Inter-Hierarchy Comparison in HCLP1Roman 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 2191 4242fax: +420-2 2191 4323AbstractConstraint hierarchies have been proposed to describe over-constraint systems ofconstraints by specifying constraints with hierarchical preferences, i.e., hard andsoft constraints. While the hard (required) constraints must hold, the soft(preferential) constraints should be satisfied as much as possible depending on thecriterion used. Currently, constraint hierarchies are mostly applied to the areas ofgraphical user interfaces and geometric layout, but the area of usage is much morewider.The integration of constraint hierarchies with Constraint Logic Programming(CLP) is called Hierarchical Constraint Logic Programming (HCLP). In theoriginal definition of HCLP, only alternate solutions to one constraint hierarchy arecompared and the best solutions are returned. The later extension of HCLP alsoenables comparison of solutions to more constraint hierarchies arising fromdifferent choices of rules in HCLP program. This extension, called inter-hierarchycomparison, extends usefulness of HCLP programs by eliminating non-intuitivesolutions. However, at the same time, it introduces nonmonotonic behaviour inHCLP programs which creates novel implementation problems.In this paper we present an algorithm for efficient solving of constrainthierarchies using inter-hierarchy comparison within HCLP. The efficiency of theproposed algorithm is based on tight integration with the HCLP interpreter and onelimination of useless branches of computation. As the algorithm makes anextension of hierarchical constraint solvers which support global comparators, itsefficiency can be further improved by harmonizing with underlying hierarchicalconstraint solver. We present such an extension that uses properties of ourgeneralized approach to solving constraint hierarchies.Keywords: constraint hierarchies, HCLP, inter-hierarchy comparison

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. It allowsone to specify declaratively not only the constraints that are required to hold, but alsoweaker, so called soft constraints at an arbitrary but finite 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 orsimilar methods.This constraint hierarchy scheme can be parameterized by a comparator C that allowsone to compare different possible solutions to a single hierarchy and to select the bestones. Currently, there are two widely used groups of comparators, namely locally-betterand globally-better comparators. While the locally-better comparators consider eachconstraint individually, the globally-better comparators combine errors of all constraints ata given level using some combining function. Thus, the globally-better comparators canbe used for inter-hierarchy comparison [13], i.e., comparison of solutions to two or moreconstraint hierarchies.The constraint hierarchies are used in Hierarchical Constraint Logic Programming(HCLP) which is an extension of Constraint Logic Programming (CLP). In the originaldefiniton of HCLP [4,14] only alternate solutions to one constraint hierarchy arecompared and the best solutions are returned. The later extension of HCLP [13] alsoenables comparison of solutions to more constraint hierarchies arising from differentchoices of rules in HCLP program. Such comparison, called inter-hierarchy comparison(opposite to more common intra-hierarchy comparison), rules out non-intuitive solutionsand, in our opinion, it is closer to declarative character of HCLP programs. Then, theHCLP programs with inter-hierarchy comparison can be used as rule-based expertsystems [2]. At the same time, the inter-hierarchy comparison introduce nonmonotonicbehaviour in HCLP programs that creates novel implementation problems.In this paper we present an efficient algorithm for solving constraint hierarchiesusing inter-hierarchy comparison. This algorithm is intended to be used within the HCLPframework and, thus, it can take advantage of tight integration with the HCLP interpreter.Opposite to CLP/HCLP approach that does not change the operational behaviour of logicprograms, i.e., usage of depth-first search method, the proposed algorithm utilizesbreadth-first search approach to solving HCLP programs. HCLP interpreter supportinginter-hierarchy comparison has to explore the whole computation tree of the program tocollect all possible constraint hierarchies arising from different choices of rules in HCLPprogram. We propose to use breadth-first search to explore the computation treecombining with the evaluation of partial solutions. This enables us to eliminate uselessbranches (subtrees) of the computation tree and, thus, to dramatically improve efficiencyof the algorithm. This approach is more efficient than other approaches which have tocollect all constraint hierarchies first. Additionaly, the proposed algorithm makes anextension of hierarchical constraint solvers which support global comparators. Therefore,the efficiency of the algorithm can be further improved by harmonizing with theunderlying hierarchical constraint solver.The paper is organized as follows. In Section 2, we give a background of ourresearch and we outline the theory of constraint hierarchies and inter-hierarchycomparison. In Section 3, we give a practical motivation for studying hierarchicalconstraint solvers supporting inter-hierarchy comparison. In Section 4, we outline themethodology and theoretical foundation of our approach. In Section 5, we describe the

2Another method for describing over-constrained systems is PCSP (Partial Constraint SatisfactionProblems).

3skeleton of proposed algorithm for solving constraint hierarchies using inter-hierarchycomparison. We concentrate on its integration with HCLP interpreter there. In Section 6,we give an example that ilustrates the work of the proposed algorithm. Section 7 isdedicated to further improvements of the proposed algorithm via harmonizing withunderlying hierarchical constraint solver. We sketch our generalized approach to solvingconstraint hierarchies there and then we describe how one may utilize its properties toimprove efficiency of inter-hierarchy comparison. We conclude with some final remarksand description of future research.2 Constraint hierarchies and inter-hierarchy comparisonThe theory of constraint hierarchies was developed in [4]. It is based on the idea oflabeling each constraint by preference that determines the strength of the constraint. Theconstraint hierarchy is then a finite set of labeled constraints. Intuitively, the stronger aconstraint is, the more it influences the solution of the hierarchy. The solution of theconstraint hierarchy H can be formally expressed in a following way:S0 = { q | "c˛H0 cq holds }S = { q | q˛S0 & "s˛S0 � better(s,q,H) },where q, s are valuations of free variables in constraints from H, H0 is a vector ofrequired constraints in H (in some arbitrary order, with their labels removed) and betteris a relation comparing two valuations according to the hierarchy H. The set S0 containsvaluations satisfying required constraints and S is a solution set.There is a number of reasonable candidates for the predicate better which is called acomparator and it is a parameter to the constraint hierarchy scheme. Currently, twogroups3 of comparators are used: locally-better and globally-better comparators.The locally-better comparators consider each constraint individually. They aredefined by the following way:locally-better(q,s,H) ”def$k>0 "i˛{1,�,k-1} "c˛Hi e(c,q)=e(c,s) &$c’˛Hk e(c’,q)<e(c’,s) & "c˛Hk e(c,q)£e(c,s),where e(c,q) is an error function that returns a non-negative real number indicating hownearly a constraint c is satisfied for a valuation q and Hi are levels of the hierarchy Hdefined in an obvious way, i.e., H1 is a vector of strongest non-required constraints in Hetc. The globally-better comparators combine errors of all the constraints at given levelHi using a combining function g, and then compare the combined errors. They aredefined as follows:globally-better(q,s,H,g) ”def$k>0 "i˛{1,�,k-1} g(q,Hi)=g(s,Hi) &g(q,Hk)<g(s,Hk).Note that the scheme of globally-better comparator is parameterized by the combiningfunction g that combines errors of individual constraints via, e.g., weighted sum, worstcase or least squares methods.

3Recent definition of constraint hierarchies [14] also supports another type of comparator calledregionally-better.

4Constraint hierarchies extend the Constraint Logic Programming CLP(R) schemeparameterized by the domain R of constraints into a more general scheme HierarchicalConstraint Logic Programming HCLP(R,C) parameterized by the domain R and thecomparator C. These languages provide both required constraints and default constraintsof various strengths. The following program [13] is an example of HCLP program.f(X):-strong X>3, g(X).g(5).g(1).Given the goal ?-f(A), HCLP would first return the answer A=5, and on backtrackingA=1. In reality, there are produced two constraint hierarchies arising from differentchoices of the rule g. One is hierarchy required A=5,strong A>3 and the other isrequired A=1,strong A>3. The above definition of constraint hierarchies does notprefer neither the first nor the second answer as the definition allows intra-hierarchycomparison only.To rule out unintuitive solutions described above, the extended definition ofconstraint hierarchies with inter-hierarchy comparison was proposed in [13]. It is adefinition of the solution set for the set of constraint hierarchies D. Note that eachvaluation in sets S0, S is labeled by its respective constraint hierarchy.S0 = { qH | "c˛H0 cq holds }S = { qH | qH˛S0 & "sJ˛S0 � better(sJ,qH,D) }.Because the locally-better comparators consider each constraint in the hierarchyindividually and the comparator better compares valuations arising from more hierarchiesnow, the locally-better comparators are not usually redefined to compare solutions todifferent hierarchies4. However, the definiton of globally-better scheme can be naturallyextended to compare valuations arising from different hierarchies.globally-better(qH,sJ,D,g) ”def$k>0 "i˛{1,�,k-1} g(qH,Hi)=g(sJ,Ji) &g(qH,Hk)<g(sJ,Jk).Again, the globally-better scheme is parameterized by some combining function g. Notethat the combining function g is applied to the valuation and its respective constrainthierarchy.3 MotivationAlthough the concept of inter-hierarchy comparison is not new at all [13], it is used scarcein practical applications if at all. Even the original constraint hierarchies with intra-hierarchy comparison are used sparingly, mostly in areas of graphical user interfaces andgeometric layout. It sounds surprisingly because of the nice declarative description ofover-constrained systems by constraint hierarchies.The problem is probably hidden in hierarchical constraint solvers which utilizedifferent concepts than traditional constraint satisfaction. Additionaly, most currenthierarchical constraint solvers are constructed for locally-better comparators only[8,9,11,12], and thus they are not suitable for inter-hierarchy comparison. Also, if theconstraint solvers with intra-hierarchy comparison are computational-hungry, the solverssupporting inter-hierarchy comparison are even more demanding for computationalpower.

4 There exists definition of constraint hierarchies which allows locally-better comparators in inter-hierarchy comparison.

5As we do not see much demand for inter-hierarchy comparison in currentapplications utilizing constraints, we turn our attention to new areas. In [2] we proposedto use HCLP with inter-hierarchy comparsion to write rule-based expert systems whereconstraint hierarchies can naturally handle uncertaint information. In such systems, theexistence of algorithms supporting inter-hierarchy comparison becomes crucial.4 Theoretical basicsOriginal HCLP systems with intra-hierarchy comparison does not change the operationalbehaviour of CLP or Prolog respectively, i.e., they use the depth-first search to explorethe computation tree. Consequently, the HCLP system can be built over the underlyingCLP system. The approach of HCLP with inter-hierarchy comparison is a bit different asit requires to collect all possible constraint hierarchies arising from different choices ofrules in HCLP program.The algorithm for inter-hierarchy comparison presented in [6] uses the underlyingHCLP system to collect constraint hierarchies and then it solves the resulting set ofconstraint hierarchies. The advantage of this approach is that it does not require to changethe operational behaviour of HCLP, i.e., the depth-first search. Furthermore, thisalgorithm is not confined to HCLP framework, i.e., to the way of collecting constrainthierarchies, and thus it could be used in all applications where inter-hierarchy comparisonis requested. However, we see also the disadvantage of this free binding and we assumethat a closer relation between HCLP and the hierarchical constraint solver with inter-hierarchy comparison can improve dramatically the efficiency of the system. The reasonof this hypothesis is the similarity of constraint hierarchies arising from different choicesof rules in HCLP program. Consequently, such hierarchies, or at least their parts, can besolved in common. Additionaly, the tight integration of HCLP with inter-hierarchycomparison can remove some infinite computations which lock the above approach (seeSection 6).We propose to utilize breadth-first search in HCLP with inter-hierarchy comparison.As we need to explore the whole computational tree, the computational complexity ofbreadth-first search is similar to the computational complexity of depth-first search. Weunderstand that in general the memory consumptions of both methods are different, butagain, all hierarchies appearing during the computation are collected and thus, the finalmemory consumption of both methods does not differ significantly. The advantage ofbreadth-first search is that it collects all finite constraint hierarchies even if infinitebranches appear in the computational tree. The same does not hold for depth-first search.The elementary switch from depth-first to breadth-first search does not change theefficiency of the HCLP system, however it enables further improvements. Now, weshow how to integrate the process of collecting constraint hierarchies with constrainthierarchical solver. In the following, we expect the existence of hierarchical constraintsolver supporting globally-better comparators (for such systems look at [1,3,5,10]) andwe extend this solver to support inter-hierarchy comparison.The idea behind our algorithm uses the following observations. One can assign theerror vector EVq,H=[g(q,H1), g(q,H2)�] to each valuation q of variables from theconstraint hierarchy H (g is a combining function). Visibly, it is possible to order all errorvectors lexicographically and to show that this ordering is a total ordering.Observation 1:The solution set S of hierarchy H contains only those valuations from the set S0which has the minimal error vector. Moreover, the error vectors of valuationsfrom the solution set S are equal.The proof of Observation 1 follows directly from the definition of the solution set ofhierarchy and the definition of the globally-better schema (see Section 2).

6As a consequence of Observation 1 we can assign the error vector EVH=EVq,H,where q is any valuation belonging to the solution set S of the hierarchy H, to eachconstraint hierarchy H. This error vector EVH describes how nearly the constraints fromthe hierarchy H can be satisfied.Observation 2:Let EVH be the error vector of the hierarchy H and EVH¨{c} be the error vector ofthe extended hierarchy H¨{c} (c is arbitrary constraint added to the hierarchy H).Then EVH£EVH¨{c} in the lexicographic ordering of error vectors.Observation 2 says that adding arbitrary constraint to the hierarchy does not �improve�the error vector of the hierarchy. The proof of this observation is rather technical and,because of space constraints, we expect to publish it in a subsequent paper.Now, we can naturally extend Observation 2 to the inter-hierarchy comparison.Observation 3:Let EVH be the error vector of the hierarchy H and EVJ be the error vector of ahierarchy J. If EVH<EVJ in lexicographic ordering of error vectors, thenEVH<EVJ¨{c} for arbitrary constraint c.Observation 3 enables us to eliminate some partial constraint hierarchies, i.e., branches(subtrees) of the computational tree if any complete constraint hierarchy is found duringthe breadth-first search (see next section).Note also, that the above observations are not in conflict with the nonmonotonic anddisorderly aspects of inter-hierarchy comparison presented in [13].5 The algorithmAs mentioned in above sections, we utilize breadth-first search in our framework forsolving HCLP programs using inter-hierarchy comparison. The HCLP goal is resolved inan obvious way. The required (hard) constraints are processed immediately and the soft(preferential) constraints are collected. As soon as the goal is completely reduced in anybranch of the computational tree, the computation is interrupted temporarily and theelimination phase starts.To simplify description of the elimination phase, we classify the collected constrainthierarchies into three categories first. The collected constraint hierarchies which areattached to the leaves of computational branches are called frontier hierarchies. We callthe constraint hierarchy attached to the leave of the branch terminated with completelyreduced goal a completed hierarchy. The hierarchies attached to leaves of other brancheswhich are not reduced completely yet are called partial hierarchies.During the elimination phase, the frontier hierarchies are solved using hierarchicalconstraint solver supporting globally-better comparator. Also the error vectors of allfrontier hierarchies are computed. Next, the algorithm eliminates all branches labeled bypartial hierarchies which error vector is worse than the error vector of the completedhierarchy. According to Observation 3 we know that the computation in the eliminatedbranch will not bring better solution (better error vector) than the solution of thecompleted hierarchy. Thus, the elimination does not influence the final solution. The errorvector of the completed hierarchy can be seen as the top estimate of the final solution.Note also that this elimination can cut some infinite branches (see Section 6).

7[2,2,1][0,1][2,3,0][2,2,1] completed hierarchy eliminated subtree frontier hierarchies partial hierarchies error vectors not yet visited subtreesexploredcomputationaltree

After finishing the elimination, the exploration of the computational tree is restarted.Note, that the solution of all completed hierarchies must be considered in subsequentelimination phases. This means that, if a completed hierarchy H is computed and itssolution is better than the solution of previously found completed hierarchies, then thesolution of the hierarchy H displaces the previously found solution. Obversely, if thesolution of the hierarchy H is worse than the previously found solution, then the solutionof the hierarchy H is not included in the current solution (see below the case structure ofthe procedure distribute_list).The algorithm terminates as soon as there is no goal to reduce, i.e., all goals werecompletely reduced or eliminated respectively.To simplify the following algorithm scheme we expect that the goal, currentvaluation of variables and collected soft constraints are encapsulated into one datastructure. We also assume that the same data structure with the goal reduced representsthe solution.Algorithm Scheme:solve_goal(Goal,Program)%% solves Goal using HCLP Program%% returns list of solutions, i.e., valuations of variablesGoalsToSolve:=append_to_list(new_list,Goal)SolutionOfCompletedHier:=new_listwhile not empty(GoalsToSolve)GoalToReduce:=delete_first(GoalsToSolve)GoalList:=reduce(GoalToReduce,Program)distribute_list(GoalList,GoalsToSolve,SolutionOfCompletedHier)end whilereturn SolutionOfCompletedHierend solve_goal

8distribute_list(ListOfGoals,GoalsToSolve,CurrentSolution)%% distributes list of new goals between list of goals to solve andlist of solutions found; if any new goal is reduced then doeliminationAnyReduction:=falsewhile not empty(ListOfGoals)Goal:=delete_first(ListOfGoals)if reduced(Goal) thenAnyReduction:=truecase of:better(Goal,best_of(CurrentSolution))CurrentSolution:=append_to_list(new_list,Goal)% displace the previous solution by the new solution:not better(best_of(CurrentSolution),Goal)% & not better(Goal,best_of(CurrentSolution))CurrentSolution:=append_to_list(CurrentSolution,Goal):otherwise% the Goal is immediately eliminatedend caseelseGoalsToSolve:=append_to_list(GoalsToSolve,Goal)end ifend whileif AnyReduction then % eliminationGoalsToSolve:=delete_worse(best_of(CurrentSolution),GoalsToSolve)end ifend distribute_listThe call to underlying hierarchical constraint solver is hidden in the test better wherethe error vectors are used to compare solutions. The elimination of not yet reduced goals,which are known to bring worse solution, is done within the proceduredelete_worse.delete_worse(BestCompleted,ListOfPartial)Goals:=new_listwhile not empty(ListOfPartial)G:=delete_first(ListOfPartial)if not better(BestCompleted,G)Goals:=append_to_list(Goals,G)end ifend whilereturn Goalsend delete_worst6 ExampleThe following example illustrates the computation of the above presented algorithm. Weuse the domain of integers, the weigted-sum-better comparator (all weights are equal to 1)and the following HCLP program.f(X):-g(X), prefer X>0.g(2).g(X):-weak X=0, p(X-1).p(1).p(X):-p(X-1).

9Given the goal ?-f(X), the following figure shows the schema of partial computationaltree when the first elimination phase occurs, i.e., when a goal in one branch is completelyreduced:?-f(X).?-g(X),prefer X>0.required X=2, prefer X>0?-p(X-1),prefer X>0,weak X=0.

g(2).g(X):-X=0@weak,p(X-1).f(X):-g(X),prefer X>0.The goal in the left branch of the tree is completely reduced and we get the completehierarchy required X=2,prefer X>0. The solution of this hierarchy is X=2 withthe error vector [0] (only non-required levels are included in the error vector). The goalp(X-1) in the right branch is not reduced yet, and thus we get the partial hierarchyprefer X>0,weak X=0 with the solution5 X=1 and the error vector [0,1]. Becausethe error vector of the partial hierarchy is �worse� than the error vector of the completedhierarchy, the algorithm eliminates the right branch. As there are no other goals to reduce,the algorithm stops and returns the currently found solution X=2.Note that the right subtree, which was eliminated by the algorithm, contains aninfinite branch. Therefore, the traditional approach, which collects all constrainthierarchies first, does not terminate at all.7 Further improvementsThe scheme of the algorithm presented in Section 5 offers a lot of opportunities forfurther improvements. In fact, the presented algorithm corresponds to the well-knownbranch and bound method. We use breadth-first search to branch the tree of computation.The bound phase called elimination is evoked when the goal in any branch is reducedcompletely.It is clear that finding a �good� initial solution can eliminate larger part of thecomputation tree. However, the breadth-first search is a method of blind search which isnot influenced by the �quality� of the (partial) solution. Thus, we propose to use best-firstsearch which is a method of knowledge-driven search. The only change in the algorithmfrom Section 5 is the displacement of the call delete_first in proceduresolve_goal by the call delete_best, which selects the most promising goal toreduce.The error vector of the hierarchy is the obvious quality indicator for the best-firstsearch. The problem is how to obtain efficiently the error vector of the partial hierarchy.The straightforward approach, which uses the underlying hierarchical constraint solver tosolve the constraint hierarchy entirely, does not seem to be reasonable because theevokation of this solver is still time consuming process. So, we suggest to use estimate ofthe error vector.Now, it is time to sketch the algorithm for solving constraint hierarchies that wedeveloped in our previous works [1,2,3]. This hierarchical constraint solver has twophases: planning and propagation. The constraint network is constructed during theplanning phase, while the valuation of variables is computed during the propagationphase. We will use the features of the planning phase here. The planning phase is wellknown from hierarchical constraint solvers DeltaBlue [12] and SkyBlue [11]. In [3] we

5 Note, that the hierarchy has no solution if we work with the domain of reals.

10generalized the planning phase in such a way that all types of constraints andcomparators, including globally-better, are supported. During the planning phase, eachconstraint is assigned into a constraint cell which labels the node of the constraintnetwork. We distinguish two classes of constraint cells: functional cell and potentiallyunsatisfied cell. The algorithm guarantees that constraints in functional cells are satisfiedduring the propagation phase which computes the solution. Moreover, the planning phaseof the constraint hierarchical solver can be used naturally to collect soft constraints.To compute the top estimate of the error vector, we can assume that constraints inpottentially unsatisfied cells are not satisfied. As this planning phase is incremental andthus fast, there is no time penalty to compute the estimate of the error vector.The changes proposed in this section can improve the efficiency of the algorithm forinter-hierarchy comparison. However, we also mentioned that the expences of computingadditional information has to be balanced with the total gain of usage such information.8 Conclusions and future researchIn this paper, we present a basic framework for solving constraint hierarchies using inter-hierarchy comparison within HCLP. The proposed algorithm is based on tight integrationwith the HCLP interpreter and on elimination of useless branches of computation. Thealgorithm is built on top of a hierarchical constraint solver supporting globally-bettercomparators. The elimination of useless branches reduces the space of computation but,on the other hand, this approach demands more attention from the underlying hierarchicalconstraint solver which is applied to complete constraint hierarchies as well as to partialconstraint hierarchies.The advantage of our approach over the algorithm presented in [6] is the earlyelimination of unuseful branches of the computation tree which speeds up thecomputation and reduces the memory consumption. Another benefit is the openarchitecture of our algorithm that can use arbitrary hierarchical constraint solversupporting globally-better comparators.There is still a lot of opportunities for further improvements, we show the directionfor some of them. Especially adding (semi) incrementality feature to the underlyinghierarchical constraint solver can dramaticaly improve the efficiency of the proposedalgorithm. Also, the area of empirical investigation of proposed algorithm and itsrefinements is still open.We believe that the existence of the open algorithm for inter-hierarchy comparisonwithin HCLP, that is presented in this paper, can further enlarge the area of practicalapplications of constraint technology and constraint hierarchies, in particular.AcknowledgmentsI would like to thank professor Petr Æt�p�nek for his continuous support, usefuldiscussions and comments on prerelease version of the paper. This research wassupported in part by the Grant Agency of Czech Republic under Grant No. 201/96/0197.References[1]Bart�k, R., A Generalized Algorithm for Solving Constraint Hierarchies, Tech.Report No 97/1, Department of Theoretical Computer Science, Charles University,January 1997[2]Bart�k, R., Expert Systems Based on Constraints, Doctoral Dissertation (in Czech),Charles University, Prague, April 1997

11[3]Bart�k, R., A Generalized Framework for Constraint Planning, Tech. Report No97/9, Department of Theoretical Computer Science, Charles University, June 1997[4]Borning, A., Duisberg, R., Freeman-Benson, B., Kramer, A., Woolf, M.,Constraint Hierarchies, in: Proceedings of the 1987 ACM Conference on ObjectOriented Programming Systems, Languages, and Applications, pp.48-60, ACM,October 1987[5]Bouzoubaa, M., Neveu, B., Hasle, G., Houria III: Solver for Hierarchical System,Planning of Lexicographic Weight Sum Better Graph For Functional Constraints,in: the Fifth INFORMS Computer Science Technical Section Conference onComputer Science and Operations Research, Dallas, Texas, Jan. 8-10, 1996[6]Bouzoubaa, M., Hasle, G., Equational Constraint Hierarchies in Constraint LogicProgramming Languages: Algorithm for Inter-Hierarchy Comparisons, in:Proceedings of PACT‘96, pp. 417-426, London, April 24-26, 1996[7]Borning, A., Maher, M., Martindale, A., Wilson, M., Constraint Hierarchies andLogic Programming, in: Proceedings of the Sixth International Conference onLogic Programming, pp. 149-164, Lisbon, June, 1989[8]Hosobe, H., Miyashita, K., Takahashi, S., Matsuoka, S., Yonezawa, A., LocallySimultaneous Constraint Satisfaction, in: Principles and Practice of ConstraintProgramming---PPCP’94 (A. Borning ed.), no. 874 in Lecture Notes in ComputerScience, pp. 51-62, Springer-Verlag, October 1994[9]Hosobe, H., Matsuoka, S., Yonezawa, A., Generalized Local Propagation: AFramework for Solving Constraint Hierarchies, in: Principles and Practice ofConstraint Programming---CP’96 (E. Freuder ed.), Lecture Notes in ComputerScience, Springer-Verlag, August 1996[10]Menezes, F., Barahoma, P., Codognet, P., An Incremental Hierarchical ConstraintSolver, in: Proceedings of PPCP’93, pp. 190-199, Newport, Rode Island, 1993[11]Sannella, M., The SkyBlue Constraint Solver, Tech. Report 92-07-02, Departmentof Computer Science and Engineering, University of Washington, February 1993[12]Sannella, M., Freeman-Benson, B., Maloney, J., Borning,A., Multi-way versusOne-way Constraints in User Interfaces: Experience with the DeltaBlue Algorithm,Tech. Report 92-07-05, Department of Computer Science and Engineering,University of Washington, July 1992[13]Wilson, M., Borning, A., Extending Hierarchical Constraint Logic Programming:Nonmonotonicity and Inter-Hierarchy Comparison, Tech. Report 89-05-04,Department of Computer Science and Engineering, University of Washington, July1989[14]Wilson, M., Borning, A., Hierarchical Constraint Logic Programming, TR 93-01-02a, Department of Computer Science and Engineering, University of Washington,May 1993