An Approach To Case CombinationLisa Purvis1 and Pearl Pu2

1 The Jackson Laboratory, 600 Main Street, Bar Harbor, ME, 05609, USA2 Laboratoire d�Intelligence Artificielle & Robotique, Institut de Microtechnique/DMT, Swiss Federal Institute of Technology (EPFL), MT-Ecublens, 1015Lausanne, Switzerland.Abstract. We present a formalization of the adaptationprocess, by viewing it as a constraint satisfaction problem(CSP), and show our results as obtained by our systemCOMPOSER, which does a simultaneous adaptation of multiplecases in the domains of assembly sequence design andconfiguration design. 1 INTRODUCTIONOur system, COMPOSER, solves assembly sequence andconfiguration design problems using a CSP engine as theadaptation mechanism. Its main goal has been to formalize theadaptation process as a CSP in order to allow a more generalapplicability of adaptation. The motivation for this approacharose from the observation that in complex domains, many casesmust often be combined into a solution, but that this multi-casecombination may not be convergent if not done systematically.Thus, COMPOSER�s approach is to provide a formalism by whichto efficiently combine several cases while also ensuringconvergence. We showed that by choosing a general formalismfor adaptation, the approach can be applied beyond just onedomain. Our research has also resulted in some interestingobservations about problem decomposition and evaluatingproblem adaptability.2 DESCRIPTION OF COMPOSER�SAPPROACHIn order to apply a constraint satisfaction algorithm to doadaptation, the existing cases and the new problem must all berepresented as CSPs. Therefore, COMPOSER represents each casein the case base as a CSP, by storing the problem variables,constraints and solution as feature value pairs. An example of aconfiguration design problem as it is stored in the case base as aCSP is shown in Figure 1. (MODEL MODEL-70) (STATUS STANDARD) (FUEL-EFF MEDIUM) (AIRCOND AC1) (FRAME HATCHBACK) (ENGINE SMALL) (BATTERY LARGE) (SUNROOF SR1) (GLASS NOT-TINTED) (CONSTRAINT (AND (STATUS = STANDARD) (AIRCOND „ AC2))) (CONSTRAINT (AND (STATUS = STANDARD) (FRAME „ CONVERTIBLE))))Figure 1. Configuration Design Case Represented as CSPThe problem variables (MODEL, STATUS, FUEL-EFF, AIRCOND,FRAME, etc.) are case features, while their values constitute thesolution to the CSP. Such a case representation allows any taskthat can be described as a CSP to be stored as a case, and thereforedoes not limit the kinds of tasks that can be solved with thisapproach. Furthermore, since the CSP cases are stored astraditional attribute-value pairs, conventional similarity metricscan be used to determine similarity. This stored information i s used to formulate a new problem as a CSP as follows. When wefind an existing case which matches a portion of the new case, itsconstraints are incorporated into the new CSP, along with thesolution values for the corresponding variables.Note that in COMPOSER, this multi-case coverage of anew problem occurs implicitly during the matching process.That is, COMPOSER does not explicitly decompose the newproblem. The decomposition occurs because of the cases storedin the case base, and how they match portions of the newproblem. For example, the decomposition given stored casesa,b,c,d would be different from the decomposition given casese,f,g. Thus, COMPOSER can avoid the problem of an a prioridecomposition that is useless because the subdivided problem hasno corresponding cases in the case base.Consider the assembly sequence problem shown i n Figure 2A. COMPOSER searches the case base when presentedwith this new problem, and it finds the matching case shown i n Figure 2B, where the highlighted components and connectionsshow the matching structural correspondence between the twoproblems. The constraint for Figure 2B tells us that the twopieces of the cover must be connected before either half i s attached to the bottom (otherwise, the two top pieces cannot beput together). This same principle is found in Figure 2A, only i t applies to different variables. This structural similarity betweenthe new problem and the existing case is found using a structuremapping approach18.

V1V2V3

V2V3V7Figures 2A, 2B. New Assembly Sequence Problem & ExistingCaseThe matching variables between the existing and thenew problem, and the existing problem�s constraints are thenused to deduce constraints for the new CSP.All of the existing matching cases not only contributetheir constraints to the new CSP, but they also initialize the CSPvariables with their solution values. Thus, if the solution to theFigure 2B case was V1 = 1, V2 = 2, indicating that connection V1is to be made first and then connection V2 is to be made, thenthese same values will be assigned to V7 and V2/V3 of the new

problem. Note that connection V3 occurs simultaneously withV2, and thus it can be eliminated from the problem. This featurewas accomplished in COMPOSER by allowing dynamicconstraints in the CSP1.It is easy to imagine, however, that these localsolutions to the subproblems of the new CSP, each obtained froman existing case, do not necessarily combine to create aninitially consistent solution for the new problem. To clearlyillustrate this, consider the well known map coloring problem,where one attempts to color all regions of a map using a specifiednumber of colors so that no two neighboring regions have thesame color. If we are trying to color a map of the US using fourcolors, and we have already solved the problem for the Westernand the Eastern portions of the US separately, then we cannotsimply put the two solutions together to find a solution for theentire US because of conflicts that appear at the border of the twosolutions, as can be seen in Figure 3. Furthermore, if we do notrepair the conflicts in a systematic way, then we may not evenconverge upon a solution at all.

In COMPOSER, the existing cases themselves providethe necessary constraints for the new problem, thus allowing theminimum conflicts repair algorithm itself to determine whatvalues need to be changed/adapted according to these constraints.Furthermore, the decision about how to adapt a piece ofinformation from an old case is eliminated in COMPOSER, sincethe minimum conflicts algorithm adapts by choosing the valuethat conflicts the least with the remaining values. Because thismethod remains constant across all problem domains, the needfor domain specific heuristics is eliminated. The knowledge contained in the case base could also beuseful for problem solving from scratch, since one could take theconstraints from the existing cases and solve the CSP fromscratch to come up with a solution to the new problem. However,as our results detailed in section 5 show, this approach is not asefficient as it is to use the solutions from the case base to guidethe problem solving. However, the constraints contained in thecase base may be useful for assessment of constrained-ness of adesign, or for other assessments such as cost-effectiveness andreliability. 5 RETRIEVAL AND INDEXING VS.ADAPTATION IN COMPOSERAdaptation is necessary in COMPOSER, again because of the useof multiple cases to solve a new problem. As discussed in theintroduction, one cannot simply paste a set of local solutionstogether to give a consistent global solution. Thus, retrieval isnot enough in domains which require combination of multiplecases, as the difficult problem of how to synthesize the globalsolution from a set of local solutions remains after retrieval. Wehave found, however, that there does exist a point at whichadaptation is not cost effective. That is, there exist situationswhere from-scratch problem solving offers the same efficiency asdoes using the solutions from the case base, as is shown in Figure4 .

Dynamic Motor/ComplexStatic Motor/Complex050100150200250300350400

Number of BacktracksUsing Old SolutionsNot Using Old SolutionsFigure 4. Cost Effectiveness of AdaptationThe deciding factor which influences the adaptability ofthe retrieved cases, based on COMPOSER�s results, was theconstrained-ness of the edge variables (the variables that overlapbetween the local solutions). If the edge variables were overlyconstrained, then using the solutions from the case base did notoffer an improvement in efficiency over the from-scratch method.Our observations could be used to assess whether or not toattempt adaptation on the retrieved set of cases, or whether to goback into the case base to retrieve a different set of cases (i.e. adifferent decomposition of the problem). What we discoveredthrough COMPOSER is that by forcing formalism onto theadaptation process, the analysis of adaptability immediatelyemerged as a by-product of the research. That is, one can moreeasily create assessments of adaptability when a formalizedmethodology is imposed upon the process.6 EVALUATIONCOMPOSER�s adaptation methodology provides a formalizedalgorithm for adaptation that allows its general applicabilityacross a wider range of problems, as it allows adaptation to applyto any problem that can be formulated as a discrete, static ordynamic CSP. Furthermore, by using the CSP methodology,COMPOSER ensures that adaptation does indeed converge upon asolution, and it provides a method by which to synthesize manycases into one new solution.Our approach has been evaluated empirically, with threeevaluation criteria: efficiency of problem solving, effectivenessof reuse, and the flexibility of the adaptation mechanism. Theefficiency of problem solving was tested in regards to ourproblem domain: assembly sequence design. Prior approachesrequired extensive feasibility testing at each step of the assemblysequence planning process16, or user involvement, in order todetermine an assembly sequence17. By applying the case basedreasoning approach with our adaptation mechanism, COMPOSERis able to solve assembly sequence problems without doing all ofthe feasibility calculations from scratch, and without requiringuser questioning18.The effectiveness of the CSP as a case combinationmethodology is shown by the graph shown in Figure 5, whichcompares solving several ASPs from scratch versus solving themusing the solutions in the case base. Note, however, that evenwhen the solutions are not used, the constraints from the existingcases are used to solve the new problem. Thus, the case baseprovides valuable information in both instances.

Rec/4BL/1ST

Rec/4BL/2ST motor

motor/rec motor/complex

lamb motor canister vacuum

nonmon1/complex050100150200250300350400450

Number of BacktracksUsing Old SolutionsNot Using Old SolutionsFigure 5. Using Old Solutions vs. Not Using Old SolutionsThe flexibility of the adaptation mechanism stems fromthe dynamic capabilities of the CSP algorithm. COMPOSER isable to represent and solve assembly sequence problems whichexhibit nonlinear, non-monotonic, geometric feasibility, andmechanical feasibility considerations, a wider range of problemsthan previous ASP approaches could accommodate.Furthermore, we have shown that the dynamiccapability also allows configuration design problems to be

easily represented, and in fact, we assert that any problem thatcan be formulated as a discrete, dynamic or static CSP can besolved by our approach. COMPOSER has been shown to be a tool for adaptationthat can accomplish implicit decomposition of the new problem,assessment of adaptability, guaranteed convergence upon asolution if one exists, and a formalized and generalizableapproach to case representation and adaptation through casecombination. In this way, we hope that COMPOSER provides amethodology by which adaptation can become a more widelyapplicable and usable technique.

1 Purvis, L. and Pu, P. Adaptation Using Constraint Satisfaction Techniques,in Veloso, M. & Aamodt, A. (Eds), Topics in Case-Based ReasoningProceedings of the International Conference on Case Based Reasoning,LNAI series, Springer, 1995.2 S. Minton, M. Johnston, A. Philips, and P. Laird. Minimizing Conflicts: aHeuristic Repair Method for Constraint Satisfaction and SchedulingProblems, Artificial Intelligence, 58:161-205, 1992.3 Netten, B.D., Vingerhoeds, R.A., Koppelaar, H., and Boullart L.: ExpertAssisted Optimization of Composite Structures, in A. Verbraeck, E.J.H.Kerckhoffs (eds) SCS European Simulation Symp. ESS�93, Delft, October25-28, pg.143-148.4 Netten, B.D., and Vingerhoeds, R.A.: Adaptation for Conceptual Design inEADOCS, Proceedings from the ECAI�96 workshop on case adaptation,Budapest, Hungary, 1996.5 Smith, I., Lottaz, C., and Faltings, B.: 1995, Spatial composition usingcases: IDIOM, in Veloso, M., & Aamodt, A. (Eds), Topics in Case-BasedReasoning Proceedings of the International Conference on Case BasedReasoning, LNAI series, Springer, 1995.6 Munoz, H., and Huellen, J.: Retrieving Cases in Structured Domains byUsing Goal Dependencies. Veloso, M., & Aamodt, A (Eds), Topics inCase-Based Reasoning Proceedings of the International Conference onCase-Based Reasoning, LNAI series, Springer, 1995.7 Haigh, K. and Veloso, M.: Route planning by analogy, in Veloso, M. &Aamodt, A. (Eds), Topics in Case-Based Reasoning Proceedings of theInternational Conference on Case-Based Reasoning, LNAI series,Springer, 1995.8 Smyth, B. and Keane, M.: Experiments on Adaptation-Guided Retrieval inCase-Based Design. In Veloso, & Aamodt (Eds), Topics in Case-BasedReasoning Proceedings of the International Conference on Case BasedReasoning, LNAI series, Springer, 1995.9 Bergmann, R., and Wilke, W.: PARIS: Flexible Plan Adaptation byAbstraction and Refinement, Proceedings of the ECAI�96 Workshop onAdaptation, 1996.10 Wilke, Wolfgang, and Bergmann, Ralph: INRECA: Induction andReasoning from Cases, Proceedings of the ECAI�96 Workshop onAdaptation, Budapest, Hungary, 1996.11 Bergmann, R., Wess, S. Traphoener, R., & Breen, S.: Using BackgroundKnowledge in the Integrated System: Specification and Approach,Deliverable D29, Esprit-Project INRECA, 1994.12 Bergmann, R., Pews, G., and Wilke, W.: Explanation-based similarity: AUnifying Approach for Integrating Domain Knowledge into Case-BasedReasoning for Diagnosis and Planning Tasks, in Topics in Case BasedReasoning, pp. 182-196, Lecture Notes in AI, Springer Verlag, 1994.13 Bakhtari, S., and Oertel, W.: DOM-ArC: An Active Decision SupportSystem for Quality Assessment of Cases. In Aamodt, A. & Veloso, M. (eds):Proceedings of the First International Conference on Case BasedReasoning, Springer Verlag, 1995.14 Coulon, Carl-Helmut, Automatic Indexing, Retrieval and Reuse ofTopologies in Complex Designs, Computing in Civil and BuildingEngineering, Proceedings of the Sixth International Conference onComputing in Civil and Building Engineering, A.A. Balkema, Rotterdam,1995.15 Vob, Angi, and Coulon, Carl-Helmut: Structural Adaptation with TOPO,Proceedings of the ECAI�96 Workshop on Case Adaptation, Budapest,Hungary, 1996.16 L.S. Homem de Mello and A.C. Sanderson, A Correct and CompleteAlgorithm for the Generation of Mechanical Assembly Sequences, IEEETransactions on Robotics and Automation, 1991.17 T.L. DeFazio and D.E. Whitney. Simplified Generation of AllMechanical Assembly Sequences, IEEE Journal of Robotics andAutomation, 1987.18 L. Purvis, Intelligent Design Problem Solving Using Case Based andConstraint Based Techniques, Ph.D. Dissertation, University ofConnecticut, May 1995.