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Abstract
A novel and genericapproachnamedas “history-
orientedenvisioning” is proposedto qualitatively
envisionall possibleandsoundsituationsfocusing
on our intendedpartial behaviorsandactionsof an
objectivesystem.Somebasicnotationscalled“par-
tial slices” anda “partial history” arealsointroduced
as theextensionsof the conventionalhistoryandits
slices representingqualitative, temporalbehaviors
and actionsof the system.They providebasicinfor-
mationof the intendedpartialbehaviorsandactions
to thehistory-orientedenvisioning.A majorcharac-
teristic of the envisioningproposedhere is the low
complexity reducedby the specifiedhistory of be-
haviorsandactionsin addition to the conventional
scenario.Another importantcharacteristicis its in-
crementalstructureenablingthe importof themea-
suredinformation of the objectivesystemin an on-
line mode.Thesefeaturesof thehistory-orienteden-
visioning will promotenew progressof qualitative
envisioningtheorytowardits applicationto practi-
cal tasksof simulation,planning,design,measure-
mentsinterpretationand diagnosis.The efficiency
of the proposedmethodis demonstratedthroughan
exampleto control asteamgeneratorof a largescale
plant.

1 Introduction

Oneof theprimary tasksof qualitativereasoningis theenvi-
sioningof system“behaviors” establishedthroughleading
works [de Kleer and Brown 1984; Forbus 1984, 1988;
Kuipers 1984, 1986].The “behaviors”are the collectionof
possiblesituationtransitionsresultedby systemoperations.
The conventional frameworkof theenvisioningconsistsof
“attainableenvisioning”and “total envisioning”- The former
derives the qualitatively possiblesituation transitions
achievedfrom a specifiedinitial state of a system.The later
derivesall possiblesituationtransitionsthat may occurin the
operations.The basicideaof thesemethodsis to evaluate
possibleandsoundbehaviorsof asystemwhile maintaininga
setof initially givenbackgroundassumptionsassociatedwith
exogenousquantitystates,views andprocessesto the system
without imposingourintentionalchangesof theassumptions.

In contrastwith this standardmethodology,the authoris

interestedin theenvisioningin casethat someportionsof the
evolutionalsystembehaviorsarespecifiedin advanceby our
intention. Someworks to introduceexogenouslyspecified
quantity, view andprocesstransitionsinto the envisioning
havebeendone{Forbus 1989; Drabble 1993; Iwasaki et al.
1993;Vescoviet al. 1993].Forbusdefinedan “action” as an
exogenousreplacementof somebackgroundassumptionsin
a systemscenario,andestablished“action-augmentedenvi-
sioning” that enumeratesall possibletransitionsamongcom-
binationsof quantity states,views,processesand actions.
Besides,Drabbleextendedthe notion of the actions to in-
volve theexogenousspecificationof quantity statesand to
havequalitativetime intervals.Healso introduceda hierar-
chical sequenceof actions to representcomplexinfluences
exogenouslydriven. Iwasaki andVescoviproposeda lan-
guageto specifyintendedfunctionalbehaviorsin terms of
causaltransitionrules.Thelattertwo studiesbasicallyutilize
therepetitionsof theattainableenvisioningto searchtheir in-
tendedsystembehaviors.

However,a difficulty of combinatorialexplosionof de-
rived situationsin theaforementionedenvisioningmethods
havebeenreported,especiallyfor the total andaction-aug-
mentedenvisioning,whenthemethodsareadoptedto practi-
cal scaleapplications[Caloud 1987;Forbus1989;Forbusand
Falkenhainer1990,1992;Amadoretal. 1993]. Forexample,
a self-explanatorysimulationsystem“SimGenMk2” toenvi-
siononly local statesof a systemrequires4 hours to compile
asimulatorfor a model of 9 containersand 12 pipes [Forbus
andFalkenhainer1992].The main causeof this difficulty
arisesfromthe vastnumberof possiblestatesenvisioned,e.g.
almost 1012 states,evenfor sucha simple system.An effi-
cient remedyto this difficulty is to restrict the scopeof the
envisioningwithin the partial behaviorsandactions inten-
tionally specifiedby following our interestsor the objectives
of applicationtasks. Many works on simulation,planning,
diagnosisanddesignin thefield of qualitativereasoninguti-
lizethe envisioningto obtainthe informationassociatedwith
specific systembehaviors[DeCoste1990, 1993; Drabble
1993; Forbus 1986;ForbusandFalkenhainer1990, 1992;
Ishida and Eshelman 1988;Iwasaki 1993; Pearce1988;
Umedaet al. 1991;Yannou 1993].Their efficiencymay be
enhancedsignificantly by introducing the envisioningfo-
cusedon specific andmeaningfulbehaviorsin addition to
specificactions.

The work presentedhere is to proposea novelandgeneric
envisioningmethodfocusedon specificpartialbehaviorsand



actionsof a systemso calledas “history-orientedenvision-
ing”. Theefficiencyof theproposedmethodis demonstrated
throughan exampleto control a steamgeneratorof a large
scaleplant in the latterhalfof this paper.

2 Partial Slice and Partial History

An efficient representationof the partial behaviorsand ac-
tions which are to be intentionallyspecifiedis definedfirst
beforethe detaileddiscussionon the history-orientedenvi-
sioning.Thefundamentalstructureof temporalbehaviorsand
actionshasbeendiscussedin detail in thepastworks [Hayes
1979; Forbus 1984, 1989; Williams 1984; Dean and
McDermott 1987]. HayesandForbusdefineda sequenceof
changesof objects in a scenarioas a “history” consistingof
“episodes” and “events”.Events always last for an instant,
while episodesusually occur overa timeinterval. Eachepi-
sodehas a start andan endwhich areeventsthat serveas its
boundaries.Bothof aneventandan episodecaninvolve the
descriptionsof quantitystates,views,processes,actions,
their relationsandtheir transitionsat a time (or a timeinter-
val). An assertionrepresentingone of such descriptionsis
called a “token” [DeanandMcDermott 1987].Eachtoken
statesa primitive fact in an eventor an episodesuchas
“amountof water in a pot is 1kg.” or “boiling of wateroc-
curred.”. In additionto thesedefinitions, they alsodefineda
“slice” of ahistorydenotinga pieceof ahistoryataparticular
time. Thus,a slice canbeeitherof an episodeandan event.

Basedon thesedefinitions, somenewandimportantideas
on thehistoryareintroducedin this work asfollows.

involvedin an eventin a history.
A “partial episode”is aset of sometokens
involved in anepisodein a history.

Definition 2: A “partial slice” of ahistory iseitherof apartial
eventandapartialepisode.

Definition 1: A “partial event” is a set of sometokens

———— H 2

———— H 1

Thenotationof a partial sliceconsistsof a list of individuals
that mustexist, a list of quantityvaluesandrelationsindicat-
ing the objects’ states,a list of (in)active and(in)activated
views,alist of (in)activeand(in)activatedprocessesanda list
of (in)active and (in)activatedactions.The (in)activated
views,processesandactionsmeantheseare(in)activatedin a
partialevent,while (in)activeonesaretobekept(in)activein
a partial slice. The detaileddescriptionsof the contentsin
eachlist follow thenotationsin QP-theory[Forbus 1984].T-
operatorsareusedto saythat aparticulartokenis trueatsome
time, andM-operatorsrepresentthe measuredvalueof a
quantityat sometime.

Two of partial slices for the exampleof catchinga ball
droppedthrougha flamedepictedin fig. I are representedas
follows.

Partial Slice Heat-Flow-to-Ball-Active(?time)
Individuals:ball a ball

flamea flame
Quantities: (T A[temperature-of(ball)]

<A{temperature-of(flame)]?time)
(M A[temperature-of(ball)]?time) = TI
(M Ds[temperature-of(ball)]?time)= 1

Views:
Processes: (T Status(Heat-Flow(flame,ball, flame-ball),

Active) ?time)
Actions:

Partial Slice Catching-Ball-under-Flame(?time)
Individuals:ball a ball

flamea flame
basketa basket

Quantities: (M A[position-of(ball)~?time) = (-°o,H1)
(M Ds[position-of(ball)]?time)= -l

Views: (T Status(Contained-Stuff(ball,basket),
Activated) ?time)

Processes:
Actions: (T Status(Catch-In(ball,basket),

Activated) ?time)

(1)

(2)

The former partial slice representsthat the objects of a ball
and a flame exist at a particular time. Also, the amountand
thederivative’ssignof the temperatureof theball areTI and
positiverespectivelyin additionto the fact that it is colder
than the temperatureof the flame, and the processof heat
flow is operatingat the sametime. The lattermeansthat the
objectsof a ball, a flame and a basketexist, and theball de-
scendingundertheflameis caughtandsettledin the basketat
sometime. Somelists andtheircontentscanbe left unspeci-
fied in a partial slice.For instance,any specificationsof the
position of the ball are not given within the former partial
slice, while the quantitymust be determinedto specifya
unique state of the ball. A distinct partial slice is “No-
Specification(?time)”in whichall listsareblank.Thispartial
slice is usedto representthat anybehaviorsandactionsare
unspecifiedat a time.

Theterm“?time” representsthe temporalspecificationof a
partialslice,andfollows theconditionsindicatedbelow with
respectto its durationandthelimit hypothesesinvolved in its
partial slice.

Fig. 1 Catchinga ball droppedthrougha flame.



?time is an instant. ~‘ start(?time)=end(?time),
?timeis an interval. ~ start(?time)<end(?time),
Thedurationof ?time is unspecified.~start(?time)

A partial slice involvessomelimit hypotheses. (4)
~ ?time is an instant.

The condition(4) statesthat anypartial slice involving some
limit hypothesesis a partial event.However,a partial event
does not have to involve any limit hypothesis,becausethe
extraportion of the eventmay own somelimit hypotheses.
On the otherhand,any partial episodedoesnot involve any
limit hypothesisby definition.

The contentsin the lists of individuals andquantitiesof a
partial slice areusedas the assumptionsfor the history-ori-
entedenvisioning.For instance,the assertionof “ball aball”
in the individual lists is an assumptionspecifiedby thepartial
slices in the aboveexamples.On theotherhand,the views,
the processesand the actions in their lists do not represent
their assumptionsdirectly. Theviewsandtheprocessesin the
scenarioandthedomainmodelof theQP-theoryhavethe in-
formation of “Individuals”, “Preconditions”and “Quantity
Conditions” [Forbus 1984]. Also, the actionshavethepartof
“Individuals” [Forbus 1989]. Theseare their assumptionsto
be active.Accordingly,theunificationsof thecontentsin the
view, the processand theaction lists to the scenarioandthe
domain model in the envisioningsystemprovide their as-
sumptionsfor thepartial slice.Forinstance,theunificationof
“Heat-Flow(flame,ball, flame-ball)” in the processlists of
thepartial slice (1) to thefollowing domainmodel (5) of the
heat-flow processservesthe contentsin the “Individuals”,
“Preconditions”and “Quantity Conditions” of the processas
thecorrespondingassumptions.

ProcessHeat-Flow(?src,?dst,?path)
Individuals: ?srcan object,

Has-Quantity(?src,heat)
?dstan object,
Has-Quantity(?dst,heat)
?patha Heat-Path,
Heat-Connection(?path,?src,?dst)

Preconditions: Heat-Aligned(?path) (5)
QuantityConditions:A[temperature(?src)]

>A [temperature(?dst)]
Relations: Quantity(flow-rate)

flow-rate= (temperature(?src)
-temperarture(?dst))

Influences: I-(heat(?dst),A{flow-rate])
I+(heat(?src),A{flow-rate])

Anotherimportantassumptionin apartialslice is theduration
of ?time. Its specificationcontrols the generationof the limit
hypothesesin theenvisioningprocessas explainedlater,The
history-orientedenvisioningutilizes all of the assumptions
describedherefor a scenarioinvolving thepartialslice.

Thedefinition of a “partial history” is givenbasedon the
partial slices.

Definition 3 : A “partial history” of a historyis asetof partial
slicesof thehistorywhich timeintervalsand
instantsare totally orderedin timedomain.

A partial history has a list of the T-operatorsto say that a
(3) particularpartial sliceis true at sometime. It also involvesa

list of constraintsfollowing thecondition(3) on the temporal
relationsamongthepartial slice’s timeintervals.An example
of a partial history for the ball is shownhere.

Partial History Initial-and-Final-Ball
PartialSlices: (T Initial-Position-of-Ball(I0)10)

(T Position-Decreasing-of-
Ball-above-Flame(I1)11)

(T Heat-Flow-to-Ball-Active(12)12)
(T No-Specification(13)13)
(T Position-Decreasing-of-
BalI-under-Flame(14)14)

(T Catching-Ball-under-Flame(15)15) (6)
Time Constraints:(start(I0)=end(I0)),(end(I0)=start(II)),

(start(l1 )-<end(I1)), (end(I1 )=start(12)),
(start(I2)~ end(I2)), (end(12)=start(13)),
(start(13).<end(13)),(end(13)=start(14)),
(start(I4)<end(14)),(end(14)=start(15)),
(start(15)=end(15))

The former half of this partial history before No-
Specification(13)specifiesthepartial behaviorsof a ball be-
ginning with its initial position until it touchesthe flame,
while the latterafter No-Specification(13)describesthe par-
tial behaviorsandactionsassociatedwith theball underthe
flameuntil it is caughtin a basket.Hence,this partialhistory
specifiestwo clustersof partial slicesmutuallyapartin time
domain.Eachpartial slice of which thestartingandtheend-
ing times are identical correspondsto an instant,e.g.,Initial-
Position-of-Ball(I0) and (T Catching-BaII-under-Flame(15)
IS). Thepartial slice,(T Heat-Flow-to-BalI-Active(I2)12), is
regardedas any of a partialeventanda partial episode,be-
causeits durationis not specifiedin this example.Identical
partial slicesshouldnotbe neighboredmutually, becausethe
neighboringidentical partial slicesareequivalentto suchone
partial slice,andthey canbemerged.

A partial historygiven to the history-orientedenvisioning
belongsto a scenariofor the envisioning.Somepartial histo-
ries maynot be involved in thepossiblehistoriesof thesce-
nario. For example,the initiation of the heatflow from the
flameto theball beforethe touch of the ball to the flame is
impossible.Whensucha partial history is specified,the his-
tory-orientedenvisioningis halted at its intermediatestep,
and doesnot generateany envisionmentconsistentwith the
partial history.

3 History-oriented Envisioning

This sectiondescribesthe outline and the algorithm of the
history-orientedenvisioning,anddiscussesits importantfea-
tures.

3.1 Overview of History-oriented Envisioning
The outline of the history-oriented envisioning is depicted in
fig.2. Theverticaldirectionfrom thetopto thebottom of the
box standsfor the timeevolutionof the behaviorsandactions
of an objective system.The horizontal axis representsthe
spectrumof theassumptionsin theenvisioningprocess.The
shadowedareais the input informationto thehistory-oriented
envisioning,while the white part is its output. The domain
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model and a partof the scenariofor theobjectivesystemare
fixed over the entiretime evolutionin the envisioning.The
conventionalenvisioning enumeratessituation nodes
groundedall possibleandsoundcombinationsof the rest
openedassumptionsassociatedwith the system.On theother
hand,the history-orientedenvisioningimports the specifica-
tions on someextraportionof the assumptionsfor eachtime
intervalor instantin form of the partialslice.It derivessitua-
tion nodesallowedwithin all possibleandsoundcombina-
tions of the remainingpartof theopenedassumptionswhile
following the order of the specifiedtime interval or instant.
Accordingly, the history-orientedenvisioningfocuseson
only the situationsof the objectivesystemwithin the inten-
tionally specifiedpartial behaviorsand actions.The number
of thederivedsituationnodesand the computationamount
for the derivation are significantly reduceddue to the low
ambiguityof theconditionsexponentialto the numberof the
openedassumptions.

3.2 Algorithm

A partialhistoryfor thehistory-orientedenvisioningmustbe
compiled in advanceto derive all assumptionsassociated
with its partial slices.The algorithmof compiling a partial
history is depictedin fig.3. This derivesthe set of assump-
tions,Psi (i=1,---,n), for everypartialslice,PS(i), andits time
constraints,TC(i), in the partial history by unifying their
views,processesandactions to the scenarioand thedomain
model in the envisioningsystem.The seriesof the partial
slicesand theirtimeconstraintsin apartial history is sequen-
tially compiled.(step3) and (step4) collect theassumptions
of a partial slice. (step 3) obtainsthe assumptionsexplicitly
representedin theindividuals lists, thequantitieslists andthe
timeconstraintsof thepartial slice,while (step4)derivesim-
plicit ones of the views, processes and actions not directly
representedin thepartial slice. (step2) and(step5) checkthe
violation of the condition (4) in thegiven partial slices,and
quit the compiling if any violations are detected.(step 2)

(step 1) i—i.
(step2) Choosethe ith partial slicePS(i)andthetime

constraints TC(i) on PS(i).
If anyexplicit limit hypothesesappearin anylists of
theindividuals,thequantities,theviews, the
processesandtheactionsin PS(i),checkthe
condition (4). If it is violated,then stop.

(step3)Let Psi beasetof thecontentsin TC(i), the
individualslists andthequantitieslistsof PS(i).

(step4) Unifiy theviews, theprocessesandthe actionsin
theirlists to thescenarioandthedomainmodel in the
envisioningsystem,andlet Psubeasetof the
contentsin theindividuals, thepreconditionsandthe
quantity conditionsof theunified predicates.
Psi—PsiU Psu.

(step 5) If anyimplicit limit hypothesesappearin Psi,check
thecondition (4). If it is violated, thenstop.
If kn, thengo to (step2), elseend.

Fig.3 Analgorithmof compilingapartialhistory.

(step I) i—l. Let thesetof assumptionsPi bePfUPsi.
Performatotal (oraction-augmented)envisioning
underPi, andlet Q beaset {q(i,j) q(i,j) is jth
situation nodegeneratedin theenvisioning,and
j=l,---.mi.}.
If Q is null, then stop.

(step2) R~—{}.
Forj=l to mi

(step 2.1) Letthesetof assumptionsP’i,j
bePf U Initial(q(i,j)).
Performonestepattainable(or
attainableaction-augmented)
envisioningunderP’i,j.

(step2.2) Filteronly thesituationnodeswhich
satisfiesall conditionsspecifiedin
Psi+ 1.
LetRf be asetof thefiltered
situationnodes,andRR U Rf.

If R is null, then stop.
(step3) Removeeverysituationnodefrom Q whichis not

reachableto any r(j) ER (j= 1 ,---,mr).
(step4) i~H+1.S~-j1.

Forj=1 to mr I
Let thesetof assumptionsPi,j
be Pf U Psi U Initial(r(j)).
Performanattainable(or attainableaction-
augmented)envisioningunderPi,j.
Let Sf beasetof thesituationnodesgenerated
in theenvisioning,andS—SU Sf.

(stepS)S is representedas(q(i,j) Ij=l,---,mi.}. QQUS.
If kn, then go to (step2),elseend.

Fig. 4 An algorithm of history-orientedenvisioning.

checksany explicit limit hypothesesappearingin a partial
episode,e.g., (T Status(Catch-In(ball,basket),Activated)In-
terval). On theotherhand,(step5) checksany implicit limit
hypothesesappearingin theassumptionsof a partialepisode
unified in (step 4), e.g., (Am[temperature(ball)]=100)&
(Ds[temperature(ballfl=1)in the quantitiy conditionsof a
process.

Once,all assumptionsare obtained,they are appliedto the
algorithmof the history-orientedenvisioningrepresentedin
fig.4. This algorithmhasan incrementalstructure.It accepts
theassumptionsetsof partial slicesin apartial historyoneby

apartialhistory
in ascenario

a situationnodes

inputs to history-orientedenvisioning

______ outputsfrom history-orientedenvisioning

Fig.2The outline of the history-orientedenvisioning.



one following their total order describedin the time con-
straintsof thehistory.Pfis the time-independentlyfixed por-
tionof the setof backgroundassumptionsfor a scenarioover
theenvisioning.Pfcorrespondsto theordinaryscenario’spart
excludingthepartial history.

(step 1) is to enumerateall possiblesituationsfor the first
partial slice.Thetotal envisioning(or action-augmenteden-
visioning, if possibleactionsmustbetakeinto account.)un-
dertheconditionsof Pf andPs1 is required,becauseany pre-
cedingsituationshavenot beenspecifiedat this step. If the
first partial slice is not consistentwith the Pf, then no solu-
tions are obtained,andtheprocessis halted.

(step2) is to identify all situationsfor thenext partial slice
which canbedirectly causedfrom the currentsituations.In
(step2.1),all possibleonesteptransitionsfrom acurrentsitu-
ation arefigured out. The one stepattainable(or attainable
action-augmented)envisioningis an ordinalattainable(or at-
tainableaction-augmented)envisioningundera given initial
condition,q(i,j), but its calculationis limited to onesituation
transition.Thenotation,Initial(q(i,j)), expressesthat q(i,j) isa
given initial conditionfor the envisioning. (step2.2) filters
out any inconsistentsituationswith the next partial slice.
Whenthenextpartialslice is theNo-Specification(?time),all
situationsobtainedin (step2.1) is filtered. On the contrary,
whenanycurrentsituationscannot transitto consistentsitua-
tions with the specificationsof the nextpartialslice, thepro-
cessis halted.

(step3) is a sort of retrospectivereasoning,while the other
stepsare perspective.Q containsall possiblehistoriesfrom
thefirst to the currentpartial slice. Becausethe situationsin
thecurrentpartial slicewhich cantransit to the next are lim-
ited as the resultof the filtering in (step2), somepreceding
historiesin Q may not becausativelyconnectedto the next
partial slice.This stepeliminatessuchdeadendhistoriesin
Q.

(step4) enumeratesall possiblesituationsin thenewpartial
slice proceededfrom the previouspartial slice basedon the
attainable(or attainableaction-augmented)envisioning.Each
envisioningstartsfroma situationfiguredout in (step2), and
a list of all possiblesituationsevolvedfor this partial slice is
obtained.

(step5) simply accumulatesthe situationsfor thenew par-
tial slice in Q. The entire envisioningis ended,and an
envisionmentfollowing the given partial history is restedin
Q, whenall partialslices in thepartial historyhavebeenpro-
cessed.

The most of the computationalload in this algorithmis
causedby (step4).The loadof this stepstronglydependson
thenumberof its initial statesR generatedin (step2),andthe
numberis almostdominatedby theefficiencyof the situation
filtering in (step2.2) associatedwith the precededpartial
slices.Hence, the computationalload will be efficiently re-
duced,whenmanyspecificationsareincludedin eachpartial
slices.The loadsof the otherstepsare not very significant.
Thetotal (or action-augmented)envisioningin (step1)which
algorithmis essentiallyefficient is performedjust once,and
its processingspeedis greatlyacceleratedby the specifica-
tionsof the first partialslice,unlessthespecificationsare lim-
ited. (step2) to performonly one stepreasoningfor eachsitu-
ation transitionis also a quite cheapprocess.(step 3) is
merely a networksearchof which various efficient algo-
rithms are available.Thesimplicity of (step5) is trivial.

An advantageof this algorithmis that theconventionalto-
tal andattainableenvisioning[Forbus1984,1988,1989] can
beutilized as partsof its processwhile reducingtheir solu-
tions andprocessingtimebasedon the information in apar-
tial history. Theuniquedifferenceof theenvisioningutilized
here from the conventionalone is the impositionof the fol-
lowing rules to the situationnodegenerationassociatedwith
the assumptionof TC(i). Theyreject the situationnodesin-
volving any limit hypothesesin a finite timeinterval.

(start(Ii)=end(Ii))&(Theassumptionsof
PS(i)do not involve any limit hypotheses.)
~ (The assumptionsgeneratedfor thesituationnode
in theenvisioningmustinvolve somelimit hypotheses.)(7)
(start(Ii).<end(Ii)),
~ (The assumptionsgeneratedfor thesituationnode
in the envisioningmustnot invole any limit hypotheses.),
whereIi is an instantoran interval for PS(i).

Anotheradvantageis its incrementalstructureto processa
partialhistory which enablesits on-lineapplicationto import
the new partial slice information step by step.Especially,
whentheamountof thespecificationsin eachpartialsliceis
large underits on-line import, its computationtime will be
applicableto the realtime processing.Thesefeaturesof the
algorithm are expectedto be highly profitablefor the real
timeapplicationsof control,planning,measurementinterpre-
tationanddiagnosis.

3.3 Soundnessand Complexity
The standardtotal (or action-augmented)envisioning is
soundfor all possiblesystembehaviorsandactionsunder
closedworldassumptionsof which themembersaretheonly
possibleassumptionsfor the scenario[Forbus 1988]. The
standardattainable(or attainableaction-augmented)envi-
sioning is also soundfor its possibleinitial conditionsunder
the closed world assumptions.Hence, each standard
envisionmentgeneratedin (step 1), (step2.1)and (step4) in
thealgorithmdepictedinfig.4 is soundfor thegivenassump-
tions. The otherstepsof (step 2.2) and (step 3) reducethe
generatednodes.Amongthesetwo steps,(step2.2)is clearly
sound,becauseit just filters situationnodesconsistentwith
the constraintsrequiredfor the transitionsfrom the current
slice to thenextaswell asthestandardenvisioninginternally
does.(step3 ) is also sound,sinceit keepsall historieswhich
do notcontradicttheassumptionsof anypartialslicesandthe
scenario’sfixed partin the contextof a givenpartial history.
Theseobservationssupportthesoundnessof thehistory-ori-
entedenvisioningconductedthrough the algorithmof fig.4
undertheclosedworld assumptions.

The complexity of an envisioningprocesssensitivelyde-
pendson the numberof unspecifiedassumptionsfor an
envisionment[Forbus 1988, 1989]. Let P be the set of as-
sumptionsfor a scenario,whereits fixed portion is PfcP.
Thesetof unspecifiedassumptionsfor thestandardenvision-
ing is Pu=P-Pf,becauseit doesnot utilize anyinformation of
a partialhistory.If Puconsistsof pairsof independentpropo-
sitions p and ‘p, the numberof statescould increaseby
0(2 ~). On the contrary,eachpartial slice specifiessome
extraportion of P in the history-orientedenvisioning. The
partof unspecifiedassumptionsin P with respectto the first
partialsliceis PuI =P-PfU PsI. Hence,thecomplexityof the



total envisioningin (step 1) of fig.4 is propotional to
0(2 n” ~ The attainableenvisioningthrough (step2) to
(step4) is performedunderthe unspecifiedassumptionsof
Pui=P-PfU Psi,andits initial situationsarelimited tothepre-
cedingenvisionment.Accordingly, its complexity could be
less than 0(2 ~ ~). Thesederive the complexity of

0(2 ~“° ~)+O(~,2 °“
1)in caseof the maximumfor thehis-

tory-orientedenvisioning.As thenumberof parialslices in a
partial history, n, is independentwith the assumptions,and
alsoeachiPuil is eaqualor lessthan Pul, thecomplexityof the
history-orientedenvisioningcan be quite small comparing
with thestandard.

4 An Example

Thebasicperformanceof theproposedhistory-orientedenvi-
sioninghasbeenevaluatedthroughtheapplicationto thecon-
trol of a steamgeneratorcommonlyusedinpowerplantsfor
electricitygeneration.Figure 5 depictsthe overview of the
steamgenerator.It hasaprimarywatertube (p-tube)passing
through a secondaryboiler tank (s-tank). Highly pressured
hotwateris suppliedfrom a primaryheatsourceby a pump.
When the temperatureof the primary water (p-water) is
higherthantheboiling pointof the secondarywater(s-water)
in the low pressuretank,theheatflow from theprimarytothe
secondarysidecanboil the secondarywater.To compensate
thedecreaseof thesecondarywateramountdueto theescape
of thesteam(s-steam)to a turbine generator,the extrawater
feed (f-water) to thetank througha feed pipe (f-pipe) is re-
quired. At the beginningof its operation,theboiling of the
secondarywaterhasnotoccurredyet.Wecouldqualitatively
determinethe future changeof the primary waterflow rate
andits temperaturebasedon theoperationalconditionsof the
heatsourceandthe primary pumpin the upperstream.Also,
the future changeof the temperatureof the secondaryfeed
water is qualitatively known basedon the information of its
reservoir.The temperaturesof p-waterand f-water are sup-
posedto increasemonotonically,while theflow rateof p-wa-
terarepredictedto decreasemonotonicallyin themeantime,
andthreeof them areconsideredto settleatcertain levelsaf-
ter sometime. Our taskis to planall soundcontrolstrategies
of the secondarywater feed to the tank to start the boiling,

when the threeboundaryquantitiesfinish their transients.
This kind of model basedplaningtaskshavebeenresearched
inmanyAL literatures[DeanandSiegle 1990;Drabble1993].
But, themost of them utilize the repetitionof the attainable
envisioningandits evaluations.In contrastwith suchconven-
tional solution search,thehistory-orientedenvisioningenu-
meratesall possibleplans within a finite number of
envisionings.

A possiblepartial historycorrespondingtoour missioncan
be written as shown in fig.6. It specifiesthe intendedbehav-
iors of thesteamgeneratortogetherwith the predicteddistur-
bancesexogenouslydriven. Theoccurrenceof boiling of the
secondarywateris intendedat thefinal stageof the transients.
Figure 7 representstwo partial slices in the partial history.
The former specifiesthe initial situation associatedwith the
threeboundaryquantities,an endogenousquantity, i.e. tern-
perature-of(s-water),and the intendedprocesses.The latter
specifies that the endogenoustemperature-of(s-water)
reachesat its boiling point, and simultaneouslythe boiling
processis activated,whenthe threeboundaryquantitiesreach
to theirgoal levelswhile maintainingtheamount-of(s-water),
the heat-flowand thefluid-flow.

The fixed portion of thescenario for this systemand its
partialhistoryin fig.6hasbeencompiledtotheir assumptions
and appliedto the algorithmof history-orientedenvisioning.
A programspecific to this type of exampleshasbeendevel-
opedandtestedon a SPRAC-lOmachine,while thedevelop-
mentof a moregenericprogramis currently underway.Fig-
ure 8 depicts the resultantenvisionmentindicating all pos-
sible and soundstrategiesto control the boiling underthe
given partial history. Totally, 29 situationswere found. The
author have tried to derive the total envisionmentof this
steamgeneratorwithout specifying any partial history for
comparison.However, the solution wasnotobtaineddueto
the limitation of thememorycapacityunderthe currentpro-
gram. The situationsin the total envisionmentcanbe at least
morethan6000evenfor this simplesystem,sinceit has4 free
boundaryquantities.Theplaningof controlstrategiesfor pro-
cesssystemsas this exampleis highly expensive,unlessany
constraintsare introduced.

PartialHistory Boiling-Control
PartialSlices: (T Initial-State(I0)10)

(T Start-of-Transient(I1)Ii)
(T Monotonic-Transient(l2)12)
(T End-of-Transient-and-
Start-of-Boiling(13)13)
(T Final-State(I4)14)
(start(lO)=end(10)),(end(I0)r=start(I1)),
(start(I I )=end(I1)), (end(11 )~start(I2)).
(start(l2)<end(I2)),(end(l2)=start(13)),
(start(l3)=end(13)),(end(13)=start(14)).
(start(14)=end(14))

Fig. 6 A partialhistory to controlthe boiling of secondarywater.

5 Discussionsand RelatedWorks

Oneof the majorcharacteristicsof thehistory-orientedenvi-
sioningproposedhereisthedirectintroductionof thespecifi-
cationson the historyof behaviorsandactionsto theenvi-
sioningprocessin additionto theconventionalscenario.The
envisioningfocuseson only the specifiedsituationsandtheir

TimeConstraint.s:

generator

(flow-rate,

aprimary
aheatsource

priamrywater
(flow-rate,
temperature)

Fig. 5 A steamgeneratorin a powerplant for electricity generation.



Partial Slice Initial-State(?time)
Individuals: p-tube apipe

f-pipe apipe
s-tank acontainer
p-water acontainedliquid
s-water acontainedliquid
f-water acontainedliquid

Quantities: (T A[temperature-of(p-water)l
>A[temperature-of(f-water)i?time)
(M A[temperature-of(p-water)I?time)

Actions:

= Tpmin
(M Ds[temperature-of(p-water)l?time)= 0
(M A[temperature-of(f-water)l?time)

= Tfmin
(M Ds[temperature-of(f-water)l?time)= 0
(T A[temperature-of(s-water)]?time)
<A[t-boil(s-water)] ?time)
(M Ds[temperature-of(s-water)i?time)= 0
(M A[flow-rate-of(p-water)]?time)= Fpmax
(M Dslfiow-rate-of(p-water)1?time)= 0

(T Status(Heat-flow(p-water,s-water,
p-tube),Active) ?time)
(T Status(Fluid-fiow(f-water,s-water,
f-pipe), Active) ?time)

(T Status(Boiling(s-water,Heat-flow),
Inactive)?time)

PartialSlice End-of-Transient-and-Start-of-Boiling(’!time)
Individuals: p-tube a pipe

f-pipe apipe
s-tank acontainer
p-water acontainedliquid
s-water acontainedliquid
f-water acontainedliquid

Quantities: (T A[temperature-of(p-water)]
>A[temperature-of(f-water)1?time)
(M A~temperature-of(p-water)I?time)

= Tpmax

Actions:

(M Dsltemperature-of(p-water)l?time)=

(M A!temperature-of(f-water)]?time)
= Tfmax

(M Ds[temperature-of(f-water)j?time) = I
(T A[temperature-of(s-water)I ?time)
=A[t-boil(s-water)l ?time)
(M Dsttemperature-of(s-water)j?time) = 0
(M A[flow-rate-of(p-water)J?time)= Fpmin
(M Dslflow-rate-of(p-water)l?time)= -l
(M A[amount-of(s-water)]?time)
= (0,Msmax)

(T Status(Heat-flow(p-water,s-water,
p-tube),Active) ?time)
(T Status(Fluid-flow(f-water,s-water,
f-pipe), Active) ?time)
(T Status(Boiling(s-water,Heat-flow),
Activated)?time)

Fig. 7 An exampleof apartialslicefor thecontrolof
thesecondarywaterboiling.

histories,andderivesthosewithin small amountof computa-
tion. Iwasaki andVescovi introduceda languagenamedas
CFRL to specifyintendedfunctionalbehaviors,andadopted
it to a designsupport application [Iwasaki et al. 1993;

Vescovietal. 1993].However,theCFRLjust filters intended
behaviorsfrom the possiblebehaviorsresultedin the envi-
sioning,andhencedoesnot control the envisioningprocess
directly. In contrast,the characteristicof efficient behavior
focusingof thehistory-orientedenvisioninghighly enhances
the applicability of the envisioningtheory to the practical
scaleproblems.

Anothermajorcharacteristicis theexplicit useof theinfor-
mationon the behaviors’history we intend on the objective
system not only our intentional actions to eliminate
unrequiredor uselesssolutions for our reasoningtasks.
Drabble developeda systemnamed as EXCALIBUR for
planningandreasoningwith processsystems[Drabble 1993].
The systemutilizes someattainableenvisioningprocesses,
andcan managethe actionschangingcontinuousprocess
quantitiesnotonly theonescausingdiscontinuouschangeof
views andprocesses.Also, it cantakea treeandhierarchical
structureof actionssequences.But, it doesnothandletheex-
plicit specificationson the behaviorsevolvedin processsys-
tems in theenvisioning.As many applicationssuchasplan-
ning, simulation modelinganddesignin practicalfields are
usuallyseekingprocessesof objectiveor intendedsequences
of behaviorsgiven in advance,thehistory-orientedenvision-
ing providesan efficient approachto thesesynthetictasks.

Thethird importantcharacteristicis the incrementalstruc-
tureof the history-orientedenvisioning.Someworks on the
measurementsinterpretationutilize the total envisionments
of the objectivesystemto interpretthe situationtransitionof
that system[Forbus 1986;DeCoste1990, 1993].Thetotalen-
visioning which is quite expensivefor practical scalepro-
cessesis essentialin their approaches.In contrast,the incre-
mental featureof the history-orientedenvisioningenablesto
takethe information of a sequenceof behaviorsandactions
oneby onein theon-linemonitoringprocess.If theamountof
the input information is not small, then its attainableenvi-
sioningin eachstepwill be quite cheap,and its realtime use
will be possible.Thus, this characteristicmeetsthe practical
needsof analytic taskssuchas measurementsinterpretation,
control anddiagnosis.

6 Conclusion

A history-orientedenvisioningmethodhasbeenproposedin
this work togetherwith its basic input namedpartial slices
anda partialhistory. The applicabilityandefficiencyof this
methodhasbeenreadily confirmedthroughan exampleof a
control strategyplanning for a steamgenerator.The major
characteristic of the history-orientedenvisioningaresumma-

(I) Soundness,small complexity and high efficiency
comparingwith the conventionalenvisioning.

(2) Envisioning focusedon a sequenceof intendedpartial
behaviorsandactions.

(3) Incrementalenvisioningto import the assumptionsin an
on-linemanner.

Theideaspresentedherewill promotenew progressof quali-
tative envisioning theorytowardits applicationto practical
tasksof simulation,planning,design,measurementsinterpre-
tation, control anddiagnosis.

Somefollowing topicsfor our future worksremains.

Views:
Processes:

Views:
Processes: rizedas follows.



Initial-State

PS: (Heat-flow, Fluid-fowl
QS: Altemperature-of(p-water)I=Tpmin

Altemperature-of(f-water)l=Tfmin
A[flow-rate-of(p-water)1=Fprnax

Aif(fw)l=(0,Ffmax) Alfl(fw)l=Ffmax
Ds(a(sw)}=1 -~Dsla(sw)~=I
AIt(sw)1=Tsi Alt(sw)l=Tsi

Monotonic-Trarisient

PS: (Heat-flow,Fluid-flow I
QS: Altemperature-of(p-water)l=(Tpmin,Tpmax)

Altemperature-of(f-water)1=(Tfmin,Tpmax)
Alflow-rate-of(p-water)1=(Fpmin,Fpmax)

AIf(fw)i”O Alf(fw)1=(0,Ffmax) A(f(fw)I=Ffmax
DsIa(sw)l=O Dsla(sw)l=I Dsla(sw)1=I
Alt(sw)}=(Tsi,Tsb) Att(sw)l=(Tsi,Tsb) A(t(sw)l=(Tsi,Tsb

I

Start-of-Transient

‘,
AIf(fw)I=0 A(f(fw)l=(0,Ffmax) AIf(fw)i=Ffmax
Dsla(sw)1=() D5I a(sw)l~r1 Ds(a(sw)}=1
AIt(sw)]=Tsi Att(sw)]=Tsi Alt(sw)l=Tsi

4 4 4

V i V
AIf(fw)l=0 Al i(fw)l=(0,Ffmax) A(f(fw)I=Ffmax
Ds(a(sw)l=0 Ds[a(sw)l=1 Ds(a(sw)l=I
Alt(sw)l=(Tsi,Tsb) Alt(sw)l=(Tsi,Tsb) Alt(sw))=(Tsi,Tsb

End-of-Transient-and-Start-of-Boiling

LH :Altemperature-of(s-water)}=Tsb
PS: (Heat-flow,Fluid-flow. Boiling(
QS: Altemperature-of(p-water)l=Tpmax

Altemperature-of(f-water)l=Tpmax
AIflow-rate-of(p-water)l=Fpmin

Abbreviations
A[f(fw)1 :A(flow-rate-of(f-water)l
Dsia(sw)l:Dslamount-of(s-water)l
Alt(sw)] :A[temperature-of(s-water)I
Tsi:initial valueof Alt(~w)I
Tsb:boilingtemperaturefor A[t(sw)l

PS: (Heat-flow,Fluid-fowl
QS: Altemperature-of(p-water)l=’Tpmin

A[temperature-of(f-water)l=Tfniin
Alflow-rate-of(p-water)i=Fpmax

- Alf(fw)l=0 Aif(fw)I=(0,Ffmax)
DsIa(sw)l=l Ds[a(sw)}=I
Ajt(sw~ Tsb

Final-State

PS: (Heat-flow,Fluid-flow, Boiling(
QS: Attemperature-of(p-water)l=Tpmax

A[temperature-of(f-water)1=Tpmax
Alfiow-rate-of(p-water)I=Fpniiri

Alf(fw)l=0~’\ (~ij’f(fw)l=(0.Ffma~

Dsia(sw)l=I 1 DsIa(sw)~=I
Alt(sw)l=Tsb) ~ Alt(sw)j=Tsb

Alf(fw)l
Ds[a(sw)I=1
A[t(sw)l=Tsb

bidirectionalarc
unidirectionalar.. — —

FigS A situationtransition diagramof a steamgeneratorfor apartialhistory.



(I) Extensionof a partial history: The structureof a partial
history is merelya sequenceof partial slices, although
the sequencecan be fragmented by the “No-
Specification” partial slice. Its extensionto tree, graph
andhierarchicalstructuresor specifiedtransition rules
from ahistory likewisetheEXCALIBUR andtheCFRL
will enhancethe usability of the history-oriented
envisioning.

(2) Seekinga betteralgorithm:Thecurrentalgorithmfor the
history-orientedenvisioningis afirst versionto evaluate
the basic performance.Somemoreefficient algorithm
might bedeveloped.

(3) Developmentof a codefor generaluse: The domainof
processsystemsto be envisionedin the currentprogram
is quite limited. Theauthor is currently working on the
developmentof a generalcodefor history-oriented
envisioning.
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