
any constraintsonendtimeof atask,soit cannotexpressall
of the
�

relationsin Allen’salgebra.Ontheotherhandwebe-
lieve our approachis easierto trackandexpressive enough
for many practicalproblems.

Dechterand Meiri can reasonabout metric time con-
straintsandproposeanalgorithmthatcansolvesimpletem-
poralconstraintsatisfactionproblemsin polynomialtime.

Bacchussuggestedasimplisticapproachtogenerateplans
that include actionswith sametime stampbut in fact the
plansaresequentialbecausetheorderingof theactionswith
sametime stampis important.Theactionsin this approach
canhave instanteffectsthatareusedto controlconcurrency
anddelayedeffectsto representtheactionsthathaveadura-
tion greaterthanone.

TaL planneris extendedto reasonabout time, concur-
rency andresources.It prunesthe searchspaceusingcon-
trol ruleswritten in temporallogic. They definetwo actions
asmutuallyexclusive if theeffectsof themconflict at some
pointthatthesetwo actionsoverlap.Tal plannercanperform
concurrentnumericcomputationonly on resources.

Smith andWeld extendsthe definition of mutualexclu-
sion for actionsthat canhave durations.TGP usesa more
generalizedplanninggraphthatcanhandleactionswith du-
rationsandemploys theextendedmutualexclusionreason-
ing whensearchingfor a plan. TGP actionshave precon-
ditions that hold throughout the executionandeffectsthat
areguarantiedto betrueat theendof action.TGPdoesnot
allow intermediateeffects.Onecanarguethatpreconditions
holdingduringtheactionsmaybetoo restricted.

Conclusion
In this paperwe have presenteda formalism to explicitly
representtime in HTN planning. Basedon this formalism
we definedTimeLine a soundandcompleteHTN planner
thatcanreasonabouttime. Our experimentsconcludedthat
ourapproachis feasibleandworth futurestudy.

Theformalismwe presentis expressive enoughto repre-
sentmost of the practicalproblemsandyet still not com-
plex. We do not requirethe specificationof any resource
usagein any level of thetaskabstraction.Insteadwe define
concurrentupdaterulesfor numericstatevariablesthatcan
representtheserecourses.

A future study may concentrateon reducingthe back-
tracking points in the implementation. Number of back-
tracking becomesa real problemas the problemsize and
concurrency level increases.A betterimplementationmay
be backtrackingto representative time points insteadof
backtrackingall time points.
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TimeLine (N, A, S, T)

1 If N and A are empty

2 return empty plan;

3 else

4 if there is a task t such that time constraints

on start time of t is satisfied at T

5 If t is a simple task

6 Choose applicable operator instance o for t

7 end_time = time of the latest effect in o’s

effects

8 A’=A \bigcup effects of o

9 N’=reduce(N,t,empty tasknetwork,T,end_time)

10 P’ = TimeLine(N’,A’,S,T)

11 return (t [T, end_time])+ P’

12 else if ti is a composite task

13 Choose a T-executable reduction R for t,

R contains subtasks t_1 to t_n

14 end_time=(max(end t_1)(end t_2)..(end t_n))

15 N’ = reduce(N, t, R, T, end-time)

16 return TimeLine(N’,A,S,T)

17 end if

18 else

19 if A is empty and there is not a task t

such that time constraints on start time of t

is satisfied at T’ > T

19 Chose a task t such that time constraint on

starting time of t is satisfied at T.

20 Go to line 5

21 else

22 Choose ti be the progress task or a task in

N such that time constraints on its start

time are satisfied.

23 if ti is the progress task

24 (S’,A’) = Exec(S,A,T+1)

25 if S’ is a valid state

25 return TimeLine(N,A’,S’,T+1)

26 end if

27 else

28 Go to line 5

29 end if

30 end if

31 End TimeLine

Figure6: Pseudocodeof TimeLinealgorithm

Theorem 1: If one of the non-deterministictracesof
TimeLine(N,A,S,T)returnsa solution � , then � is a solu-
tion to theplanningproblem(N,A,S,T).

Proof : TimeLinereturnsasolutionat� Line 2: This line is executedwhen both N and A are
empty and returnedsolution is an empty plan. This is
Case1 of thedefinitionfor solutionplanningproblem.� Line 11: If line 5 is executedafter line 4 this casecor-
respondsto Case2.1 of solutiondefinition. If line 5 is
executedafterline 20thiscasecorrespondsto Case3.1of
solutiondefinition. If line 5 is executedafter line 28 this
casecorrespondsto Case4.2of solutiondefinition);

� Line 16: If line 12 is executedafter line 4 this casecor-
respondsto Case2.2 of solutiondefinition. If line 12 is
executedafterline 20thiscasecorrespondsto Case3.2of
solutiondefinition. If line 12 is executedafterline 28 this
casecorrespondsto Case4.3of solutiondefinition;� Line 25: Thesolutionreturnedin this line correspondsto
Case4.1of solutiondefinition.

Implementation and experiments
Wehaveimplementeddeterministicversionof TimeLineal-
gorithm.Wehavetestedour implementationontheLogistic
domainwhich is naturallyconcurrentandeasilyextendible
to includenumericstatevariables.

Theproblemswe usedin our experimentswerebasedon
30 problemsusedin AIPS98planningcompetition. Basi-
cally wetriedto createsamesetupthatis definedin (Kvarn-
strom,J. andDoherty, P. 2001). We setthe spacecapacity
for trucksto 5 andfor airplanesto 25. We randomlygener-
atedthepackagesizesbetween1 and3. We alsorandomly
defineddistancebetweentwo locationsin therange1 to 25.
Wehavecreate20randominstancedfor eachof the30prob-
lems.We ranTimeLineon 20 problemsinstancesthentake
theaverageandwe did this for 30 problems.

We ran the experimentson a PentiumIII-600 machine
with 128 memoryandWindows 98 operatingsystemrun-
ning on it. We comparedour resultswith thepublishedre-
sultsof TAL plannerandverified the feasibility of our ap-
proach.In factmostof thecasesTimeLineperformedbetter
thanTAL planner. Consideringtheconfigurationdifferences
betweenthemachines(TAL plannerexperimentsperformed
onPentiumII-333 ) andtheproblems,thisperformancedif-
ferencemaynot illustratea greatdeal. As we canseefrom
the preliminary resultsour approachis feasibleandworth
for futurestudy.

No TaL Planner TimeLine No TaL Planner TimeLine

1 270 591 16 10004 1455

2 811 644 17 2895 1248

3 2063 1165 18 21080 5047

4 5889 1412 19 18466 4649

5 541 601 20 37815 6317

6 6729 1877 21 39436 3224

7 1061 643 22 71402 20107

8 5658 1163 23 2434 3354

9 9594 2303 24 39096 1455

10 5738 3731 25 146921 10559

11 911 646 26 83960 22369

12 14871 1084 27 72814 9388

13 16524 2016 28 670284 24974

14 6800 2218 29 34550 21261

15 1512 3850 30 312099 9023

Table1: Averagetime in milisecondsto solveproblems

RelatedWork
Allen’sintervalalgebradefinestherelationsontwo tasksus-
ing theirendpoints.Ourapproachdoesnotdefineexplicitly



� If � is a timeconstraintin R andC refersto (endt1) then���
containsa constraint � � suchthat � � is sameas �

except(endt1) is replacedby time� 	 
 .
R =((:t1 (load-airplane package plane airport1)

:t2 (unload-airplane package plane airport2))

((= (start t1) now)(>= (start t2) (end t1))))

)

r =((:t3 (!fly-airplane plane airport3 airport1)

:t4 (!load-airplane package plane airport1))

((= (start t4) (end t3) ) ) )

R’=((:t2(unload-airplane package plane airport2))

:t3 (!fly-airplane plane airport3 airport1)

:t4 (!load-airplane package plane airport1))

((>= (start t2) (max (end t3) (end t4)))

(= (start t4) (end t3) ) ) )

Figure5: Examplefor reducinga tasknetwork

Whenwe are talking abouta simple task we caneasily
point the startandendtime of it. Basically the time when
matchingoperatoris appliedis its startingtimeandthetime
for the lasteffect of thatoperatoris theendtime. However
this can not be directly appliedto compositetasks. What
happensif at time � acompositetask� is decomposedinto n
subtasksusinganapplicablemethodandnoneof its subtasks
startat time � . In sucha caseit is doesnot make senseto
say that startingtime for � is � . On the other handif at
leastoneof its subtaskscanstartat � thenwecansafelysay
that startingtime of � is � . This leadsto the definition of
T-executablereduction.

Definition 12: Let S be the stateat time T andA be an
agendaafter T. Let � be a compositetask, 
 be a reduction
of � at time � and � � bea taskin 
 suchthattimeconstraints
on starttime of � � aresatisfiedat time ��� thenT-executable
reduction

�
for � is definedas:� If � � is asimpletaskandit is T-executablein Swith A then

R is equalto r andR hasanadditionaltime constraint�
(= (startt � � T) if r doesnot contain� .� If � � is a compositetaskandit is R’ is a T-executablere-
ductionof � � thatwith tasks� � � � � � � 	 thenR is equalto re-
duce(r,t� , R’, time� � � � � , time� 	 
 � wheretime� � � � � is equal
to T andtime� 	 
 is equalto (max(endt � � � (endt � � � .. (end
t � 	 � ).� Let T be the time and S be the stateat T and A be an
agendaafterT. A compositetask � is T-executableat time
T in stateS with A if thereexistsa t-executablereduction
for � �
Plan and Planning Problem
We now definewhat is a plan, a planningproblemand

whatis a solutionto theplanningproblem.
Definition 13: Let T bethetime,SbethestateatT andA

is anagendaafterT. Theeffect of achieving a progresstask
at timeT is definedasExec(A,S,T+1)

Definition 14: A plan is a list of (task� [time� � � � � ,
time� 	 
 ]) wheretask� is agroundsimpletasksandtime� � � � �
andtime� 	 
 arethestartandendtimesof task� .

Definition 15: A planningproblemPis atuple(N,A,S,T)
whereN is atasknetwork, A is anagendaafterT, Sis astate
andT is thecurrenttime.

Definition 16: Let P be a planningproblem(N,A,S,T)
thena solution � of problemPis definedasfollows:� Case1: If both N andA areempty then � is an empty

list.� Case2: If thereexists a task � � in N suchthat the time
constraintson starttime of � � aresatisfiedat T andthere
existsanequalityconstraintfor starttimeof � � and

– Case2.1: ti is a simpletask. Let O be an applicable
operatorinstanceof ti andtime� 	 
 bethetimeof latest
effect in � . Let A’ andN’ bedefinedas:

A’ = A � effectsof �
N’ = reduce(N,ti, emptytasknetwork, T, time� 	 
 �

Let � ’ bethesolutionto theproblem(N’,A’, S,T) then� = ( ti [T, time� 	 
 ]) + � ’
– Case2.2: ti is a compositetask. Let R be an T-

executablereductionof ti and ti1 .. tin are the tasks
in R. Let time� 	 
 be(max(end t � � � (end t � � � .. (end
t � 	 � � Let N’ be reduce(N,ti, R, T, time� 	 
 � then � is
thesolutionto theproblem(N’,A, S,T).� Case3: If A is emptyandthereis no taskt in N suchthat

thetimeconstraintsonstarttimeof ti aresatisfiedatT’¿T.
Thenlet ti beataskin N suchthat � � ’s timeconstraintsare
satisfiedat T.

– Case3.1: ti is a simpletask. Then � is definedasin
Case2.1

– Case3.2: ti is a compositetask. Then � is definedas
in Case2.2� Case4: Let ti betheprogresstaskor a taskin N suchthat

timeconstraintson its starttimearesatisfied.Then

– Case4.1: ti is progresstask. Then let S’ and A’ be
definedas
(S’,A’) = Exec(S,A,T+1)
If S’ is a valid statethen � is a solution to problem
(N,A’,S’,T+1);

– Case4.2: ti is a simpletask. Then � is definedasin
Case2.1

– Case4.3: ti is a compositetask. Then � is definedas
in Case2.2

Algorithm
We now definetheTimeLinealgorithmthatfindsa solution
to the planningproblem(N,A,S,T) as definedin pervious
section.We alsostateandprove thesoundnessof thealgo-
rithm.

Thepseudo-codefor thealgorithmis presentedin Figure
??. TimeLine is non-deterministicstraightforward imple-
mentationof thesolutiondefinedfor a planningproblemin
theprevioussection.



we do not allow the following (start t1) ¡ (endt2) or (start
t1) � ((startt2) - 3) or (startt1) = (endt2 - 5). All of these
constraintsrequiret1 to startbeforesometime that we do
not know in advanceandby the time thesepointsbecome
known theseconstraintsareeithersatisfiedor not andthere
is no time point after that thatcansatisfytheseconstraints.
Wefind theseconstraintshardto tracethereforedonotmake
useof them.For similarreasonswedonotdefineconstraints
on endtime of tasksfor example(endt1) � (endt2).

Definition 7: Givena taskt � andanothertaskt � , a time
constrainton starttime of t � is oneof the following expres-
sions: 

(= (start t � ) bound)whereboundcanbeeither(start t � !
or (endt � ! or “now”, whichmeanscurrenttime,or anon-
negative integer " or (+ basedelay) in which delay is a
nonnegative integer andbaseis either (start t � ! or (end
t � ! or “now”. 
(>= (start t � ) bound) whereboundis asdefinedabove 
(>= (start t � ) (max bound� bound� .. boundk)where
bound# is as definedabove. This is a short handnota-
tion for a list of time constraintsof (>= (startt � ! bound# !
where$ is in [1,k]

Time constraintsof the first type are called equality con-
straintswhereassecondand third typesarecalledgreater
thanconstraints.The following time constraintsaresatis-
fiedat timeT 

(= (startt � ! bound)whereboundis either“now” andcur-
rent time is % or a nonnegative integer " that is equalto% . 
(>= (start t � ! bound)wherebound is either “now” and
currenttime is % or a nonnegative integer " that is less
thanor equalto % . 
(>= (start t � ! (max bound� bound� ..bound& ! wherefor
every $ , bound# is nonnegative integerthat is lessthanor
equalto % .

Givena setof time constraints' on starttime of taskt � , '
is satisfiedat time % if all of thefollowing holds; 
' containsat most oneequality constraint ( , andC is
satisfiedat T. 
All of thegreaterthanconstraintsin U aresatisfiedat T.

Definition 8: TaskNetwork is a list of tasks ) * � + + * , ! and
a list of timeconstraintson thestarttimeof thesetaskssuch
thatendpointsof a taskreferencedin a time constraintis in
thelist of taskst � ..t, .

Definition 9: A methodhasthefollowing form
(:methodheadpreconditionsubtasks)

whereheadis a compositetask,preconditionis a conjunc-
tiveexpressionandsubtasksis a tasknetwork.

Figure 4 includestwo, methodswe definedfor our ex-
tended logistic domain. First method decomposesair-
deliver task into two subtaskswhich are labeledas * � and* � . Accordingto the time constraints* � shouldstartimme-
diately and * � canstartafter * � ends. The secondmethod
decomposesthe task unload-airplane-atinto two subtasks.
Thereis notimeconstraintfor * - but * . shouldstartwhen * -
ends.

(:method (air-deliver ?obj ?airport-from ?city)

;;PRECONDITION

((obj-at ?obj ?airport-from)

(in-city ?dest ?city)

(airport ?dest)

(= (airplane-space ?plane) ?space)

(volume ?obj ?vol)

(call >= ?space ?vol))

;; SUBTASKS

((:t1 (load-airplane ?obj ?plane ?airport-from)

:t2 (unload-airplane-at ?obj ?plane ?dest))

((= (start t1) now) (>= (start t2) (end t1))))

)

(:method load-airplane ?obj ?plane ?airport)

;;PRECONDITION

((not(moving ?plane ?dest))

(airplane-at ?plane ?somewhere)

(different ?somewhere ?airport)

(= (airplane-user ?plane) ?user)

(call < ?user 1)

)

;; SUBTASKS

((:t3 (!fly-airplane ?plane ?somewhere ?airport)

:t4 (!load-airplane ?obj ?plane ?airport 0))

((= (start t4) (end t3) ) ) )

)

Figure4: Methodfor air-deliver taskin extendedlogistic domain

Definition 10: Let / bethestateat timeT, * beacompos-
ite taskand 0 be a method. Let mgube the mostgeneral
unifier thatunifiestheheadof 0 and * . Then 02143 5 is an
applicablemethodinstancefor * in state/ at time % if the
preconditionof 02143 5 is satisfiedin /6+ If 7 is a list of bind-
ingsfor thefreevariablesin preconditionof 02143 5 suchthat
preconditionof 02143 5 is satisfiedthen(subtasks163 5 ! 8 is a
reductionof * at time % .

The ideabehindreducinga tasknetwork is to replacea
taskin thenetwork with oneof its reductionsandupdateall
thetimeconstraintsthatreferto theold taskto includerefer-
encesto new tasks.Figure5 givesanexampletasknetwork9

whichis reducedto
9�:

usingthemethodfor load-airplane
taskdefinedin Figure4.

Definition 11: Let
9

bea tasknetwork and * bea taskin9
. Let ; bea tasknetwork with tasks* � + + * , thenreduce(R,

t, r, time< = > ? = , time@ , A ! is a new tasknetwork
9�:

satisfying
thefollowing: 9�:

containsall tasksin ; andall tasksin
9

except * 9�:
containsall time constraintsin ; andin

9
exceptthe

constraintsthatareonstarttimeof * andthosereferto end
pointsof * . 
If ( is a time constraintin

9
and ( refersto (start t),

then
9�:

containsaconstraint( : suchthat ( : is sameas (
except(start t) is replacedwith time< = > ? = .



state.If in anagendaB every C is graterthan D then B is an
agendaE after D .

An effect F G thatis promisedto betrueattime D is consis-
tentwith anagendaB if f B doesnotcontainaneffect F H that
is promisedto betrueat time D and F H is mutuallyexclusive
with F G .

Figure 3 shows the loadoperatorwe definedfor our ex-
tendedlogistic domain. Theremay be a statethat satisfies
thepreconditionsof bothloadanddriveoperators.It isobvi-
ousthatfor atruckthesetwo operatorsshouldnotoverlapon
thetimeline. To handlethis casewe shouldextendthedefi-
nition of applicabilityfor anoperator, to includeconsistency
with thecurrentagenda.Thereforeif a drive operatoron a
truckis scheduledattime D , loadoperatoronthesametruck
shouldnot beapplicable.We shouldallow concurrentload
operatorsunlessthe cumulative numericaleffectsof these
load operatorsleadto an out of rangevaluefor a numeric
statevariablein thefuturestates.It is notalwayspossibleto
detecttheseinconsistenciesby looking at theagenda,since
theremaybeadditionsto agendaandthatcanfix whatseems
to beaproblem.Howeverit is easyto checkfor thestatejust
after the currentone. Let’s sayin the currentstatetruck B
has5 units of spaceavailable. If we schedule6 concurrent
loadinginto B now, wecanimmediatelyseethat(giventhat
all packageshave positive sizes)oneunit time laterwe will
ranout of space.No unloadoperationcanfix this problem
becausethevalueshouldalwaysstayin therangeno matter
in whatordertheseeffectsarecarriedon.

(:operator

(!load ?obj ?truck ?loc)

( (not (moving ?truck ?dest))

(obj-at ?obj ?loc)

(truck-at ?truck ?loc)

(= (truck-space ?truck) ?space)

(volume ?obj ?vol)

(call >= ?space ?vol) )

(([1]((+=(truck-user ?truck) 1)

(-=(truck-space ?truck) ?vol)

(not (obj-at ?obj ?loc))))

([1,2]((truck-at ?truck ?loc)))

([2]((-= (truck-user ?truck) 1)

(in-truck ?obj ?truck)))))

Figure3: Loadoperatorfor extendedlogisticdomain

Definition 5: Let I be the statefor time D , B be an
agendaafter D , C G beasimpletaskand J beanoperator. Let
mgubethemostgeneralunifier thatunifieswith theheadofJ andC G . Then JLK6M N is anapplicableoperator instanceforC G at timeT in stateI with agendaB if f thefollowing holdsO Thereis asatisfierP for thepreconditionof J K4M N in I6QO Noneof effectsin effect-list of ( J K4M N R S with sametime

is mutuallyexclusivewith eachother.O All of theeffectsof ( J K4M N R S areconsistentwith BO All thenumericvariablesstayin therangeat time DUTWV Q

Let I bethestateat time D and B betheagendain which
all of theeffectsareafter D . A simpletaskC G is T-executable
if thereexistsanapplicableoperatorinstancefor C G in Swith
A.

The purposeof agendais to keeptrack of changesthat
will be madeto future states.Given the currenttime, state
andthecurrentagendasuccessorstatescanbegeneratedby
performingtheeffectsin thetemporalorder.

Definition 6: Let I be the stateat time D and B be
an agendaafter D . Let F G ..F X be the effects in B that are
promisedfor time D�Y where D�Y is D +1 then Exec(A,S,T’)
createsa new stateI6Y in anda new agendaB�Y with thefol-
lowing properties:O Let Z be (= numeric-variableex-value)and I containsZ . If there is an effect F [ that assignsvalue new-value

to numeric-variablethen I6Y doesnot contain Z and I6Y
contains(= numeric-variablenew-value)O Let Z be (= numeric-variableex-value)and I containsZ . Let \L] (numeric-variable)be subsetof F G to F X such
thatevery F [_^`\L] (numeric-variable)increasesthe
valueof numeric-variable. \ba (numeric-variable)is de-
fined similarly for the effects that decreasethe valueof
numericvariable. Total increaseis sumof the increase
amountsof effects in E] . Total decreaseis sumof the
decreaseamountsof theeffectsin Ea . Then I6Y doesnot
containZ and I6Y contains(= numeric-variablenew-value)
wherenew-valueis equalto ex-value+ total increase–
total decrease. If ex-value+ total increaseor ex-value–
total decreaseis not in the rangedefinedfor numeric-
variablethenS’ is aninvalid state.O Let Z beanatomof theform (p-nameargG argH .. argX R
andp-nameis not +=, -= or =. If p is in S andthereis
an F [ suchthat F [ is (not p) then I6Y doesnot containZ , if
thereis nosuchF [ I6Y containsZ . If thereis an F [ suchthatF [ is p then I6Y containsZ .O B�Y is sameas B except B�Y doesnot containeffects F G ..F X .

Time Constraint, Tasknetwork, Method
Endpointsof a task C arethestartandendtimesof C which
we representas(start t) and(endt) respectively. End time
of a simpletaskis the time of lasteffect in theoperatorin-
stancethat is chosento achieve that task. Thereforeonce
theoperatoris chosen,endtimeof thesimpletaskis known.
Endtime of a compositetaskis maximumof theendtimes
of the subtasksin the decompositionof the methodchosen
to achieve this compositetask. End time of a composite
taskbecomesknown whenall of its subtasksendtimesare
known. We usethe endpointsof tasksto definetemporal
constraints.We concentratedon constrainingthestarttime
of tasksexplicitly. Wecandefinebothmetricandqualitative
constraints.For exampleif t1 andt2 aretwo tasksthe fol-
lowing arethetime constraintson starttime of t1; (startt1)c

((endt2) + 5) or (start t1) = ( (start t2) + 4) or (start t1)c
(start t2) While we arehandlingthe generalcases,there

aresomecombinationsthat we don not allow in our time
constraintdefinition. For exampleif t1 andt2 aretwo tasks



assignmentoperationsonthesamevariableatthesametime,
evend thoughthe assignedvaluesaresame. Concurrentin-
creaseanddecreaseoperationsonthesamenumericvariable
canbepermittedaslongasthevalueof thevariablestaysin
thedefinedrangein all intermediatestatesproducedby any
permutationof theseoperations.Sinceadditionandsubtrac-
tion arecommutative operations,the resultof the any per-
mutationwill be thesame.To ensurethat thevaluealways
staysin therange,it is enoughto checkpessimisticcasesin
which all increaseor all decreaseoperationsareperformed
first.

State,Agenda,Operator

Definition 1: Stateis a collectionof positive groundatoms
of the form (egf h�f i .. f j ) where e is the predicatename
and f h to f j areargumentterms. Valueof a numericstate
variableis representedby an atomof the form (= variable
value)wherevariableis thenumericstatevariableandvalue
is thevalueof thevariablein thisstate.A valid statecannot
containboth(= variablevalue1) and(= variablevalue2).

Main elementsof HTN planning are simple tasksand
compositetasks. Operatorsdefinea set of changesin the
currentstatein order to achieve simple tasks. Composite
taskscanbe achieved by decomposingthem into subtasks
andthenachieving thesesubtasks.Methodsdefinedecom-
positionsfor compositetasks.

ClassicalHTN operatorshave a preconditionto hold in
thestatejust beforetheoperatoris applied.Operatorshave
effectswhich will betruein thenext stateof theworld. We
extendthis definitionto representoperatorsthatmayhave a
durationof morethanoneunit time. We do not requirethe
preconditionof an operatorto hold throughout the execu-
tion. Effectsof anoperatorcannotchangethestatein which
it’s preconditionis evaluated.We eliminatedinstanteffects
becausethey make it hardto tracethedeletedprecondition
interactions.Thiswaywealwaysevaluatethepreconditions
in astablestate.Welet theoperatorshaveeffectsat interme-
diatetime points,not only at the endso the operatorsmay
representgradualchangesin thesuccessorstates.Effectsare
the promisesthat will be true in a successorstate. Effects
may assigna valueto a numericstatevariable,increaseor
decreasethevalueof a numericstatevariable,addor delete
anatomin or from thestate.

Definition 2: An operatorhasthefollowing form
(:operator headpreconditioneffect-list)

whereheadis a simple task,preconditionis a conjunctive
expressionandeffect-list is a list of timed effects. Timed
effectscanbein oneof thefollowing forms:

( [timeh k l m h . . . .ej n n or ( [timei ,timeo k l m h . . . .ej n n
wherem p ’sareeffectsandtheintendedmeaningof first form
is m p ’s will be true at (start time of operator + timeh n . The
intendedmeaningof thesecondform is m p ’s will be true in
thestatesassociatedwith inclusive time interval [start time
+ timei q start time+ timeh ]. In thisnotationtimeh , timei and
timeo shouldbepositive integersor numericexpressions.If
theresultof thenumericexpressionis notanintegerwetake
theceiling of theresult. More over timeo shouldbegreater
thanor equalto timei .

(:operator (!drive ?truck ?loc-from ?loc-to)

;;PRECONDITIONS

( (not (moving ?truck ?dest))

(= (truck-user ?truck) ?user)

(call = ?user 0)

(truck-at ?truck ?loc-from)

(distance ?loc-from ?loc-to ?dist)

(assign ?duration (call ceil (call / ?dist 2))

))

;;EFFECTS

(([1]

((=(truck-user ?truck) 1)

(=(truck-arrives ?truck ?loc-to)

(call - ?duration 1))

(moving ?truck ?loc-to)

(not (truck-at ?truck ?loc-from))))

([2,?duration]

((-= (truck-arrives ?truck ?loc-to) 1)))

([?duration ]

((= (truck-user ?truck) 0)

(not (moving ?truck ?loc-to))

(truck-at ?truck ?loc-to))))

)

Figure2: Drive operatorfor extendedlogistic domain

Figure2 shows drive operatorwe definedfor logistic do-
mainin which we addedsomenumericstatevariables.The
preconditionof theoperatorstatesthatnumberof usersthat
areworking on this truck shouldbe zeroandtruck should
not bein motion. Assignstatementin thepreconditionsim-
ply bindsthevalueof its secondtermto its first term. In this
case?durationis assignedto travel time between?loc-from
and?loc-towhenthe truck speedis 2. Oneunit time later
thestateandcurrentlocationof thetruck is updatedalsothe
numberof truck usersfor this truck is setto 1 anda counter
thatshows thetime left to arrive?loc-tois initialized. After
thatat every clock tick this counteris decreasedby one.Fi-
nally thestateandthe locationof thetruck is updated. We
alsodecreasethenumberof usersfor thistruck. Onethingto
noticeis we assignthevalueof (truck-user?truck)to oneat
thebeginninginsteadof increasingit by one.Thatisbecause
we want two overlappingdrive operationson sametruck to
bemutuallyexclusive.

Definition 3: Two effectsm h andm i aremutuallyexclusive
if any of thefollowing holds:r if m h and m i arelogical negationsof eachotherr if m h assignsa valueto a numericstatevariable s and m i

assignsor increasesor decreasesthevalueof sr if m h decreasesor increasesthe valueof a numericstate
variables and m i assignsa valueto sut
Sincewe have delayedeffectsthatmayappearsometime

in the future we needa structurethat remembersall of the
promisestowardfuturestates.

Definition 4: Agendais a collectionof pairs l f q m n wherem is an effect and f is the time when m will be true in the
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Abstract

In this paperwe presenta formalismfor explicitly represent-
ing time in HTN planning. Actions canhave durationsand
intermediateeffectsin this formalism. Methodscanspecify
qualitative andquantitative temporalconstraintson decom-
positions.Basedon this formalismwe defineda planningal-
gorithm TimeLine that canproduceconcurrentlyexecutable
plans in the presenceof numericstatevariables. We state
andprove the soundnessof the algorithm. We alsopresent
theexperimentalresultsof theTimeLineimplementationthat
shows thefeasibilityof ourapproach.

Intr oduction
Actions with different durations,simultaneousactionexe-
cution andreasoningwith metric quantitiesarethreechar-
acteristicof real-world planningproblems.Recentlystudies
on artificial intelligenceplanningconcentratedon develop-
ing formalismsfor representingtime andcreatingtemporal
plans.Theplanningdomaindefinitionlanguage(PDDL 2.1)
for AIPS2002planningcompetitioncandefineactionswith
durations,and addressthe concurrency issuesin the pres-
enceof numericstatevariables.

Thedifficulty arousedwith concurrency is to control the
overlappingactionexecutions.Theproblemgetsmorecom-
plicatedwhentherearelimited numberof sharedresources.
Whenresourcesareidentifiedandresourceneedsfor every
actionareexplicitly defined,thentwo actionswith conflict-
ing resourcerequirementscanbedefinedasmutuallyexclu-
sive. In this approachthe searchspacecan be prunedef-
fectively if it’s accompaniedby goodresourcemanagement
techniques.The more generalcaseis when thereare nu-
mericstatevariablesthatcanbeupdatedconcurrently. Nu-
mericstatevariablescanbeusedto representresourcesbut
not everynumericvariablecanbeseenasa resource.

Numeric computationsand time can be handledeasily
by HTN planners.For this reasonHTN plannersarecon-
venientlyusedfor practicalapplications. In this paperwe
presenta formalismfor explicitly representingtime in HTN
planning. Actions canhave durationsandintermediateef-
fectsin this formalism.Methodscanspecifyqualitativeand
quantitative temporalconstraintson decompositions.Based
on this formalismwe defineda planningalgorithmthatcan
produceconcurrentlyexecutableplans in the presenceof

numericstatevariables.We stateandprove the soundness
of the algorithm. We alsopresentthe experimentalresults
of the implementationthat shows the feasibility of our ap-
proach.

Formalism
Performingnumericalcomputationsis an important issue
for real-world problems. SomeHTN plannerslike SHOP
havealreadyincorporatedthis functionality. Resourcesgen-
erally representsomefeaturesin the domainthat are lim-
ited in number, like spaceavailablein a truck. Eventhough
numericstatevariablescan be usedto representthesere-
sources,theoppositeneednot to betrue. For example,let’s
saythe distancebetweentwo cities A andB is 6 units and
thereis a truck T that hasa speedof 2 units per unit time.
If T is at A andwill travel to B thenasT moves,the dis-
tancebetweenA and the currentlocationof T increases(
seedist(A,T) in Figure1 ). Similarly travel time left to B
is a numericvariable(seetimeTo (T,B) in Figure 1). We
believethesetwo numericvariablesdonot representany re-
sources.Therefore,insteadof identifying theresourcesand
definingoperationson theseresource,we will go with the
moregeneralwayanddefineconcurrentupdaterulesfor nu-
mericstatevariables.

Figure1: Dist(A,T) is distancebetweenA andcurrentloca-
tion of truck T, TimeTo(T,B) is time left to reachB

Thevalueof anumericvariablecanbeassignedto acon-
stant,decreasedor increasedby constantamount.Wedefine
assignmentoperationsonthesamevariableatthesametime,
asmutuallyexclusiveupdates.Thereforewedon’t allow two


