (possibly differ-
ent) plan and a plan state change. An example for such a

reference point would be (plasb, activatedente. A te_mpora_l-pattern is either a parameter proposition (in-
cluding a time annotation), a simple condition or several

patterns combined with or V. In constrast to parame-
12.2 Semantics overview ter propositions, simple conditions are not evaluated over
time, as they are first order formulas.
The semantics are already worked into the plan state
model as the predicates satisfied and satisfiable. While . .
satisfied is a predicate over medical data (and determink3;2 Semantics overview
that a condition has hold long enough and not too long), ) ) o ) ]
satisfiable holds until a time out occurs. A time out Ogl?he underlying data abstraction unit is not described in
curs, once the starting shift has been left and the did @il here and only its purpose is summarized. The se-
hold at all times since until the finishing shift had beghantics of the abstraction unit is not operational, but func

reached. Additionally the minimum and maximum durdional in nature. As input, measurements of patient pa-
tion must not be violated. rameters are taken. The type of parameters can be very

) ) ) different reaching from quantitative values, like biliinb
Without the assumption of well formedness of time anngsye|s in the blood, to boolean values, e.g. whether the
tations, the time out condition is much more complex. patient is male or female. Data can be provided as a
Complex reference points are evaluated according to tlmtinuous stream of patient readings (high frequency do-
history of plan events. That is, our previous exampleain as in artificial ventilation of prematured babies) or as
(plan.ob, activated.entel), would be a pointer into the sporadic measurements once every month (low frequency,
time, where plarob changed its state txtivatedfor the e.g. diabetes mellitus).

last time. Therefore a complex reference point change{{§e incoming data is memorized in the patient record.

value, after it was first defined. The keyworelsterand o antitative values can be abstracted to qualitative val-
leavecan be used to refer to the entry or exit of the stalgas. An example has been provided in Sect. 3. More im-
A now reference point can be reduced to an absolute timgant the abstraction unit evaluates data over a longer

at the moment of evaluation only, that is, now is the CUime period, if the data is time annotated in an ASBRU
rent time. It cannot be statically evaluated. plan. The example

bilirubin_decrease< 1 [[-2 h, ], [-, 0h], [, -], now]
13 Data Abstraction

requires monitoring the decrease of bilirubin level over a

. ) period of the last 2 hours.
Conditions are given as temporal patterns to allow for

monitoring of parameters over a longer period of tim&S output of the abstraction unit, the truth values of con-

Temporal patterns are evaluated in the data abstracfiiPns are provided. As evaluation of a condition may
unit. take time, the result is eithémue, falsg or yetunknown

A condition isfalse only, if it cannot be satisfied in the
future. Otherwise, it would be consideradknown To

13.1 Syntax prevent a three valued logic, this is done by two predi-
cates, satisfied and satisfiable. A condition is satisfiable,
temporal-pattern if there is a continuation of the patient data and (a possibly
= parameter-proposition different) condition, such that this condition is satisfied
temporal-pattern time-annotation the future.
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13 DATA ABSTRACTION 13.2 Semantics overview

One should keep in mind, that there are conditions, th2e ¢, the starting point of interval, ¢, the finishing point
are technically satisfiable, while it can be decided, thatt 7, ta = [[ess Isg, [efs Ifs], [minDy, maxDy, refPoin{

this condition could never be medically satisfied. As ahe time annotation of a temporal pattern and c the corre-
example consider a condition, postulating that for the nesgionding (underlying) temporal pattern.

five hours at least ten minutes there is high blood pressure.

A dead person could never medically fullfil this condition, satistfied(c, ta, I)

while it is still technically possible, as ten minutes isdes— [ is normalized

than five hours. A t; > ta.ess + ta.refPoint

To understand the predicate satisfied, it is crucial to dis- 7\ {1 < ta.Iss + ta.refPoint
tinguish whether the time annotated condition evaluates t2 = ta.&fs + ta.refPoint
to true or the underlying (possibly also time annotated) /\ t2 < ta.Ifs + ta.refPoint
condition evaluates true. The time annotated condition’\ fz — f1 < ta.maxDu
evaluates to true if and only if there is an interiauring Atz —t1 > ta.minDu
which the underlying condition evaluated to true. Eight ﬁsansﬁed(c,[)

criteria have to be met for this interval: ~ 33t < 1,
A satisfied(ct; x t3)

V ta.lfs = co A ta.maxDu =oco
A\ = dtg. tg < t1,

| is not longer than the maximum duration A satisfied(clo x t2)
V ta.ess =—oo A ta.maxDu =co

| is at least as long as the minimum duration

e the starting point of is not sooner than the reference
point plus the earliest starting shift.
satistfiable(c, ta, I)

e the starting point of is not later than the referenceH Tis normalized

point plus the latest starting shift.

A ty < Iss + refPoint
e the finishing point ofl is not sooner than the refer- N sat|sf|ed(ct2).
ence point plus the earliest finishing shift. V ta <lss + refPoint- 1

V ty < ess + refPoint
¢ the finishing point of is not later than the reference V ty < Ifs + refPoint
point plus the latest finishing shift. A t1 > ess + refPointA ¢, < Iss + refPoint

A satisfied(c
¢ the underlying condition was not true directly before A sie\tilsfiéd,([c); f—1)

thel_earllest time ﬁfforl thehearlufast time of.|s the Aty — 1, < maxDu
earliest starting shift plus the reference point. v satisfied(c, taJ)

e the underlying condition was not true directly after
the latest time of or the latest time of is the latest

finishing shift plus the reference point. For the sake of completeness, the definitions for the other

cases of the temporal pattern are also given herepBe

For a condition to be satisfiable, any of the following thret » temporal patternsic a simple condition with formula

properties must hold: @
e the condition is already satisfied satisfiedtpy A tps,I) « satisfiedip,, )
A satisfiedtps, I)
o the latest starting point has not been reached satisfiedip, V tpy, I) <  satisfiedip,, I)
vV satisfiedtps, I)
e the condition can still fulfill the time annotation satisfiedsc, I) <~V t.t € I — p(o(t))
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15 INTENTIONS

whereo is the global state. the latest starting point onwards to the earliest finishing
point. If the starting and the finishing interval do overlap,
it is not guaranteed, that the effect will occur at all.

14 Effects

Effects are a method of expressing the outcome of a pldn?  INtentions

This outcome can be wanted or unwanted side effects, the

administration of a treatment may have. Intentions describe temporal properties of plans and can
be verified as described next.

14.1 Syntax

15.1 Syntax and semantics overview
The syntax of a effect is as follows.

intentions
effect= effectformula = intentions
earliest starting point ( (intermediate-stateverall-state)
latest starting point (avoidmaintaifachieve)
earliest finishing point temporal-pattern*

latest finishing point

An intention is to either avoid, maintain, or achieve an

) ] overall or intermediate state which is described by a tem-
An effect consists of one first order formula and four COMYoral pattern.

plex reference points, i.e. a reference-point as in Chapter . ) ) )
12. Intentions can be translated into temporal logic. Details

are omitted here.

14.2 Semantics L.
15.2 \Verification

The first order logic formula describes the influence of the

treatment on the patient. It can be defined totally (i.e. '€ Mmajor goal of our project is to formally verify the
decrease of five units per second), partially (i.e. an igperational behaviour of Asbru plans against properties

crease of five to seven units per second) or left undersp@@ich are expressed as intentions. For the example in
ified (i.e. the value decreases). Sect. 3 the task would be to verify thailirubin is never

) ) o equal to transfusion throughout execution — which should
The influence of the effect starts indeterministically semgg easy — and if the plan completésijrubin equals to

time within the starting shift and ends indeterministigally,carvation — which is not so obvious.

within the finishing shift. The reference points that de- o i . .

fine the starting shift and the finishing shift are complds0r Vverification we are using the interactive theorem
time points like in Chapter 12. Additionally they allow folProver KIV. We regard automatic verification not pow-
basic mathematics, that is addition and subtraction of c&ful €nough to deal with the data involved and there-
stants. Therefore, it can be stated, that the effect startd@re an interactive verifier is necessary. However it would

hours after activation of plan "treatment-radiotherapy” P& Worthwhile to define sub tasks which could be treated
using the reference point with model checkers. KIV already supports the verifica-

tion of parallel programs against properties expressed in
temporal logic. The verification strategy is to symboli-
The time span in which the effect will take place is indezally execute programs and to use induction, if necessary
terministic. It is only guaranteed, that it will hold from[2]. A similar approach shall be applied to Asbru plans.

leave(ready, treatment-radiotherapy) + 5h
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