A Generalized Framework for Constraint Planning1Roman Bart�kDepartment of Theoretical Computer ScienceCharles UniversityMalostransk� n�m�st� 2/25Praha 1, Czech Republice-mail: bartak@kti.mff.cuni.czURL: http://kti.ms.mff.cuni.cz/~bartak/phone: +420-2 21 91 42 42fax: +420-2 53 27 42AbstractConstraint hierarchies have been proposed to solve over-constrainedsystems of constraints by specifying constraints with hierarchical preferences.They are widely used in HCLP, CIP and graphical user interfaces. Adeclarative expression of preferred constraints and the existence of efficientsatisfaction algorithms are the advantages of constraint hierarchies. At present,there exists a lot of relatively independent constraint hierarchysolvers/satisfaction algorithms that could be classified into two categories asrefining and local propagation algorithms. While the local propagationalgorithms are fast but limited to equality (functional) constraints the moregeneral refining algorithms are not incremental.In this paper we propose a generalized framework for solving constrainthierarchies, in particular, for constraint planning stage. Our approach is basedon ideas of local propagation, however, it suppresses local propagation limits,i.e., restriction to LPB comparator and functional constraints. We introduce anew notion of a constraint cell and we generalize the concept of constraintnetwork here. We also show that the proposed framework covers the refiningmethod as well. Finally, we informally present an algorithm for constraintplanning that is an instance of our framework. The proposed algorithm fits inour other concept of plug-in architecture of constraint hierarchy solvers.Keywords: constraint hierarchy, constraint solvers, constraint planning,constraint network.

1The research was partially supported by the Grant Agency of Czech Republic under the contract No201/96/0197.

21. INTRODUCTIONConstraint hierarchies were introduced for describing over-constrained systems ofconstraints by specifying constraints with hierarchical strengths or preferences2. Itallows one to specify declaratively not only the constraints that are required to hold,but also weaker, so called soft constraints at an arbitrary number of strengths.Weakening the strength of constraints helps to find a solution of previously over-constrained system of constraints. Intuitively, the stronger a constraint is, the more itinfluences the solution of the hierarchy. Moreover, constraint hierarchies allow�relaxing� of constraints with the same strength by applying, e.g., weighted-sum,least-squares or similar methods.This constraint hierarchy scheme can be parameterized by a comparator C thatallows one to compare different possible solutions to a single hierarchy and to selectthe best ones. Currently, there are two widely used groups of comparators, namelylocally-better and globally-better comparators3. While the locally-better comparatorsconsider each constraint individually, the globally-better comparators combine errorsof all constraints at a given level using some combining function. Thus, theglobally-better comparators can be used for inter-hierarchy comparison [22], i.e.,comparison of solutions to two or more constraint hierarchies.The theory of constraint hierarchies was developed in [6] and it is also describedin [8,22,23].The existence of efficient satisfaction algorithms is another important aspect ofconstraint hierarchies. Most current satisfaction algorithms, in other words constrainthierarchy solvers, can be classified into two groups: algorithms based on refiningmethod and local propagation algorithms. However, there are also other algorithms,e.g., IHCS [16], which don’t fit into any of above mentioned groups.The refining algorithms solve constraint hierarchy in a straightforward mannerby completely satisfying the strongest level first and then weaker levels successively.Thus, the refining method can be used for solving all constraint hierarchies usingarbitrary comparator. The refining method was first used in a simple interpreter forHCLP programs [8] and it is also employed in the DeltaStar algorithm [23] and in ahierarchical constraint logic programming language CHAL. We show later (Section3.3) that our generalized framework for solving constraint hierarchies covers therefining method as well.The local propagation algorithms take an advantage of the potential locality oftypical constraint networks, e.g., in graphical user interfaces. These algorithmsgradually solve constraint hierarchies by selecting uniquely satisfiable constraintsrepeatedly. Many local propagation algorithms were developed for special purposes(DeltaBlue [18], SkyBlue [17], QuickPlan [20], DETAIL [10], Houria [9], Indigo[5]). Our generalized approach to solving constraint hierarchies is also primary based

2Another method for describing over-constrained systems is PCSP (Partial Constraint SatisfactionProblems).3In [23] , the authors also introduce regionally-better comparators.

3on ideas of local propagation which are further generalized to suppress limits of localpropagation.The paper is organized as follows. After brief introduction to constrainthierarchies and overview of algorithms for solving hierarchies in Section 1, weidentify limits of current approaches to solving constraint hierarchies in Section 2. InSection 3, we propose a new framework for solving hierarchies, in particular, weconcentrate on the planning stage of this framework. We introduce a new notion of aconstraint cell and we compare it with the traditional approach to local propagation inSection 3.1. In Section 3.2, we generalize the concept of a constraint network and wejustify the soundness of this generalization in Section 3.2.1. The Section 3.3 isdedicated to planning algorithms for construction of constraint networks and wedescribe there a simple planning algorithm that corresponds to the traditional refiningmethod. The experimental implementation of planning and executing algorithms isdescribed in Section 4. The paper is concluded with some final remarks on theproposed framework and with an Appendix containing formal description of thesimple planning algorithm.2. LIMITS OF CURRENT ALGORITHMSAs we mentioned in the introduction section, most current algorithms for solvingconstraint hierarchies can be classified into two groups: the refining algorithms andthe local propagation algorithms.The great advantage of the refining method is its generality, so it allows one tosolve all types of constraints using arbitrary comparator. We proved this assumptionin our plug-in architecture for solving constraint hierarchies [1]. However, thegenerality of the refining method is paid off by losing effectiveness as each constraintlevel has to be solved at a clap. In particular, the refining method does not supportincremental update of the solution after adding or retracting a constraint respectively.Contrary, the local propagation is a fast incremental method for resatisfyingconstraints in hierarchies. Basically, it is efficient because it solves uniquely oneselected constraint in every step (executing phase). In addition, when a variable isrepeatedly updated, e.g., by user operation, it can easily evaluate only the necessaryconstraints to get a new solution. This straightforward execution phase is paid off bya foregoing planning phase that choose the order of constraints to satisfy. When westudied the current local propagation algorithms we identified the following limits:¥ solving conflicts among constraints is sometimes inappropriate¥ local propagation cannot handle cycles of constraints¥ local propagation works only with equality (functional) constraints¥ local propagation supports only locally predicate better comparators¥ local propagation cannot find multiple solutions.As the execution phase of the local propagation requires every variable to becomputed by just one constraint, the foregoing planning phase has to choose amongconflicting constraints which bound the variable. However, solving this conflict issometimes impossible, e.g., when constraints have the same strength

4(x=1@strong, x=2@strong), and sometimes it is too restrictive, i.e., a weakerconstraint (y=1@weak) is disabled (is assumed unsatisfied) to enable satisfying thestronger constraint (y=1@strong) even if the weaker constraint is also satisfied.The executing phase of the local propagation is a linear process. It means thatwhen a constraint computes the value of one of its variables, the values of all othervariables in the constraint are required to be known, i.e., the values of these variableshave had to be computed by other constraints before. This feature disables solving theset of constraints containing the same variables, e.g., the system of equations(x+y=3, x-y=1). Such a system of constraints corresponds to the cycle in theconstraint graph, hence we speak about cycles of constraints. Some local propagationalgorithms solve constraint cycles by evoking an external solver [7].We mentioned the way a constraint is used to compute the value of one of itsvariables in the above paragraphs. The constraint is assumed there to be a totalfunction that uniquely computes the value of the output variable from the values ofinput variables. However, this approach disables other types of constraints likeinequalities.Every constraint, which is used in the executing phase, is completely satisfiedwhile other constraints are entirely disabled during the planning phase. It implies theapplication of the predicate type of comparator in the classical local propagation. Asevery constraint is considered individually in the constraint graph it indicates theusage of the locally-better comparator.Local propagation also cannot find multiple solutions due to the uniqueness ofsatisfying functional constraints.3. A NEW APPROACH TO CONSTRAINT PLANNINGBy addressing limits of current algorithms we made the first step to improvegenerality of local propagation as well as to gain efficiency of refining method byencapsulating both approaches into one unified framework. Our framework forsolving constraint hierarchies is based on dividing the constraint hierarchy intoconstraint cells as much as possible. The cells are partially ordered in a constraintnetwork that reflects the relationships among constraints. Finally, the constraintnetwork is traversed by an executing algorithm that propagates valuations through theconstraint cells according to the partial order of cells given by the network.While the propagation of valuations and the partial order of cells defined by theconstraint network correspond to the local propagation concept, solving allconstraints in a cell at a clap matches the refining method. Hence, the proposedconcept of solving constraint hierarchies is enough efficient and satisfactory general atthe same time.Actually, we concentrate on the construction of constraint networks, that wecall a planning stage, here.

53.1 CONSTRAINT CELLSOne of the basic parts of our generalized framework for constraint planning is anotion of a constraint cell. Briefly speaking, the constraint cell is a set of equallypreferred constraints which are solved in one step during the executing phase.Additionally, we associate a set of output variables with each constraint cell. Then theconstraints in a constraint cell determine the output variables of the cell in an obviousmanner of local propagation.DEFINITION 1: (constraint cell)1)Let C be a finite non-empty set of labeled constraints with the samepreference and V be a set of all variables in constraints from C. LetIn,Out˝V be arbitrary sets of variables such that In¨Out=V andIn˙ Out=˘ . We define a constraint cell as a triple (C,In,Out).For arbitrary variable v we define a constraint cell ({},{},{v}) containingonly the output variable v.2)We call the sets In and Out from the constraint cell (C,In,Out) input andoutput variables respectively.3)We also say that the constraint cell (C,In,Out) determinates each variablefrom the set Out.In an optimum case, each constraint cell contains just one functional constraint. Inthat case, it is possible to exploit the local propagation as much as possible and theexecuting phase is as effective as the traditional local propagation (see Section 4).However, by enabling more constraints in the cell one can also easily handle conflictsbetween constraints with the same strength as well as the constraint cell can naturallymanage the constraint cycles. In addition, by encapsulating constraints into aconstraint cell we also enable usage of more types of comparators including globally-better ones. Finally, while the traditional local propagation requires all constraints tobe functions, i.e., to be able to uniquely compute values of output variable(s) whenthe values of input variables are given, the proposed constraint cells can contain othertypes of constraints, e.g., inequalities. The Figure 1 demonstrates the abovementioned advantages of constraint cells over the traditional local propagation.a a differences among constraint cells we classify the cells in the following manner.DEFINITION 2: (classification of constraint cells)¥ free variable cell ({},{},{v})¥ functional cell ({c@l},In,Out) such that Out„˘ and for arbitraryevaluation of variables from In there exists a uniquegenerative cell (C,In,Out) such that C„˘ and Out„˘ and (C,In,Out)˘xx=user_inputxare disabled. The disabled constraints are assumed unsatisfied there. In our generalizedthe satisfiability test can be reflected in the value propagation (see Figure 2).x2=y@strongxyxygenerative cell (see Definition 2).x2=y@strongxx yyyyxyx the value propagation is not unique there and the potentially unsatisfied cells can evenare not unique.DEFINITION 3: (internal strength)CONSTRAINTNETWORKS decompositions and many others are covered by our approach.DEFINITION 4: (conflict-free hierarchy decomposition)constraint cells a conflict-free decomposition of the hierarchy H if and only if1)"Cell˛˝˝˝2)"c˛$!˛˛3)"v˛$!˛˛Out.˝˝describes this feature formally.C"Cell,Cell’˛CC„�˙Out’=constraint hierarchy solving.requirements, however for every constraint hierarchy there exists at least one conflict-

DEFINITION 5: (constraint network)constraint1)"Cell,Cell�˛CC"Cell,Cell’˛CC�cell directed to other potentially unsatisfied cells, i.e.,"Cell,Cell�,Cell’’˛CC�The Definition 5 describes a constraint network that can be used for value propagationcorrectness of the propagation as one requires the stronger constraints to be prefered topaper.levels of equally preferred constraints that corresponds to the refining method.4 decomposed into a constraint network.possible. It depends on the type of used constraints and comparators and on the qualityhierarchy.

ATJUSTIFICATIONA theoretical foundation of our approach originates from ideas described in [11]. In [3]rule for solving constraint hierarchy:of an arbitrary number of weaker constraints.5 satisfied independently of valuation of input variables.

G/TG/TG/TG/TG/TG/TG/TG/T assumption one needs the following features of constraint cells:1)the functional cells propagate values uniquely2)the functional cells do not change values of input variables2)input variables are not unique.detail analysis of the soundness of constraint networks can be found in [3].CPLANNERScorresponding constraint network by decomposing the hierarchy into levels of equallyour claim that every constraint hierarchy can be represented by a constraint network.

IISSUESabove mentioned algorithms.method while preserving its generality.executing algorithm for value propagation based on Indigo algorithm. Our first resultsIndigo omitted.http://kti.ms.mff.cuni.cz/~bartak/prolog.htmlCONCLUSIONSIn this paper we present a generalized framework for hierarchical constraint solving, insolving constraint hierarchies and then we proposed a framework that suppresses these

DETAIL algorithm. However, there are some significant differences between DETAILgathers only equally preferred constraints in the constraint cell.ACKNOWLEDGMENTSÆt�discussions and comments on prerelease version of the paper.REFERENCES[1][2]Æt�[3]http://kti.ms.mff.cuni.cz/~bartak/)[4]Research[5][6]1987[7][8]

[9][10]Science[11]Science[12][13][14][15][16][17][18][19]Programming[20][21][22]1989[23]

AASPALGORITHMadd_constraint(c@l,(CC,E))$Cell˛Cs:=Cs¨elseCC:=CC¨{Cell}V:=vars(c)˛$Cell’˛˛:(i_strength(Cell’)<l)In:=In¨¨:(i_strength(Cell’)>l)Out’:=Out’-{v}In’:=In’¨{v}˛Out’˙In2=˘Out:=Out¨¨˛˛In2}elseOut:=Out¨V:=V-{v}E:=E¨˛˛i_strength(C)>l}}E:=E¨˛˛i_strength(C)<l}}