ary constraint®nendtime of atask,soit cannotexpressall
of therelationsin Allen’s algebra.Onthe otherhandwe be-
lieve our approachs easierto track and expressive enough
for mary practicalproblems.

Dechterand Meiri can reasonabout metric time con-
straintsandproposeanalgorithmthatcansolve simpletem-
poralconstraintsatishctionproblemsn polynomialtime.

Bacchussuggested simplisticapproacho generatglans
that include actionswith sametime stampbut in fact the
plansaresequentiabecauséheorderingof theactionswith
sametime stampis important. The actionsin this approach
canhave instanteffectsthatareusedto controlconcurreng
anddelayedeffectsto representheactionsthathave adura-
tion greaterthanone.

TaL planneris extendedto reasonabouttime, concur
reng/ andresourceslt prunesthe searchspaceusing con-
trol ruleswritten in temporallogic. They definetwo actions
asmutually exclusiveif the effectsof themconflictat some
pointthatthesetwo actionsoverlap.Tal plannercanperform
concurrennumericcomputatioronly on resources.

Smith and Weld extendsthe definition of mutual exclu-
sionfor actionsthat can have durations. TGP usesa more
generalizeglanninggraphthatcanhandleactionswith du-
rationsandemploys the extendedmutualexclusionreason-
ing when searchingfor a plan. TGP actionshave precon-
ditions that hold throughout the executionand effectsthat
areguarantiedo betrue atthe endof action. TGP doesnot
allow intermediateeffects. Onecanarguethatpreconditions
holdingduringtheactionsmaybetoo restricted.

Conclusion

In this paperwe have presenteca formalismto explicitly
representime in HTN planning. Basedon this formalism
we definedTimeLine a soundand completeHTN planner
thatcanreasorabouttime. Our experimentsoncludedhat
our approachs feasibleandworth future study

The formalismwe presenis expressve enoughto repre-
sentmostof the practicalproblemsandyet still not com-
plex. We do not requirethe specificationof ary resource
usagdn ary level of thetaskabstractionlnsteadwe define
concurrenupdaterulesfor numericstatevariablesthatcan
representheserecourses.

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

11f Nand A are enpty

2 return enpty plan;

3 else

4 if there is a task t such that tine constraints
on start time of t is satisfied at T

5 If t is a sinple task

6 Choose applicable operator instance o for t

7 end_tinme = tine of the latest effect in o's
effects

8 A =A \bigcup effects of o

9 N =reduce(N, t, enpty tasknetwork, T, end_ti ne)

10 P = TineLine(N,A,ST)
11 return (t [T, end_tine])+ P
12 else if ti is a conposite 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-tine)
16 return TineLine(N ,A S T)

17 end if

18 el se

19 if Ais enpty and there is not a task t
such that tine constraints on start tine 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 toline 5

21 el se

22 Choose ti be the progress task or a task in

N such that tine 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 isavalid state

25 return TinmeLine(N, A ,S ,6 T+1)
26 end if

27 el se

28 Co to line 5

29 end if

30 end if

31 End TineLine

Figure6: Pseudaodeof TimeLinealgorithm

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

Proof: TimeLinereturnsasolutionat

e Line 2. This line is executedwhen both N and A are
empty and returnedsolutionis an empty plan. This is
Casel of thedefinitionfor solutionplanningproblem.

e Line 11: If line 5 is executedafter line 4 this casecor
respondgo Case2.1 of solutiondefinition. If line 5 is
executedafterline 20this casecorrespondso Case3.1of
solutiondefinition. If line 5 is executedafterline 28 this
casecorrespondso Cased.2 of solutiondefinition);

¢ Line 16: If line 12 is executedafter line 4 this casecor
respondgo Case2.2 of solutiondefinition. If line 12 is
executedafterline 20this casecorrespondso Case3.2 of
solutiondefinition. If line 12 is executedafterline 28 this
casecorrespond$o Case4.3of solutiondefinition;

¢ Line 25: Thesolutionreturnedin this line correspond$o
Cased.1 of solutiondefinition.

Implementation and experiments

We have implementedieterministicversionof TimeLineal-
gorithm. We have testedourimplementatioron the Logistic
domainwhich is naturallyconcurrentandeasily extendible
to includenumericstatevariables.

The problemswe usedin our experimentsverebasedon
30 problemsusedin AIPS98 planningcompetition. Basi-
cally wetried to createsamesetupthatis definedin (Kvarn-
strom, J. and Doherty P. 2001). We setthe spacecapacity
for trucksto 5 andfor airplanego 25. We randomlygener
atedthe packagesizesbetweenl and3. We alsorandomly
defineddistancebetweertwo locationsin therangel to 25.
We have create20 randominstancedor eachof the30 prob-
lems. We ran TimeLine on 20 problemsinstanceshentake
theaverageandwe did thisfor 30 problems.

We ran the experimentson a PentiumIII-600 machine
with 128 memoryand Windows 98 operatingsystemrun-
ning onit. We comparedur resultswith the publishedre-
sultsof TAL plannerand verified the feasibility of our ap-
proach.In factmostof thecaseslimeLineperformedbetter
thanTAL planner Consideringheconfiguratiordifferences
betweerthemachinegTAL plannerexperimentgerformed
on Pentiumll-333) andthe problemsthis performancelif-
ferencemay notillustratea greatdeal. As we canseefrom
the preliminary resultsour approachis feasibleand worth
for future study

No | TaLPlanner | TimeLine No | TaLPlanner | 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

Tablel: Averagetime in milisecondgo solve problems

RelatedWork

Allen’sinterval algebradefinegherelationsontwo tasksus-
ing theirendpoints. Our approactdoesnot defineexplicitly



e If C isatime constrainin R andC refersto (endtl) then Definition 14: A planis a list of (task [timess,,
R’ containsa constraintC’ suchthat C’ is sameas C time,,,4]) wheretask is agroundsimpletasksandtimeg;
except(endtl) is replacedoy time., 4. andtime,,,4 arethe startandendtimesof task .

Definition 15: A planningproblemPis atuple(N,A,S,T)
whereN is atasknetwork, A is anagendafterT, Sis astate

R =((:t1 (I oad-airplane package plane airport1) andT is thecurrenttime.
112 (unl oad-airpl ane package pl ane airport2)) Definition 16: Let P be a planningproblem (N,A,S,T)
((= (start t1) now (>= (start t2) (end t1)))) thena solutionII of problemP is definedasfollows:
) e Casel: If bothN andA areemptythenllI is an empty
r =((:t3 (!fly-airplane plane airport3 airport1l) list.
:t4 (!l oad-airplane package plane airportl))

e Case2: If thereexists a taskt;in N suchthat the time

= tart t4 dt3 . . . L
((= (star ) (en ) constrainton starttime of ¢; aresatisfiedat T andthere

R =((: t 2(unl oad- ai rpl ane package pl ane airport2)) existsanequalityconstrainfor starttime of ¢; and
+t3 (!fly-airplane plane airport3 airportl) — Case2.1: ti is asimpletask. Let O be an applicable
:t4 (!l oad-airplane package plane airportl))

operatofinstanceof ti andtime,,,4 bethetime of latest
effectin O. Let A’ andN’ bedefinedas:

A’ = A U effectsof O

N’ = reduce(Nti, emptytasknetwork, T, time,,4)
LetIl' bethesolutionto theproblem(N’,A’, S, T) then

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

Figure5: Examplefor reducinga tasknetwork IM=(ti[T,timeyq]) +1I’
— Case2.2 ti is a compositetask. Let R be an T-
Whenwe aretalking abouta simple task we can easily executablereductionof ti andtil .. tin arethe tasks
point the startand endtime of it. Basicallythe time when in R. Let time,,,4 be(max(endt; ) (endt;) .. (end
matchingoperatotis appliedis its startingtime andthetime tin)) Let N’ bereduce(N,ti, R, T, timeg,q) thenIl is
for the last effect of thatoperatoris the endtime. However thesolutionto theproblem(N’,A, S, T).

this can not be directly appliedto compositetasks. What
happensf attime T acompositdaskt is decomposedhton
subtasksisinganapplicablemethodandnoneof its subtasks
startattime 7. In sucha caseit is doesnot make senseo

e Case3: If A isemptyandthereis notaskt in N suchthat
thetime constraintonstarttime of ti aresatisfiedat T'¢, T.
Thenletti beataskin N suchthatt;'stime constraintsre

say that startingtime for ¢ is T'. On the other handif at satisfiecatT.

leastoneof its subtasksanstartat 7" thenwe cansafelysay — Case3.1 ti is asimpletask. Thenll is definedasin

that startingtime of ¢ is 7. This leadsto the definition of Case2.1

T-executableeduction. . — Case3.2 ti is acompositetask. ThenIT is definedas
Definition 12: Let S be the stateattime T andA be an in Case2.2

agendaafter T. Let ¢t be a compositetask,r be a reduction
of t attime T andt; beataskin r» suchthattime constraints
on starttime of ¢; aresatisfiedat time T, thenT-executable

o Cased: Letti betheprogresgaskor ataskin N suchthat
time constraintn its starttime aresatisfied.Then

reductionR for ¢is definedas: — Case4.1 ti is progresstask. Thenlet S and A’ be
e If ¢; isasimpletaskandit is T-executablén Swith A then definedas
R is equalto r andR hasanadditionaltime constraintC (S'A) = Exec(S,A,T+1)
(= (startt;) T) if r doesnotcontainC'. If S’ is a valid statethenll is a solutionto problem
¢ If ¢; is acompositeaskandit is R’ is a T-executablere- (N.A.S ’T+_1_)’ . ) . .
ductionof ¢; thatwith taskst;; ..t thenR is equalto re- — Cased.2 ti is asimpletask. ThenIl is definedasin
duce(r,t;, R’, timezart, tiMeung) Wheretimegzq,¢ is equal Case2.1
to T andtime,,,q is equalto (max(endt;; ) (endt;) .. (end — Case4.3: ti is a compositetask. Thenll is definedas
tin) )- in Case2.2
e Let T bethetime and S be the stateat T and A be an .
agendaafter T. A compositeaski is T-executablettime Algorithm
T in stateSwith A if thereexistsat-executablereduction We now definethe TimeLine algorithmthatfindsa solution
fort. to the planningproblem(N,A,S,T) as definedin pervious
Plan and Planning Problem section.We alsostateandprove the soundnessf the algo-
We now definewhatis a plan, a planning problemand rithm. S o
whatis a solutionto the planningproblem. The pseudo-codéor thealgorithmis presentedn Figure
Definition 13: Let T bethetime, Sbethestateat T andA ??. TimeLine is non-deterministicstraightforward imple-
is anagendaafter T. The effect of achieving a progresstask mentationof the solutiondefinedfor a planningproblemin

attime T is definedasExec(A,S,T+1) the previoussection.



we do not allow the following (starttl) j (endt2) or (start
t1) > ((startt2) - 3) or (starttl) = (endt2 - 5). All of these
constraintgequiretl to startbeforesometime that we do
not know in advanceand by the time thesepointsbecome
known theseconstraintsareeithersatisfiedor not andthere
is no time point after that that can satisfytheseconstraints.
Wefind theseconstraintdardto tracethereforedo notmake
useof them.For similarreasonsve do notdefineconstraints
on endtime of tasksfor example(endtl) > (endt2).

Definition 7: Givenataskt; andanothertaskts , atime
constrainton starttime of t;is oneof the following expres-
sions:

e (= (startt;) bound)whereboundcanbe either(start tz)
or (endtz) or “now’, which meansurrenttime, or anon-
negative integer ¢ or (+ basedelay)in which delayis a
nonngative integer and baseis either (start t;) or (end
ta) or “now’.

e (>=(startt;) bound whereboundis asdefinedabove

e (>= (start t;) (maxbound bound, .. boundk)where
bound is asdefinedabove. This is a short handnota-
tion for alist of time constraintof (>= (startt; ) bound)
wheres isin [1,K]

Time constraintsof the first type are called equality con-

straintswhereas secondand third typesare called greater

than constraints. The following time constraintsare satis-
fiedattimeT

e (= (startt;) bound)whereboundis either*now’ andcur-
renttime is 7' or a nonn@ative integer c thatis equalto
T.

e (>= (startt;) bound)whereboundis either“now’ and
currenttime is T' or a nonneyative integer ¢ thatis less
thanor equalto T'.

e (>= (startt;) (maxbound bound ..bound,) wherefor
every i, bound is nonnaative integerthatis lessthanor
equalto T'.

Givenasetof time constraintd/ on starttime of taskt;, U
is satisfiedattime T if all of thefollowing holds;

¢ U containsat most one equality constraintC, andC is
satisfiedat T.

¢ All of thegreaterthanconstraintsn U aresatisfiedat T.

Definition 8: TaskNetwork is alist of tasks(¢; ..t,) and
alist of time constraintson the starttime of thesetaskssuch
thatendpointsof ataskreferencedn atime constraintis in
thelist of taskst; ..t,.

Definition 9: A methodhasthefollowing form

(:methodheadpreconditionsubtaskg
whereheadis a compositetask, preconditionis a conjunc-
tive expressiorandsubtaskss atasknetwork.

Figure 4 includestwo, methodswe definedfor our ex-
tended logistic domain. First method decomposesir-
deliver taskinto two subtaskswhich arelabeledast; and
to. Accordingto thetime constraints; shouldstartimme-
diately andt» canstartaftert; ends. The secondmethod
decomposeshe task unload-airplane-ainto two subtasks.
Thereis notime constrainffor ¢3 but ¢4 shouldstartwhents
ends.

(:method (air-deliver ?obj ?airport-from ?city)
;; PRECONDI TI ON

((obj-at ?obj ?airport-from
(in-city ?dest ?city)
(airport ?dest)

(= (airplane-space ?pl ane) ?space)
(vol une ?obj ?vol)
(call >= ?space ?vol))
;7 SUBTASKS
((:t1 (load-airplane ?0bj ?plane ?airport-from
:t2 (unl oad-airplane-at ?obj ?plane ?dest))
((= (start tl1l) now) (>= (start t2) (end tl1))))
)

(: method | oad-airplane ?obj ?plane ?airport)

;- PRECONDI TI ON

((not (nmovi ng ?pl ane ?dest))

(airplane-at ?plane ?sonewhere)

(different ?sonewhere ?airport)

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

(call < ?user 1)

)

;  SUBTASKS

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

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

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

Figure4: Methodfor air-delivertaskin extendedogistic domain

Definition 10: Let S bethestateattime T, ¢ beacompos-
ite taskand M be a method. Let mgube the mostgeneral
unifier thatunifiesthe headof M andt. ThenM™9* is an
applicablemethodinstancefor ¢ in state$S attime T if the
preconditionof M™9% s satisfiedn S. If « is alist of bind-
ingsfor thefreevariablesn preconditiorof M™% suchthat
preconditionof M™% s satisfiedthen(subtask®9*)¢ is a
reductionof tattime 7.

The ideabehindreducinga task network is to replacea
taskin the network with oneof its reductionsandupdateall
thetime constraintghatreferto theold taskto includerefer
encedo new tasks.Figure5 givesanexampletasknetwork
R whichisreducedo R’ usingthemethodfor load-airplane
taskdefinedin Figure4.

Definition 11: Let R beatasknetwork and¢ be ataskin
R. Letr beatasknetwork with taskst; ..t, thenreduce(R,
t, 1, tim&szare, time.,q) is anew tasknetwork R’ satisfying
thefollowing:

¢ R’ containsall tasksin r andall tasksin R exceptt

e R’ containsall time constraintsn r andin R exceptthe
constraintghatareon starttime of ¢ andthosereferto end
pointsof £.

e If C is atime constraintin R and C refersto (start t),
thenR’ containsa constraintC’suchthatC’ is sameasC
except(startt) is replacedwith timey;q;



state.If in anagendaA4 everyt is graterthanT then 4 is an
agandafterT'.

An effecte; thatis promisedo betrueattimeT is consis-
tentwith anagendaA iff A doesnotcontainaneffecte, that
is promisedo betrueattime T andes is mutuallyexclusive
with €.

Figure 3 shaws the load operatorwe definedfor our ex-
tendedlogistic domain. Theremay be a statethat satisfies
theprecondition®f bothload anddrive operatorslt is obvi-
ousthatfor atruckthesetwo operatorshouldnotoverlapon
thetimeline. To handlethis casewe shouldextendthe defi-
nition of applicabilityfor anoperatorto includeconsisteng
with the currentagenda.Thereforeif a drive operatoron a
truckis schedulecttime T, load operatoion thesametruck
shouldnot be applicable.We shouldallow concurrentoad
operatorsunlessthe cumulatve numericaleffects of these
load operatordeadto an out of rangevaluefor a numeric
statevariablein thefuture stateslt is notalwayspossibleto
detecttheseinconsistencieby looking at the agendasince
theremaybeadditionsto agendandthatcanfix whatseems
to beaproblem.Howeverit is easyto checkfor thestatejust
afterthe currentone. Let's sayin the currentstatetruck B
has5 units of spaceavailable. If we schedules concurrent
loadinginto B now, we canimmediatelyseethat(giventhat
all packagesave positive sizes)oneunit time later we will
ranout of space.No unloadoperationcanfix this problem
becausehe valueshouldalwaysstayin therangeno matter
in whatordertheseeffectsarecarriedon.

(: operator
(!l oad ?0bj ?truck ?loc)
( (not (noving ?truck ?dest))
(obj -at ?obj ?Ioc)
(truck-at ?truck ?loc)
(= (truck-space ?truck) ?space)
(vol ume ?o0bj ?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 extendedogistic domain

Definition 5: Let S be the statefor time 7', A be an
agendafterT, ¢t; beasimpletaskandO beanoperatorLet
mgubethemostgeneralnifier thatunifieswith the headof
O andt;. ThenO™%* is anapplicableoperator instancefor
t; attime T in stateS with agendad iff thefollowing holds

Thereis a satisfiera for the preconditionof O™9* in S.

Noneof effectsin effect-list of (O™9%)* with sametime
is mutually exclusive with eachothet

All of theeffectsof (O™9%)* areconsistentvith A
All thenumericvariablesstayin therangeattime T" + 1.

Let S bethestateattime T and A betheagendan which
all of theeffectsareafterT'. A simpletaski; is T-executable
if thereexistsanapplicableoperatoiinstancdor ¢; in Swith
A.

The purposeof agendais to keeptrack of changeghat
will be madeto future states.Giventhe currenttime, state
andthe currentagendasuccessostatescanbe generatedy
performingthe effectsin thetemporalordet

Definition 6: Let S be the stateat time T' and A be
anagendaafterT. Let e;..e, bethe effectsin A thatare
promisedfor time 7" whereT" is T'+1 then Exec(A,S,T’)
createsa new stateS’ in anda new agendad’ with the fol-
lowing properties:

¢ Let p be (= numeric-variableex-value)and S contains
p. If thereis an effect e; that assignsvalue new-value
to numeric-variablethen S’ doesnot containp and S’
containg= numeric-variablenew-valug

¢ Let p be (= numeric-variableex-value)and S contains
p. Let ET(numeric-variable)oe subsebf e; to e, such
thateverye; € E*t(numeric-variableincreaseshe
value of numeric-ariable. E—(numeric-variable)is de-
fined similarly for the effectsthat decreasdhe value of
numericvariable. Total increaseis sumof the increase
amountsof effectsin E*. Total deceaseis sumof the
decreas@amountsof the effectsin E~. ThenS’ doesnot
containp andS’ containg= numeric-\ariablenew-value)
wherenew-valueis equalto ex-value+ total increase—
total decease If ex-value+ total increaseor ex-value—
total decreaseis not in the rangedefinedfor numeric-
variablethenS’ is aninvalid state.

e Letp beanatomof theform (p-namearg, args .. arg,,)
andp-nameis not +=, -= or =. If pisin S andthereis
ane; suchthate; is (notp) thenS’ doesnot containp, if
thereis nosuche; S’ containg. If thereis ane; suchthat
e; ispthenS’ containsp.

o A’ is sameas A exceptA’ doesnot containeffectse; ..
€n.

Time Constraint, Task network, Method

Endpointsof ataskt arethe startandendtimesof ¢ which
we represents (start t) and(endt) respectiely. Endtime
of asimpletaskis the time of lasteffectin the operatorin-
stancethat is chosento achieve that task. Thereforeonce
theoperatoiis chosengndtime of the simpletaskis known.
Endtime of a compositetaskis maximumof the endtimes
of the subtasksn the decompositiorof the methodchosen
to achieve this compositetask. End time of a composite
taskbecomesknown whenall of its subtaskendtimesare
known. We usethe end points of tasksto definetemporal
constraints.We concentratean constrainingthe starttime
of tasksexplicitly. We candefinebothmetricandqualitative
constraints.For exampleif t1 andt2 aretwo tasksthe fol-
lowing arethetime constraintson starttime of t1; (starttl)
> ((endt2) + 5) or (starttl) = ( (startt2) + 4) or (starttl)
> (startt2) While we arehandlingthe generalcasesthere
are somecombinationsthat we don not allow in our time
constraintdefinition. For exampleif t1 andt2 aretwo tasks



assignmentperation®nthesamevariableatthesametime,

even thoughthe assignedvaluesare same. Concurrentin-

creaseinddecreaseperation®nthesamenumericvariable
canbepermittedaslong asthevalueof thevariablestaysin

thedefinedrangein all intermediatestategproducecby ary

permutatiorof theseoperations Sinceadditionandsubtrac-
tion are commutatve operationsthe resultof the any per

mutationwill bethe same.To ensurethatthe valuealways
staysin therange,it is enoughto checkpessimisticcasesn

which all increaseor all decreas®perationsare performed
first.

State,Agenda, Operator

Definition 1: Stateis a collectionof positive groundatoms
of the form (p #1 t2 .. t,) wherep is the predicatename
andt; to t,, areargumentterms. Value of a numericstate
variableis representedby an atomof the form (= variable
value)wherevariableis thenumericstatevariableandvalue
is thevalueof thevariablein this state.A valid statecannot
containboth (= variablevaluel) and(= variablevalue?.

Main elementsof HTN planning are simple tasksand
compositetasks. Operatorsdefinea setof changesn the
currentstatein orderto achieve simple tasks. Composite
taskscan be achieved by decomposingheminto subtasks
andthenachieving thesesubtasks.Methodsdefinedecom-
positionsfor compositetasks.

ClassicalHTN operatorshave a preconditionto hold in
the statejust beforethe operatoris applied. Operatorshave
effectswhich will betruein the next stateof theworld. We
extendthis definitionto represenbperatorghatmay have a
durationof morethanoneunit time. We do not requirethe
preconditionof an operatorto hold throughout the execu-
tion. Effectsof anoperatorcannotchangehestatein which
it's preconditionis evaluated.We eliminatedinstanteffects
becausehey male it hardto tracethe deletedprecondition
interactions This way we alwaysevaluatethe preconditions
in astablestate.We lettheoperator$ave effectsatinterme-
diatetime points, not only at the endso the operatorsmay
represengradualchangesn thesuccessostates Effectsare
the promisesthat will betruein a successostate. Effects
may assigna valueto a numericstatevariable,increaseor
decreas¢hevalueof a numericstatevariable,addor delete
anatomin or from the state.

Definition 2: An operatothasthefollowing form

(:operator headpreconditioneffect-list)
whereheadis a simple task, preconditionis a conjunctive
expressionand effect-list is a list of timed effects. Timed
effectscanbein oneof thefollowing forms:

([time;](eq....e,))or ([timeg time](es....6,))
wheree;’s areeffectsandtheintendedmeaningof first form
is e;'s will betrue at (start time of operator + time ). The
intendedmeaningof the secondform is ¢;'s will betruein
the statesassociatedvith inclusive time interval [start time
+time,, starttime+ time ]. In this notationtime , time, and
time; shouldbe positive integersor numericexpressionslf
theresultof thenumericexpressioris notanintegerwe take
the ceiling of theresult. More overtime; shouldbe greater
thanor equalto time;,.

(:operator (!drive ?truck ?loc-from ?loc-to)
; ; PRECONDI TI ONS
( (not (nmoving ?truck ?dest))

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

(call = ?user 0)

(truck-at ?truck ?loc-from

(di stance ?loc-from ?loc-to ?dist)

(assign ?duration (call ceil (call / 2dist 2))
))
;» EFFECTS
((r1l
((=(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 (noving ?truck ?loc-to))
(truck-at ?truck ?loc-to))))

Figure2: Drive operatorfor extendedogistic domain

Figure2 shows drive operatowe definedfor logistic do-
mainin which we addedsomenumericstatevariables.The
preconditionof the operatorstateghatnumberof usersthat
areworking on this truck shouldbe zeroandtruck should
notbein motion. Assignstatementin the preconditionsim-
ply bindsthevalueof its secondermto its first term. In this
case?durationis assignedo travel time betweer?loc-from
and?loc-towhenthe truck speedis 2. Oneunit time later
thestateandcurrentlocationof thetruckis updatedalsothe
numberof truck usersfor thistruck is setto 1 anda counter
thatshows thetime left to arrive ?loc-tois initialized. After
thatat every clocktick this counteris decreasethy one. Fi-
nally the stateandthe locationof thetruck is updated We
alsodecreasthenumberof userdfor thistruck. Onethingto
noticeis we assignthevalueof (truck-user?truck)to oneat
thebeginninginsteadf increasingt by one.Thatis because
we wanttwo overlappingdrive operationson sametruck to
bemutuallyexclusive.

Definition 3: Two effectse; andes aremutuallyexclusive
if ary of thefollowing holds:

¢ if e; ande, arelogical negationsof eachother

¢ if e; assignhsa valueto a numericstatevariablev andes
assignsr increase®r decreasethevalueof v

¢ if e; decreasesr increaseghe value of a numericstate
variablev ande; assignsavalueto v.

Sincewe have delayedeffectsthatmayappearsometime
in the future we needa structurethat remembersll of the
promisedowardfuture states.

Definition 4. Agendais a collectionof pairs(t, e) where
e is an effect andt is the time whene will betruein the
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Abstract

In this paperwe present formalismfor explicitly represent-
ing time in HTN planning. Actions canhave durationsand
intermediateeffectsin this formalism. Methodscan specify
qualitatve and quantitatve temporalconstraintson decom-
positions.Basedon this formalismwe defineda planningal-
gorithm TimeLine that can produceconcurrentlyexecutable
plansin the presenceof numeric statevariables. We state
and prove the soundnes®f the algorithm. We also present
theexperimentatesultsof the TimeLineimplementatiorthat
shaws thefeasibility of our approach.

Intr oduction

Actions with different durations,simultaneousaction exe-
cution andreasoningwith metric quantitiesarethreechar
acteristicof real-world planningproblems.Recentlystudies
on artificial intelligenceplanningconcentratean develop-
ing formalismsfor representingime andcreatingtemporal
plans.TheplanningdomaindefinitionlanguagéPDDL 2.1)
for AIPS 2002planningcompetitioncandefineactionswith
durations,and addresghe concurreng issuesin the pres-
enceof numericstatevariables.

Thedifficulty arousedwith concurreng is to controlthe
overlappingactionexecutions.Theproblemgetsmorecom-
plicatedwhentherearelimited numberof sharedresources.
Whenresourceareidentifiedandresourceneedsfor every
actionareexplicitly definedthentwo actionswith conflict-
ing resourcaequirementsanbedefinedasmutually exclu-
sive. In this approachthe searchspacecan be prunedef-
fectively if it's accompaniedby goodresourcananagement
techniques. The more generalcaseis whenthere are nu-
meric statevariablesthat canbe updatedconcurrently Nu-
meric statevariablescanbe usedto representesourcedut
notevery numericvariablecanbe seemasaresource.

Numeric computationsand time can be handledeasily
by HTN planners. For this reasonHTN plannersare con-
veniently usedfor practicalapplications. In this paperwe
present formalismfor explicitly representingimein HTN
planning. Actions can have durationsand intermediateef-
fectsin this formalism.Methodscanspecifyqualitatve and
guantitatve temporalconstrainton decompositionsBased
on this formalismwe defineda planningalgorithmthatcan
produceconcurrentlyexecutableplansin the presenceof

numericstatevariables. We stateand prove the soundness
of the algorithm. We also presenthe experimentalresults
of the implementatiorthat shavs the feasibility of our ap-
proach.

Formalism

Performingnumericalcomputationss an importantissue
for real-world problems. SomeHTN plannersiike SHOP
have alreadyincorporatedhis functionality. Resourcegen-
erally represensomefeaturesin the domainthat are lim-

itedin number like spaceavailablein atruck. Eventhough
numeric statevariablescan be usedto representhesere-
sourcesthe oppositeneednotto betrue. For example,let's
saythe distancebetweentwo cities A andB is 6 unitsand
thereis atruck T thathasa speedof 2 units per unit time.
If TisatA andwill travel to B thenasT moves,the dis-
tancebetweenA andthe currentlocationof T increaseg

seedist(A,T) in Figurel ). Similarly travel time left to B

is a numericvariable (seetimeTo (T,B) in Figure1). We
believe thesetwo numericvariablesdo notrepresenary re-
sources.Therefore jnsteadof identifying the resourcesnd
defining operationson theseresourcewe will go with the
moregeneralvay anddefineconcurrenupdaterulesfor nu-
mericstatevariables.

A B
® l l ®
Tl
Time 0 1 2 3
Dist(A,T) 0 2 4 6
TimeTo(T,B) 3 2 1 0

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

Thevalueof anumericvariablecanbeassignedo a con-
stant,decreasedr increasedy constanamount.We define
assignmentperation®nthesamevariableatthesamdime,
asmutuallyexclusive updatesThereforeve don't allow two



