
Planning under Resource ConstraintsJana Koehler1Abstract. This paper outlines the basic principles underly-ing reasoning about resources in IPP, which is a classical plan-ner based on planning graphs originally introduced with thegraphplan system. The main idea is to deal with resourcesin a strictly action-centered way, i.e., one speci�es how eachaction consumes or produces resources, but no explicit tem-poral model is used. This avoids the computational problemsof solving general constraint satisfaction problems by usinginstead interval arithmetics and propagation of resource re-quirements over time steps in the planning graph.1 Actions that provide, produce, andconsume ResourcesThe starting point for the language extension is the ADLsubset that is available in IPP 3.0 [7]. It o�ers universallyquanti�ed and conditional e�ects, atomic negation, equalityas well as quanti�ed and conditional goals. To reason aboutresources, an action description is extended in the followingway:1. Following the \ordinary preconditions" (which are logicalfacts) resource requirements can be speci�ed.2. E�ect descriptions are extended to specify which of theresource variables is provided, produced or consumed by theaction.3. Database query schemata allow for a compact representa-tion of resource requirements and resource e�ects.As an example, consider the following two actions that arepart of our version of the airplane example used by the ZENOplanner [9].
y(?x ?y:airport):pre plane-at(?x) ($gas � distance(?x ?y)/3):eff plane-at(?y) not plane-at(?x);ALL ?p:passenger boarded(?p)=> at(?p ?y) not at(?p ?x);$gas -= distance(?x ?y)/3;$time += distance(?x ?y) * (3/20).refuel(?x:location):pre plane-at(?x):eff $gas := 750;$time += -0.08*$gas+60 | 60.The action 
y speci�es what happens when an airplane
ies from airport x to airport y. As a precondition it needs1 Albert Ludwigs University, Am Flughafen 17, 79110 Freiburg,Germany, koehler@informatik.uni-freiburg.de

to be at airport x and as a resource requirement there mustbe enough gas in the tank to 
y the distance between thetwo airports speci�ed with $gas � distance(?x ?y) / 3.We allow the distinguished binary predicates =;�;�, whichmean that the current amount of the resource variable $gasspeci�ed as the �rst argument must be either equal, lower-or-equal, or higher-or-equal the arithmetic expression following asthe second argument. An arithmetic expression can containa database query schema such as distance(?x ?y) togetherwith an arithmetic term built out of the four basic mathe-matical operations and real numbers. When the action getsinstantiated, the query schema is instantiated into a databasequery such as distance(Basel Paris) for which the speci�cvalue is found in the associated database. Together with thearithmetic term it can be simpli�ed to a single real numberyielding $gas � 200 as the resource requirement of the actioninstance 
y(Basel Paris).2As an e�ect of the action, $gas is consumed (indicated bythe assignment operator -=) and $time is \produced" (indi-cated by +=), i.e., it advances on a discrete scale of time unitswhen actions are executed. Producers (+=) and consumers(-=) increase or decrease a resource relative to its currentvalue, e.g., if the action 
y(Basel Paris) consumes 200 unitsof gas and the current value of this resource is 300 then thenew value of $gas results with 100.Two more kinds of e�ects are allowed and shown in theaction refuel. The �rst kind of e�ect assigns to $gas theabsolute value of 750 independently of its previous value (in-dicated with the assignment operator :=), i.e., refuel is aprovider of $gas. The second kind of e�ect speci�es that thetime for refuelling depends on the gas amount that is neededby the airplane. We allow for a limited form of interdepen-dencies between resource variables where one variable can de-pend on at most another one via a linear equation of the formy = mx + b. E�ects without resource interdependencies arereferred to as simple. The action also shows an expressionof the form jNUMBER, which represents a worst-case value,i.e., $time will at most be increased by 60 minutes (if thisis the assumed unit) when re�lling the maximum amount of750. Currently, we do not allow interdependency chains where$x depends on $y, which again could depend on $z etc.2 Planning Problems involving ResourcesThe speci�cation of a planning problem includes the usualdeclaration of constants and their types, i.e.,2 For each resource variable a unit of measurement is assumed thatremains implicit in the planner.c
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passenger: Dan Ernie Scott;location: Paris Basel London;a declaration [dmin($r); dmax($r)] of the minimum and max-imum values each resource variable can take$time: [0, 1);$gas: [0,750];and the database information (since no connection to a realdatabase is implemented yet) such asdatabase: distance(Paris Basel) 600distance(Paris London) 400distance(Basel Paris) 600distance(Basel London) 800.The speci�cation of the initial state speci�es the usual logi-cal facts and assigns values to all resource variables that areinvolved in the planning probleminitial: $time=0 $gas=300checked-in(Ernie) checked-in(Scott)plane-at(Basel) at(Ernie Paris)at(Dan Paris) at(Scott Basel).The goal speci�cation contains resource requirements togetherwith logical facts that have to hold in the goal state:goal: $time � 330at(Ernie London) at(Scott London).This states the planning problem to 
y two passengers fromtwo di�erent locations to London in less than 330 minutes.3 Resource Time MapsTo build planning graphs, all valid instances of applicable ac-tions are determined. The instantiation of a database queryschema is a speci�c query returning the value from the database.This means, an instantiated action can only require a speci�cnumerical value as a resource requirement in its preconditionssuch as $time � 100 or $gas = 50. Resource e�ects are re-duced to an operator followed by a numerical value or to anoperator followed by a linear equation containing one resourcevariable.For each instantiated action a, its speci�c requirements forresource $r as the interval [rmin(a; $r); rmax(a; $r)] and acomputational instruction for each resource that it a�ects aredetermined. If no resource requirement is speci�ed, the actionis applicable if the resource takes an arbitrary value speci�edby (�1;+1). For the example, we obtainaction $gas $time
y(B P) pre: [200;+1) (�1;+1)e�: � = 200 + = 90
y(B L) pre: [266:67;+1) (�1;+1)e�: � = 266:67 + = 120
y(P L) pre: [133:33;+1) (�1;+1)e�: � = 133:33 + = 60refuel(B) pre: (�1;+1) (�1;+1)e�: := 750 + = �0:08 � $gas+60 j 60board(P) pre: (�1;+1) (�1;+1)e�: + = 30

Providers can assign arbitrary values to resources, whileproducers and consumers are limited to positive values. Forexample, one cannot declare $gas += -500, i.e., that an ac-tion is a producer, but the instruction would in fact decrementthe value of the resource. Linear equations are allowed for pro-ducers and consumers only and also have to return positivevalues.The �rst layer in the planning graph is obtained from thelogical facts in the initial state speci�cation. Together withthe graph, a resource time map RTM is built that recordsthe possible interval boundaries [tmin(n; $r); tmax(n; $r)] foreach resource variable $r at each time step n and that issimilar to the resource utilisation manager in O-Plan [3]. Theinitialisation of the intervals at time step 0 is based on thespeci�cation of the initial state. For example $money � 200leads to [200;+1) and $debts � 10, $debts � 5 lead to[5; 10]. This way, one can also represent uncertainty aboutthe exact amount of a resource that is initially available.De�nition 1 Let [rmin(a; $r); rmax(a; $r)] be the resourcerequirement of action a and [tmin(n; $r); tmax(n; $r)] be theRTM interval for $r in time step n, the resource requirementis possibly satis�able in n i� [rmin(a; $r); rmax(a;$r)] \[tmin(n; $r); tmax(n;$r)] 6= ;.De�nition 2 A simple resource e�ect $r OP N is impossiblei� tmin(n; $r) + N > dmax if OP is + =tmax(n; $r)� N < dmin if OP is � =N 62 [dmax($r); dmin($r)] if OP is :=De�nition 3 An action a is applicable to a fact level n inthe planning graph i�1. its logical preconditions are non-exclusive in n2. all its resource requirements are possibly satis�able in n3. none of its simple resource e�ects is impossible.The exclusivity relation over pairs of actions is extendedin such a way that a parallel set of actions causes the sameresource e�ects independently of a particular linearization ofthe actions. This restriction eliminates all possible resourcecon
icts within parallel actions and leads to a unique resultingstate with respect to resources independently of the executionorder of the actions.De�nition 4 Two actions are marked as exclusive if one ofthe following holds- they are logically exclusive [7]- they belong to di�erent action types (consumers, providers,and producers are exclusive of each other)- both actions are providers of the same resource- one a�ects a resource variable that occurs in the linearequation of the other's e�ects- their combined simple e�ects are impossible (Def. 2)- both have contradictory resource requirements (the intersec-tion of the corresponding resource intervals is empty).The next fact level in the graph is built as usual, i.e., alle�ects whose e�ect conditions can possibly be made true areadded to the level and the appropriate ADD and DEL edgesare drawn. Logical facts are marked as exclusive as before,see [7]. Resource e�ects update the resource time map at thenext level based on the following rules:Planning and Scheduling 490 J. Koehler



De�nition 5 Given the interval [tmin(n; $r); tmax(n;$r)] ofresource $r at time step n in the RTM, to compute the newinterval [tmin(n + 1; $r); tmax(n+ 1; $r)] at time step n + 1we do the following:(1) If no applicable action a�ects $r then[tmin(n+1; $r); tmax(n+1; $r)] = [tmin(n; $r); tmax(n; $r)].(2) Otherwise, for all actions a that a�ect $r: If the e�ect ofa on $r contains a linear equation, it is replaced by the worst-case value, i.e., each resource e�ect is simpli�ed to OP N(a).For the distinguished resource $time, which is only \produced"tmin(n+ 1; $time) = tmin(n; $time)tmax(n+ 1; $time) = MAXa [tmax(n; $time) + N(a)]For all other resource variables $r the algorithm computes theinterval boundaries for maximal sets of non-exclusive actionsthat a�ect a resource, i.e., given an action it adds to it allactions that are non-exclusive following Def. 4. This set con-struction is repeated for each action that occurs at the currentlevel in the graph.Each set s of k non-exclusive producers of $r yields one newupper interval boundarytmax(n+ 1; $r)s = tmax(n; $r) +Pka=1 N(a)Each set s of k non-exclusive consumers of $r yields one newlower interval boundarytmin(n+ 1; $r)s = tmin(n; $r)�Pka=1 N(a)Each single provider a of $r yields another minimum andmaximum interval boundarytmin(n+ 1; $r)s = tmax(n+ 1; $r)s = N(a)Furthermore, the interval boundaries at time step n are prop-agated to time step n + 1 to yield another pair of intervalboundaries:tmin(n+ 1; $r)s = tmin(n; $r)tmax(n+ 1; $r)s = tmax(n; $r)The new RTM interval for $r at time step n+1 results as theminimum and maximum values from the set of new intervalboundaries intersected with the predeclared interval.[tmin(n + 1; $r); tmax(n+ 1; $r)] = [dmin($r); dmax($r)]\ [MINs tmin(n + 1; $r)s;MAXs tmax(n+ 1; $r)s]Let us consider the following example: In the initialstate (fact level 0) the RTM is initialised with [0,0] for$time and [300,300] for $gas. The initially applicable actionsare: 
y(Basel Paris), 
y(Basel London), refuel(Basel),board(Basel). For $time we only have producers which add30, 60, 90 or 120 minutes each, i.e., at fact level 1 we endup with the interval [0,120] taking the maximum increase.The amount of gas is set to 750 by refuelling, which is aprovider, but 
ying actions are consumers decreasing the vari-able by either 266.67, 200 or 133.33. The 
ying actions aremarked as exclusive for two reasons: �rst, they interfere withrespect to their logical e�ects and second, their combined sim-ple resource e�ects fall below the valid interval minimum of0 for $gas. Therefore, �ve individual new lower bounds areobtained|the old value 300, one from each 
ying action, andone from the provider|of which the minimum is selected:MIN(300; 300�200; 300�133:33; 300�266:67; 750) = 33:33.The new upper bound results from the maximum of theold value with 300 and the assignment of the provider with

750. Thus [tmin(1; $gas); tmax(1; $gas)] is the intersection of[0; 750] \ [33:33; 750] = [33:33; 750].This way, the graph is expanded until the logical goals arereached for the �rst time without being exclusive and theRTM intervals reach a non-empty intersection with all goalintervals.4 Finding a Valid Choice ofResource-constrained Parallel ActionsRecall that only a set of non-exclusive actions can be selectedat each time step when we are searching from the goal levelback to the initial state. For resources, non-exclusivity impliesthat at each time step a resource can either be consumed,produced, or provided and that never a dependency resourcecan be changed simultaneously with the depending resource.The planning algorithm comprises two parts: The candi-date generation, which searches the planning graph and RTMfor a plan that possibly solves the planning problem and thesymbolic execution that proves that the generated candidateis indeed correct.The generation algorithm searches the planning graph levelby level starting from the goals. It works in two phases: In a�rst action selection phase, it chooses a minimal non-exclusiveand con
ict-free set of parallel actions to achieve the logicalgoals. If the resulting new resource goals are inconsistent withthe individual resource requirements of a selected action orthe maximal possible range of resources as re
ected in theRTM, a con
ict has occurred. In this case, a second phaseadds additional actions to the minimal set in order to achievea con
ict resolution. In the following, we solely concentrateon the resource-side of each action selection, how the processproceeds for the logical goals is described in [7].At each time step n + 1, the algorithm is given the logicalgoals Gn+1 and a resource goal [gmin(n + 1; $r); gmax(n +1; $r)] for each resource variable $r that occurs in the planningproblem. It is initially called starting at the max time step ofthe graph with the logical goals that have been speci�ed in theplanning problem. If any resource goals have been speci�edtoo, they are intersected with the corresponding RTM intervalto yield the resource goals at time step max. If no speci�cvalue for a resource is required in the goal state, then theresource goal is initialised with the RTM interval at time stepmax. Action selection proceeds as follows:(1) We start with an initialisation: the set of selected actions�n is initially empty and all new resource goals at time stepn are initialised with the resource values from time step n+1.�n = ;8 $r : [gmin(n; $r); gmax(n; $r)] :=[gmin(n+ 1; $r); gmax(n+ 1; $r)](2) An action a is selected that achieves a goal from Gn+1and that is non-exclusive to the actions already contained in�n and �n = �n [ fag. If no selection is possible the searchalgorithm backtracks to action level n + 1.(3) For each resource $r, the following tests are performedwith the selected action a and the resource e�ects of a toupdate the resource goals:if a does not a�ect $r: do nothingelsif a is provider of $rthen if gmin(n+ 1; $r) � N � gmax(n+ 1; $r)Planning and Scheduling 491 J. Koehler



then gmin(n; $r) := �1gmax(n;$r) := +1else backtrack to select a new actionelsea is simple-e�ect producer/consumer and $r 6= $time:gmin(n; $r) := gmin(n; $r) OP N(a)gmax(n;$r) := gmax(n; $r) OP N(a)a is simple-e�ect producer and $r = $time:gmin(n; $r) := gmin(n+ 1; $r)�MAXa2�n N(a)gmax(n;$r) := gmax(n+ 1; $r)�MAXa2�n N(a)a a�ects $r with non-simple e�ect: do nothing(the exact value returned by the equation is yet unknown)with OP being the inverse operator to OP, i.e., we use +instead of � and vice versa. N(a) is the numerical value fromthe simple e�ect. For example, if the old goal was [100;+1)and the e�ect is -= 50 then we obtain [100 + 50;+1 + 50)which yields the new goal interval [150;+1).This way, actions are selected until a minimal action setis found that achieves all logical goals. The updated resourcegoals for the current choice of actions are tested against theresource requirements of each action and the RTM intervalsat time step n:Test (1): 9 $r; a 2 �n : [gmin(n; $r); gmax(n; $r)]\ [rmin(a; $r); rmax(a;$r)] = ;Test (2): 9 $r : [gmin(n; $r); gmax(n;$r)]\ [tmin(n; $r); tmax(n; $r)] = ;If the tests fail, i.e., all intersections are non-empty, the �-nal new resource goals for this minimal action set are obtainedfrom the intersection of the goals with all resource require-ment intervals of all actions in �n and the RTM interval:[gmin(n; $r); gmax(n; $r)] := [gmin(n; $r); gmax(n; $r)]\Ta2�n [rmin(a; $r); rmax(a;$r)] \ [tmin(n; $r); tmax(n; $r)]Together with the new logical goals resulting from the pre-conditions and e�ect conditions of selected actions, these re-source goals are forwarded to the next level of the planninggraph. The algorithm terminates successfully in the initialstate if [tmin(0; $r); tmax(0; $r)] � [gmin(0; $r); gmax(0;$r)]for all resources $r.If one of the above tests succeeds, a resource con
ict oc-curs that the planner needs to resolve by adding more actionssuch that the new goals of the �nal action set will fall withinpredeclared interval boundaries and the recorded RTM in-tervals, and are consistent with the resource requirements ofeach action. Depending on why a test was successful, a con
ictresolution policy is determined:(A) If gmax(n;$r) < T where T stands for the interval againstwhich the goals are tested, then a consumer or provider of $ris added to �n in the next selection.(B) If gmin(n; $r) > T then a producer or provider of $r isadded to �n in the next selection.This means that it is no longer su�cient to restrict thesearch space of the planner to action sets that are minimalwrt. the logical goals. It is easy to see that there can be actionsthat must solely be selected to achieve resource goals, but arenot necessary at all to achieve the logical goals. To achievecompleteness, all possible minimal action sets that achieve aset of logical goals are generated and for each of the sets all

possibilities to add con
ict resolvers have to be explored. Thealgorithm returns the �rst con
ict-free set of actions that it�nds, which does not need to be the smallest set in terms ofthe number of actions. Furthermore, if a con
ict cannot beresolved at time step n then the planner has to explore if itcan prevent the con
ict at levels i � n.The necessity to explore all possibilities for con
ict reso-lution by addition of actions at various levels in the graphleads to a large search space that is only limited by the ratherstrict exclusivity relations that we formulated over actions,the number of actions at each time step in the planning graph,and the depth of the graph - more precisely the number of ac-tion levels between max and the level n where the con
ictwas detected. If the complete search over a graph of depth thas failed in generating valid plans, the planning graph andRTM are extended to depth t + 1 and the planner searchesagain the extended graph.If no linear equations involving resource dependencies oc-cur in the chosen actions then this algorithm is a sound andcomplete planner. Otherwise, the symbolic execution phaseneeds to verify that a generated plan is indeed a solution.35 An ExampleIn the airplane example, the planner starts with the goal in-tervals for $time [0; 330] (resulting from the intersection ofthe original goal (�1; 330] and the RTM interval) and $gas[0; 750] (resulting from the RTM interval because no value isspeci�ed) at fact level 4 (the planner has unsuccessfully triedto search a plan starting from level 3, i.e., the planning graphand RTM were extended by one more level). To achieve thegoals at(Ernie London) and at(Scott London) the action
y(Paris London) is selected, which leads to the followinggoals at fact level 3:f 3: $time 2 [0,270] $gas 2 [133.33,750]boarded(Ernie) boarded(Scott) plane-at(Paris)For $time the planner computes [0 � 60; 330 � 60] inter-sected with the resource requirements (�1;+1) and theRTM [0; 360]. For $gas it computes [0 + 133:33; 750 + 133:33]intersected with the resource requirements [133:33;+1) andthe RTM interval [0; 750].Now, the planner selects board(Paris) for Ernie to en-ter the aircraft, while boarded(Scott) and plane-at(Paris)are forwarded to time step 2. Boarding takes 30 minutes andconsumes no gas, i.e., the new time goal is [0 � 30; 270 � 30]intersected with (�1;+1) and [0; 240].f 2: $time 2 [0,240] $gas 2 [133.33,750]checked-in(Ernie) at(Ernie Paris)plane-at(Paris) boarded(Scott)To achieve the goal plane-at(Paris), the action 
y(BaselParis) is selected, while all other subgoals are forwarded totime step 1. Flying requires 200 amounts of gas and takes90 minutes, i.e., the planner gets for $time the intersection of[0�90; 240�90] with (�1;+1) and [0; 120]. For $gas it inter-sects [133:33+200; 750+200] with [200;+1) and [33:33; 750]which yields [333:33; 750].3 A more detailed description of the planning algorithm and theimplemented prototype can be obtained from the IPP homepage:http://www.informatik.uni-freiburg.de/~koehler/ipp.html.Planning and Scheduling 492 J. Koehler



f 1: $time 2 [0,120] $gas 2 [333.33,750]checked-in(Ernie) at(Ernie Paris)plane-at(Basel) boarded(Scott)Finally, Scott needs to board in Basel before the airplanetakes o� for Paris, i.e., the planner selects board(Basel) asthe action that will be executed in the initial state. For $timethe new goal interval in the initial state is [0 � 30; 120 � 30]intersected with (�1;+1) and [0; 0], which yields [0; 0]. For$gas the planner intersects [333:33; 750] with [300; 300], whichis empty. This alerts the planner that a resource con
ict hasoccurred on $gas. Since the goal interval lies \right" of theRTM interval, a producer or provider has to be considered forcon
ict resolution. The refuelling action is the only providerof $gas and fortunately, it is non-exclusive of boarding andsatis�es the test 333:33 � 750 � 750. The new goal for this re-source is recomputed as [�1;+1], which is intersected with[300; 300] to yield the resource goal in the initial state. Obvi-ously, this goal interval coincides perfectly with the amountof gas that is available in the initial state.f 0: $time 2 [0,0] $gas 2 [300,300]checked-in(Ernie) at(Ernie Paris)plane-at(Basel) checked-in(Scott)Since a non-simple resource e�ect occurs|the time for re-fuelling depends on the amount of gas that is available in theinitial state|this plan just represents a candidate and hasto be veri�ed by symbolic execution, i.e., the planner com-putes how each action exactly a�ects the resources in eachtime step. If (1) all resource requirements of all actions aresatis�ed in the state in which they are scheduled for execu-tion, (2) all their e�ects yield resource values that fall withinthe predeclared intervals, and (3) if the resource goals hold inthe �nal state, then the plan is indeed a solution.6 Empirical EvaluationIn contrast to classical STRIPS planning, only very few ap-proaches exist that try to address the problem of resource-constrained planning and their underlying representation for-malisms vary to a high degree. Thus, no standardised testsuite is available to empirically evaluate this algorithm andcompare it to other implementations. Currently, we have somevery preliminary results for the �rst prototypical implementa-tion running on a test suite that was compiled from examplesfrom the literature as well as self-developed test problems.Some speed-up can be observed compared to other resultsas reported in the literature. For example, the airplane prob-lem as described in this paper is solved by IPP in 0.03 seconds(without any user interaction) compared to 2-3 minutes forZENO [9] with user-guided goal selection.For the missionaries and cannibals problem, the optimalplan of 21 actions is found in approx. 2 minutes and an ex-ample with a blocks-manipulating and fuel-consuming robottaken from [11] that requires to generate a plan of 4 actionsis solved in 0.04 s.7 ConclusionThis paper describes the �rst attempt of dealing with re-sources in IPP. The approach is strictly action-centered and

follows the classical planning paradigm, i.e., a logical goal isachieved by constructing a valid plan, but resources are nolonger unlimited. In this formalism, we cannot specify thata resource has a certain value at a speci�c time point be-cause no explicit temporal model is available as for examplein [1, 11, 9, 4, 5, 8, 3, 2]. We decided to adopt this limita-tion in order to avoid the necessity to solve general constraintsatisfaction problems during planning since the available algo-rithms are excellent satis�ability checkers, but usually fail intheir generative capabilities, i.e., in actually constructing so-lution plans. First empirical tests show that this limitation inexpressivity directly translates into e�ciency gains and allowsto solve interesting planning problems in reasonable time.We allow for a limited form of temporal reasoning by treat-ing time as a distinguished resource. Actions produce time,but they are still treated as instantaneous in the planninggraphs. It has to be noted that this can be adequate onlyfor some applications. We consider it as a preliminary steptowards an extension of planning graphs to model action du-ration.REFERENCES[1] J. Allen, H. Kautz, R. Pelavin, and J. Tenenberg, Reasoningabout Plans, Morgan Kaufmann, USA, 1991.[2] A. Cesta and C. Stella, `A time and resource problem forplanning architectures', In Steel [10], pp. 117{129.[3] B. Drabble and A. Tate, `The use of optimistic and pessimisticresource pro�les to inform search in an activity based plan-ner', In Hammond [6], pp. 243{248.[4] A. El-Kholy and Barry Richards, `Temporal and resource rea-soning in planning: the parcPLAN approch', in Proceedings ofthe 12th European Conference on Arti�cial Intelligence, ed.,W. Wahlster, pp. 614{618. John Wiley & Sons, Chichester,New York, (1996).[5] M. Ghallab and H. Laruelle, `Representation and control inIxTeT, a temporal planner', In Hammond [6], pp. 61{67.[6] K. Hammond, ed. Proceedings of the 2nd International Con-ference on Arti�cial Intelligence Planning Systems. AAAIPress, Menlo Park, 1994.[7] J. Koehler, B. Nebel, J. Ho�mann, and Y. Dimopoulos, `Ex-tending planning graphs to an ADL subset', In Steel [10], pp.273{285.[8] P. Laborie and M. Ghallab, `Planning with sharable resourceconstraints', in Proceedings of the 14th International JointConference on Arti�cial Intelligence, pp. 1643{1649. MorganKaufmann, San Francisco, CA, (1995).[9] J. Penberthy and D. Weld, `Temporal planning with continu-ous change', in Proceedings of the 12th National Conferenceof the American Association for Arti�cial Intelligence, pp.1010{1015. AAAI Press, MIT Press, (1994).[10] S. Steel, ed. Proceedings of the 4th European Conference onPlanning, volume 1348 of LNAI. Springer, 1997.[11] D. Wilkins, Practical Planning: Extending the Classical AIPlanning Paradigm, Morgan Kaufmann, San Francisco, 1988.
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