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CP Debugging ToolsA. Aggoun� F. Benhamouy F. Buenoz M. Carroz P. DeransartxW. Drabent{ G. Ferrandy F. Goualardy M. Hermenegildoz C. LaikJ. Lloyd�� J. Ma luszy�nskiyy G. Pueblaz A. Tessiery1 IntroductionThe purpose of this Part 2 (\CP Debugging Tools") of deliverable D.WP1.1.M1.1 is to presentthe constraints debugging tools to be realised in the DiSCiPl project.Debugging is needed when the behaviour of the program at hand does not ful�l user's expec-tations.The results of the questionnaires show (see D.WP1.1.M1.1-Part 1) that this happens when theanswers produced are di�erent from expected, or when some expected answers are missing. Itshows also that a poor performance of the program is often a major problem; the time needed forcomputing answers may be too long for user's needs.Thus, programs may require� performance debugging and� correctness debugging (traditionally called incorrectness and insu�ciency debugging).The tools developed in the DiSCiPl project are also intended to facilitate use of constraintsprogramming for nonspecialists (end-users) and therefore must o�er powerful integrated tools.Such tools will include most recent techniques derived from validation and abstract interpretationtechniques.D.WP1.1.M1.1-Part 1 also emphatised lack of high level debugging tools for existing constraintsystems (most of them use improved \box-model" traces or dynamic constraints values display).Enhanced debugging tools will take advantage of the clear separation between declarative andoperational semantics of CLP, thus allowing high-level debugging facilities which do not refer toa particular constraint solver.The tools will also o�er the possibility to structure a CLP program by di�erent means: bypredicates as the clausal form of CLP allows to do and by isolating on demand subsets of con-straints. The later will be referred as S-box structuration. In fact predicates de�nitions are a way�Cosytec, Parc Club Orsay Universite, 4, rue Jean Rostand, 91893 Orsay Cedex, France. aggoun@cosytec.fryLIFO, University of Orl�eans, Rue L�eonard de Vinci, B.P. 6759, 45067 Orl�eans Cedex 2, France.fFrederic.Benhamou,Frederic.Goualardg@lifo.univ-orleans.frzFacultad de Inform�atica, Universidad Polit�ecnica de Madrid, 28660-Boadilla del Monte, Madrid, Spain.fbueno,herme,germang@fi.upm.esxINRIA-Rocquencourt, Projet LOCO, BP 105, F-78153 Le Chesnay Cedex, France. Pierre.Deransart@inria.fr{Institute of Computer Science, Polish Academy of Sciences. Poland. wdr@mimuw.edu.plkPrologIA, Case 919, Parc Scient. et Techno. de Luminy, 163 Avenue de Luminy, F-13288 MARSEILLE Cedex9. claude@prologianet.univ-mrs.fr��University of Bristol, DCS, Tyndalls Avenue, Senate House, BS8 1TH, Bristol, UK.jwl@compsci.bristol.ac.ukyyLink�oping University, Department of Computer and Information Science, �Osterg�otland, S 581 83 Link�oping,Sweden. jmz@ida.liu.se 3



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 4to give the search-space a structure, as S-boxes are a way to put some structure on a constraintstore and constraints propagation.Integrated practical use of these paradigms (use of di�erent semantics and program structuring)will be referred as DiSCiPl programming methodology. With this programming methodology isassociated a DiSCiPl debugging methodology.Tools supporting this methodology will� help program structuration,� clearly distinguish between declarative/operational semantics,� take advantage of the declarative semantics of CLP,� support and simpli�es tracing,� include advanced vizualisation tools,� support run-time user interactions.The DiSCiPl debugging methodology is therefore based on two fundamental aspects of theproject:� High level declarative CLP language.� Program and constraints structuration capabilities.1.1 CP debuggingConstraints problems considered in the DiSCiPl project are expressed in constraint logic program-ming languages (CLP). This means that their description has two components: clauses (say, logicprogramming component) or predicate de�nitions and constraints (constraint component). A CLPapplication is a combination of both components in a CLP program.There are programs in which clauses dominate, others where constraints dominate, and in-termediate situations. Typical situation of the �rst case is logic programming, or applicationswritten in Prolog. All CLP platforms developped in the DiSCiPl project are based on ISO Prologas underlying logical language.Typical situation of the second case is a pure CSP problem speci�ed by a set of constraintsonly. The usual intermediate situation corresponds to what is called CLP. A particular aspect ofconstraints problems is that no distinction necessarily is made a priori between program and data:data are coded into the program (usually as facts) or constraints.Typical CLP programs include:� Data.� Constraints, knowledges and Methods (e.g. combination of prede�ned methods = use ofglobal constraints).� Strategy (e.g. labelling), heuristics description.� Data and solution display, User interfaces ....Di�erent kinds of errors arise when developing a CLP program. They are detected throughsymptoms which depends from the part of the program they are originated (here we refer toprogram structure essentially based on predicates).� Data.Error: mainly data inconsistency.Symptom: bad display of data, deviation wrt predicate semantics.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 5� Constraints, knowledges, methods:Error: incorrect clause in program, bad control.Symptom: deviation wrt predicate semantics, nontermination.Global constraints need speci�c methods. (Nothing clearly proposed yet)� Strategy, heuristics description.Error: bad control (intervals) or bad strategy or heuristic (intervals, FD).Symptom: non termination (intervals) or bad performance (intervals, FD)� Data and solution display and User interfaces ....Error: incorrect clause in program, control.Symptom: deviation wrt predicate semantics, nontermination.Notice that a symptom is observed after some execution; it is therefore related to one compu-tation (intended here as what happens after a CLP processor is activated with a goal).Another possibility is to study the CLP program, trying to �nd out whether or not there mayexist error symptoms. Showing that there is no possibility of symptom is exactely a proof ofcorrectness (no possibility of deviation). It means that the program is thus error free and alsothat the program behaves correctly (i.e. as expected) for all computations.A general approach of debugging will thus combine e�orts showing absence of symptom, andif there is some evidence that there exists some (either by establishing formally their existence,or as resulting from an incorrect execution) to use such information to localise in the programthe origin or the reasons of the unexpected behaviour. In the former case tools are related to allcomputations, as they are intended to debug \all computation". In the later case tools are relatedto \one computation", as they use a speci�c computation as starting point.It must be observed that if incorrect behaviour comes from the model and/or the programmedstrategies, the error cannot be identi�ed just at the level of some predicate or constraints. This isparticularly true for performance debugging. The tools must allow thus to analyse e�ciently verycomplex computations.Tools must also allow to re-do or modify computations at some point with the purpose toexplore di�erent strategies.A general approach of debugging will also try to take advantage of the declarative semantics ofCLP as much as possible. It is in fact possible, using declarative semantics only, to show predicatecorrectness or to localise errors related to predicate de�nitions, or erroneous constraints (correct-ness debugging). This permits to limit the use of tools related to the operational semantics to traperrors related to operational semantics or search space (in particular performance debugging).The tools will be thus presented according to a classi�cation which combines two parameters:declarative or operational semantics on one side, one computation (observed symptom) or allcomputations (absence or existence of symptom) on the other.1.2 Debugging toolsThe tools to be developed should be useful to a wide range of users. This includes na��ve users,which are mainly concerned with a basic understanding of the operation of the constraints programand of correctness issues. However, such users are often also interested in a basic understandingof some performance issues. The tools should also be interesting to advanced users, which will bedeveloping large applications, and which will be more concerned with performance issues and theoperational details of the search. Finally, system developers represent yet another group of users,who are basically interested in studying the performance of internal algorithms. However, althoughthe tools developed will probably also be of use to system developers, they are not perceived asthe primary target of the project's tools.Due to the variety of users and aspects apparent from the previous discussion, the rangeof possible tools for debugging of constraint programs is quite large. Many of the aspects to



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 6be dealt with are quite experimental, and the literature on the topic is relatively scarce. Thisimplies some di�culty in de�ning a priori the characteristics of the debugging and visualizationtools to be developed in a very precise way. Some of these aspects are user requirements fordebugging, controlling, understanding and improving constraint programs developed for complexand combinatorial use applications [SC95].As explained in the previous section, tools will be classi�ed according to the following criterion:� Semantics: declarative (D-based) or operational (LD-tree).� Symptoms: one computation (observed symptom) or all computations (proved absence orexistence of symptom). 1 comp. all comp.Operational sem. A1 B2Declarative sem. A2 B1The tools are presented according to combination of these two paradigms.A1: Operational semantics, one computation:Vizualisation of search space: selective observation of dynamic behaviour. Tools supportinvestigation of a single test run, i.e. of the search space for some initial goal. A graphicaltool for presentation of the search space to the user, mainly for purposes of performancedebugging. The tool(s) should provide various means of focusing and abstraction, in orderto cope with the, usually great, size of the search space. This will include as a special casefunctionalities present in box model Prolog debuggers.Dynamic diagnosis: localisation in the program of dynamic property violation. It may alsobe viewed as an auxiliary device for tools B2.Here we also include tools supporting speci�c strategies for selecting information from thesearch space.Assertions may also be used to localise dynamic properties violations.Notice also that the language of assertions may be useful as a focusing tool for graphicalpresentation of the search space, for example for localisation of certain nodes.A2: Declarative semantics, one computation:Declarative diagnosis consists of localisation in the program of erroneous clauses (by obser-vation of declarative properties violation).Declarative debugger(s) for localization of incorrectness and insu�ciency errors. Declarativediagnosis is a particular kind of searching an SLD-tree; a proof tree used in incorrectnessdiagnosis can be seen as an abstraction of a branch of an SLD-tree. In traditional approachesthe LD tree traversed is hidden from the user, who has to concentrate on declarative aspects,answering queries chosen by the diagnoser. But a graphical interface may visualise the nodesof the tree connected with the queries of the diagnoser.Assertions may be used to help answering queries.B1: Declarative semantics, all computations:Proof of declarative properties, generation and static diagnosis. Static diagnosis consists oflocalisation in the program of erroneous clause by observation of failed or inconclusive proofs(of declarative properties).



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 7Here we plan tools for both inferring and checking program properties, mainly for the purposeof correctness debugging. The properties will be expressed as assertions, the proposal focuseson the use of types.B2: Operational semantics, all computations:Proof of operational properties, generation and static diagnosis. Static diagnosis consists oflocalisation in the program of erroneous clause by observation of failed or inconclusive proofs(of operational properties).The di�erence with above tools B1 above comes only from the kind of considered properties(declarative and independent from the solvers, or operational and related to the resolutionor solvers strategies).It is worth to observe that the di�erence between static and dynamic diagnosis lies in thefact that deviations are analysed for all computations or with one computation respectively.During the project, a series of debugging tools which combine several basic tools (search treevisualisation, provers, generators, static, dynamic and declarative diagnosers) will be developed.The better understood will be developed by the industrial partners, and the more experimentalwill be prototyped by the university partners. Four CLP platforms will be upgraded with suchdebugging environments:� CLP(FD + Interval),� CIAO,� CHIP V5 (beta version),� Prolog IV (beta version).1.3 Organisation of the reportThis report describes the tools to be developed by the project as precisely as possible: functional-ities of tools are explained, then the platforms on which several tools will be combined are brie
ydescribed. It is not possible at the present state of the project to give precise description of the�nal advanced tools, because their e�cient integration is the goal of the project itself and needfurther investigations. However it is possible, from this report, to have a clear picture of the mainfunctionalities of the �nal tools.The report is organised as follows.� Semantical background (Section 2): a short presentation of the di�erent CLP semantics thetools refer to (declarative, operational, abstract solving). It helps to understand the level ofaction of each tool.� Discussion and presentation of three families of tools (Sections 3,4,5).� Selection of the tools to be developed in the current project on di�erent academic andindustrial CLP platforms (Section 6). This includes intermediate modules used to buildintegrated tools and short platforms descriptions.2 Semantic backgroundThis section outlines a few semantic notions needed for presentation of the proposed tools.As stated above, debugging is required if the program behaves di�erently than expected. Com-monly the user would notice that the system delivers unexpected answers, that some expectedanswers are missing, or that the waiting time for some answers is unacceptably long.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 8The answers delivered by the system result from computations. Thus clari�cation of thediscrepancies would generally require analysis of the particular computation where the unexpectedbehaviour has been noticed. For this we need an abstract model of the computation, suitable asa basis for presentation to the user and for analysis. We adopt for this purpose the notion ofLD-tree, or search tree, originating from logic programming. Majority of the tools proposed hasa connection to LD trees. In particular various visualisation tools refer directly to LD-trees.For a large class of CLP programs, answers can be characterised independently of computa-tions, by a declarative semantics. Such semantics provides thus a basis for comparing the user'sexpectations with the answers of the actual program. In particular, the user may be interestedwhether or not all answers of a program for a given class of queries have certain property, forexample if they belong to a certain type. The program analysis tools proposed in this reportaddress such questions.Another di�culty comes from the size of the constraint store associated to every computationstep. Abstract constraint solver approach (Task T.WP2.3) is a basic semantical approach foranalysis of constraint store structure and constraint propagation.The rest of this section discusses:� A simple example program, used in the sequel for illustration of the outlined notions.� The D-based declarative semantics (where D is the constraint domain) to be used in programanalysis tools.� The notion of LD-tree, or search tree, referred to by the majority of the proposed tools.� Some basics on abstract constraint solving and constraint store structuration.2.1 ExampleA very small example will be used to illustrate semantics.The following programs specify integer scalar product, i.e.: they de�ne the ternary relation p,p(p1; p2; p3) where p2 and p3 are vectors with integer coordinates, andp1 = p2 � p3 (scalar product)First version : CLP(I) (Integer arithmetics).Pr1 c11: p( N+X*P, [X|S], [P|R]) :- p(N, S, R).c12: p(0,[],[]).Second version: CLP( PA) (Presburger arithmetics)Pr2 c21: p(N+L, [X+1|S], [L|R]) :- p(N, [X|S], [L|R]).c22: p(N, [0|S], [P|R]) :- p(N, S, R).c23: p(0, [], []).The answers of the program for the queryp(10, L, [5,2]).may be linked to some practical problems. For example they may show how to pay 10 moneyunits with coins of 5 and 2, or how to cover a segment of length 10 by segments of length 5 and 2.In some CLP languages used in the project the programs could be represented as follows.In Prolog IV (intervals):



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 9p(N.+.X.*.P,[X|S],[P|R]) :- ge(X,0),p(N,S,R).p(0,[],[]).% Interval Solver% Query: p(10,L,[5,2]), intsplit(L).% Answers: L = [0,5];% L = [2,0].In CHIP V5 (Rationals and Finite Domains):p(N+X*P, [X|S], [P|R]) :- p(N, S, R).p(0, [], []).p1(P1, P2, P3) :- p(Scalar, P2, P3), Scalar ^= P1.% Rational Solver% Query: P2 = [5, 2], P3 = [X1, X2], p1(10, P2, P3) ?% Answer: P3 = [2 - (2/5)*X2, X2]p2(P1, P2, P3) :- P3 :: 0..10, p(Scalar, P2, P3), Scalar #= P1,labeling(P3).labeling([]).labeling([X|Y]) :- indomain(X), labeling(Y).% Finite Domain Solver% Query: P2 = [5, 2], P3 = [X1, X2], p2(10, P2, P3),% Answer: P3 = [0, 5]% P3 = [2, 0]2.2 Domain based declarative semanticsThe D-based semantics (where D is a constraint domain) characterises all possible answers of theprogram without referring to the way of its execution. It is fully described in [DM93, BFL+95,Fag96]. This section gives only a brief outline illustrated with examples. The program analysistools to be developed in the project refer to this semantics.We consider constraint programs over a given constraint domain D. The D-based semanticsassociates with a given program a (usually in�nite) set of D-atoms of the form p(v1; :::; vn) where pis an n-ary predicate and v1; :::; vn are elements of D, or data structures built out of such elements,e.g. lists. This set is called the least D-model of the program and can be de�ned in terms of prooftrees, as sketched below.The variables of the program range over D (and the data structures over D). Take a valuationof the variables of a clause that satis�es the constraints of this clause. Under this valuation aclause may be used as a rule consisting of D-atoms. For the program Pr2, p(10; [2; 0]; [5; 2]) :�p(5; [1; 0]; [5; 2]) is an example of such a rule. The clauses without body atoms give rise to facts.The rules can be represented by trees and can be combined in a natural way as illustrated by thefollowing example. A tree whose frontier nodes correspond to facts (and thus cannot be furtherextended) is called a proof tree. The D-based semantics consists of the D-atoms labelling thenodes of all proof trees.The following example shows a proof tree of Program Pr2.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 10. c21, p(10, [2,0], [5,2])|. c21, p(5, [1,0], [5,2])|. c22, p(0, [0,0], [5,2])|. c22, p(0, [0], [2])|. c23, p(0, [], [])Each node of the tree is labelled by the clause name used to extend it and the correspondingD-valued atom.Domain based declarative semantics describes the relations de�ned by the program. Thequestion is whether these relations correspond to user expectations, that is whether they havesome expected properties.For example, the user may expect that the ternary relation p de�ned by the program Pr1 hasthe following property:For all (p1; p2; p3) in p, if p2 and p3 are lists of integers, then p1 is an integer, orFor all (p1; p2; p3) in p, if p1 is an integer and p3 is a list of integers, then p2 is a list ofintegers.A formal expression of these properties would resemble a type declaration.Another expected property could be: For all (p1; p2; p3) in p, if p2 and p3 are integer vectorsthen p1 is their scalar product p2� p3.Given a statement S of a property the user may be interested, whether or not:� Each element of the domain based semantics of P has this property, in which case P is saidto be partially correct wrt S. This concerns for example type checking of a program wrt toa given type declaration.� Every element with property S is included in the semantics of P , in which case P is saidto be complete wrt S. For example the user may expect that the semantics of program Pcontains all elements of the form p( ~p2� ~p3, ~p2, ~p3). Intuitively, completeness means thatall answers expected by the user can be delivered by the program.[****** Former Version:Such tree may also be obtained from the tree built from clauses only (it is the same tree labelledby the clause names only). This tree is called skeleton. With every node of such tree it is possibleto associate the constraints which must be satis�ed. The previous example tree can be obtainedfrom the following skeleton with constraints (instances of clauses are renamed).]Such a proof tree may be obtained from a skeleton. A skeleton is a tree built out of uninstan-tiated clauses. With every node of such tree it is possible to associate the constraints that mustbe satis�ed. The tree from previous example can be obtained from the following skeleton withconstraints (instances of clauses are renamed). . goal{N0=10, Q0=[5,2]} |. c21, p(N0, P0, Q0){N0=N1+L1,P0=[X1+1|S1],Q0=[L1|R1],P1=[X1|S1],Q1=[L1|R1]} |. c21, p(N1, P1, Q1){N1=N2+L2,P1=[X2+1|S2],Q1=[L2|R2],P2=[X2|S2],Q2=[L2|R2]} |. c22, p(N2, P2, Q2){N2=N3, P2=[0|P3], Q2=[L3|Q3]} |. c22, p(N3, P3, Q3){N3=N4, P3=[0|P4], Q3=[L4|Q4]} |. c23, p(N4, P4, Q4)



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 11{N4=0, P4=[], Q4=[]} |.The constraints are obtained from \normalised" clauses of Pr2:c21: p(N0, P0, Q0) :- {N0=N1+L1, P0=[X1+1|S1], Q0=[L1|R1],P1=[X1|S1], Q1=[L1|R1]}, p(N1, P1, Q1).c22: p(N0, P0, Q0) :- {N0=N1, P0=[0|P1], Q0=[L1|Q1]}, p(N1, P1, Q1).c33: p(N0, P0, Q0) :- {N0=0, P0=[], Q0=[]}.2.3 Operational semantics: LD-treesThe notion of LD-tree (SLD-tree with Prolog Computation rule), or search space, for a CLPprogram and goal is an adaptation of a similar notion known for logic programs (see for example[DM93]. It is an abstraction of a computation performed for a given goal. Rigorous presentationsof various notions of search space can be found for example in [BFL+95, Fag96] and (in terms ofgeneralised and-or trees) in [dlBHB+96, dlBH93] .Nodes of an LD-trees represent states of the computation, and correspond to procedure calls.Each node is labelled by a sequence of atoms and by a constraint. The labels of the edges showthe clauses of the program used for resolution at a given step of computation. The impact of theconstraint solver involved is represented by the form of the constraints labelling the nodes. The failnodes are those where the constraint solver detects unsatis�ability of the node constraints. Thesuccess nodes are those labelled with the empty sequence of atoms. The corresponding constraintdetermines then the computed answer for the initial goal. Thus, LD-trees have failed, success andin�nite branches.In computations of CLP(FD) a distinction is made between Prolog computation phase gener-ating constraints, and the labelling phase where solutions of the generated constraints are enu-merated. However, on the abstraction level of LD-tree no distinction need to be made betweenchoice points of the Prolog computation and choice points of labelling. The labelling strategy canitself be described as a CLP program, as shown in the CHIP version of Pr1 for �nite domains.The concept of LD-tree is illustrated by the following example concerning the program Pr2.p(10,[A,B],[5,2])|----------------------------------------------------{10=N1+5,A=X1+1} | c21 {A=0} | c22 | c23p(N1, [X1,B], [5,2]){N1=5} p(10, [B], [2]) fail| |-------------------- ---------------------------{5=N2+5,X1=X2+1} | c21 | c22 | c23 | c21 {B=0} | c22 | c23p(N2,[X2,B],[5,2]){N2=0} fail fail . p(10,[],[]) fail| . |------------------------- . -----------| c21 | c22 | c23 . | | |fail p(0,[B],[2] fail . fail fail fail(0 = N3+5) | .--------------------- .| c21 {B=0} | c22 | c23 .fail p(0,[],[]) fail .| one success----------------- (5 times c21, then c23)| c21 | c22 | c23fail fail successSearch for all answers for a given goal corresponds to complete traversal of the LD-tree in thedepth-�rst left-to-right order.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 12The LD-semantics is essential for debugging as it abstracts useful information about the com-putations, which can thus be presented to the user and compared with his expectations:� The LD-tree represents complete search for answers for a given goal. Its visualisation mayprovide necessary information for performance debugging.� The nodes of LD-tree are abstractions of computational states and provide information aboutrelations between variables, about the state of constraints etc.). Further abstraction may beneeded to present this information to the user. The proposed visualisation tools may helpto understand some properties of the store and its evolution.� The LD tree shows the constraints produced by the constraint solver, thus can be a basisfor studying local constraint propagation.� The LD-tree determines all answers for a given goal. Thus it can be a basis for querying theuser concerning correctness and completeness of the answers. This observation is exploited bythe declarative debugging techniques which localise the error by a querying process controlledby the form of the LD-tree and by user answers.� The LD-semantics gives a basis for studying invariants of program execution. Invariants maybe associated with predicates. For instance a call invariant for p is a property of argumentsof p satis�ed whenever p is selected for resolution in a class of LD-trees. For example, forthe Program Pr1 and the last query from section 2.1, \the �rst argument of p is an unboundvariable" is a call invariant. Another kinds of invariants may be of interest, for instancedescribing the arguments of a predicate both at its calls and successes.2.4 Abstract constraint solving and S-boxesThe aim of the tools is to help programmers in their debugging activities by visualizing andmanipulating the constraint store. Basically, to each node of the LD-tree, it should be associatedthe corresponding constraint store. The understanding of the state of the store at each computationstep is the key of constraint correctness (and often performance) debugging.Unfortunately, the speci�c processing of constraint debugging presents a number of di�culties.Before entering the details of the proposed tools, we introduce some basics on the constraint storeand its structure.To understand the di�erent aspects of constraint debugging, it seems necessary to inspect withcare the main di�erent classes of solving techniques and the corresponding information which isto be found in the store. The two main di�erent aspects of constraint solving concern:1. reduction of variables' domains2. symbolic manipulations of formulasIn the case of �nite domain and interval constraints (the main focus of the project), we aremainly concerned with reduction of variables' domains but as will be developed, there are severalreasons to take symbolic manipulations of formulas into account. The work in progress in taskT.WP2.3 let us think that both types of constraint solving methods can be uni�ed, at least ata theoretical level. However, if speci�c investigations of parts of the store concerned with com-plete/symbolic solving algorithms (e.g. Simplex/Gaussian elimination, complete Boolean solvers,etc.) are required for debugging purposes, crucial di�erences between the two aspects must betaken into account. We will come back on this matter in the following sections.More precisely, as shown in [Ben96] and as will be fully developped in task T.WP2.3, a possiblealternative representation of constraint stores is to de�ne a function which associates to every set offormulas a set of operators, called constraint narrowing operators, de�ned over Cartesian productsof subsets of the constraint domain. For example, to the constraint z = x + y is associated anoperator which takes the Cartesian product of three intervals representing the domains for the



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 13variables x; y and z (let us call such Cartesian products boxes) and computes the smallest box(with respect to a certain 
oating point representation of numbers) containing the intersection ofthe initial box and of the relation add = fz 2 RI j x+ y = zg. Then, the overall computation overthe store is expressed in terms of �xed points of the constraint narrowing operators. For example,in most interval-based system [BO97, OV93, OB93, Gou95, Col96, BT95], a 
oating point interval(that is a real-valued interval whose bounds are 
oating point numbers) is associated to everyvariable and constraints are decomposed in primitive constraints (fresh variables are introducedwhen necessary). These constraints are related one to each other by variable sharing and forma network. At each computation step (node of the search tree) constraints are added to thenetwork (tell operations) which is stabilized, leading to variables' domain contractions and possiblyinconsistency detection. Note that no symbolic transformation of formulas representing constraintsis involded in this process.In this last representation, the most relevant information at hand for debugging purposes is thenewly computed set of variables' domains. Examination of this state (which can be convenientlyformalized as an \hyper-box") will lead to the discovery of error symptoms in a very broad sense.To state it roughly, in the course of the debugging process, the state of the variables' domains isconsidered correct by the programmer before the processing of the computation step and incorrectafter the domain reduction process (unexpected inconsistency, no reduction, too much reduction,etc.). Such unexpected behaviour may have a number of possible causes:� the program rule which was used at the corresponding node is incorrect in the sense thatthe constraint set added to the store is di�erent from what was expected by the programmer(addition of wrong equalities from the uni�cation process, mispelled variables, mathematicalmodeling of the sub-problem is erroneous),� the above problem was encountered in previous nodes but remained undetected (no imme-diate \visible" consequences, only visible consequences are on untracked variables, etc.)� everything is correct, but the incompleteness of the solver does not allow for su�cient do-main contraction, thus leading to unexpected behaviour (for example in most interval-basedsystems, adding the constraints x � x = y; x 2 [0; 1]; y 2 [0; 1] to an empty store does notlead to any domain modi�cation for variable y.Possible courses of action to track the cause(s) of the problem involves:� examination of the constraint store,� dynamic examination of the �xed point computation and its intermediate consequences onthe variables' domains,� examination of previous domain modi�cations (history)The �rst di�culties come from the size, complexity and code-independance of the current store.3 Tools related to operational semantics and a single com-putation: search space and constraint propagation anal-ysis (A1)The tools presented in this section are intended to be used when a program, for a given testdata, produces wrong results which cannot be detected or dorrected by other tools, or showsunsatisfactory e�ciency. The latter often means that no result is obtained in a reasonable amountof time. Tools refer to operational semantics and will present di�erent aspects of the computationin order to help the user to understand the reasons for the undesired behaviour.A usual abstraction for a single computation of a (constraint) logic program, executed withthe Prolog selection rule, is an LD-tree. Most of the tools considered in this section can be seenas means of obtaining information from an LD-tree and presenting this information to the user.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 14The need for novel debugging tools for constraint programming comes from the fact that thetools traditionally used in logic and imperative programming are not quite enough for constraintlogic programming. In classical debuggers, the values of variables at a given execution stateare visualized. In imperative languages destructive assignment is allowed and there is no extrainformation, besides the current value of variables. However, in CLP we deal with logical variables.A variable has a store containing extra information like pre/post properties, a domain (possiblevalues) and suspended constraints. This information changes from one step in the computationto another. The user is able at any node in the LD-tree to give an interpretation to this dynamicinformation.Classical debuggers somehow show the control part of the execution and the values of variables,but usually not in the most appropriate way: control information is usually too implicit, thenumber of variables whose value is shown is usually too large making it di�cult to interpret, andthey usually do not focus on errors or reasons for unexpected failures. Another aspect speci�cto constraint languages is the need for showing the store, i.e. the set of active constraints in agiven execution state. An additional problem is that the number of active constraints is usuallytoo large and some way of focusing in the relevant information is needed for the user to properlyunderstand the e�ect of constraints. We now consider these three aspects separately.3.1 Showing Control FeaturesAlthough one of the basic properties of constraint programs is that they can generally be under-stood declaratively, i.e. without looking at control aspects, a concrete control strategy which drivesthe execution 
ow (and, thus, the search) implicitly exists in the evaluation engine. Sometimes alack of understanding of how this control operates makes a program di�cult to debug from theperformance point of view. This control has three important components: the search determinedby the program, the search in labelling and the control of constraint propagation. Each of themcan be in
uenced separately and can have a major impact on the performance of the program.3.1.1 Showing Control GraphicallyIt appears useful to develop one or more tools which show globally how the execution proceededboth from the point of view of the program search and of the labelling steps. It is interesting toshow which variables are involved in a given node / predicate call; this particular aspect will becovered in other sections and by other tools, but it appears advantageous to interface those toolswith the control view.The third aspect related to control, i.e. computation of constraint propagation, will be dealtwith in Section 3.3.3 below.In several constraint logic programming systems (as CHIP or Prolog IV) the labelling / searchstrategy can be speci�ed by passing a parameter to the appropriate predicate. At each nodethe user can control how good the behaviour of the chosen strategy is. This, combined withvisualisation of the domain of variables provides the programmer with a good view of how thesearch space is being reduced.Regarding the display of execution trees, we propose the following strategy:� We will start by developing a generic search tree visualiser. The idea is to show graphicallythe nodes of both the programmed search and the labelling search trees.In the programmed search view, a node should be shown per predicate call. To displaythis search, information about predicate names, clause invocations, and goals called withina clause, should be kept (suggestion on how this information is gathered, and where it iskept, can be found in Section 3.5). Several actions should be possible while displaying thistree, namely: stopping the execution, stepping forward and backward, and abstracting partsof the execution in order to avoid collapsing the programmer with too many details (seeSection 3.2.1).



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 15In the labelling search view, the nodes are those corresponding to selections performedwithin the labelling procedure. Similar abstracting facilities apply (for example, the labellingpredicate in CHIP builds automatically the search tree where each node can be considered).� In a further elaboration, clicking on the nodes will give a (possibly graphical) view of thestate of relevant variables at that point. This will be performed by calling the correspondingvisualisers (see Sections 3.2 and 3.3) with the appropriate data.It is also interesting to have the possibility of switching between an event-oriented view and atime-oriented view. In an event-oriented view, every execution event (basically, every node of thetree) takes the same space in the output. In a time-oriented view, the placement of the nodes isscaled in order to re
ect the actual time that node has used (note that, for example, traversinga head may trigger complex constraint propagation and solving in the engine, which cannot beobviated). This dual view was also implemented in VisAndOr [CGH93], and shown to be usefulin practice.3.1.2 The Box ModelRather than showing the search tree of the execution, classical Prolog debuggers are generallybased on the simple and well-known \box model". This is an execution model where every callcan be seen as a box, with input and output unidirectional gates named ports. These ports areassociated with events happening to this call/box: entering into, exiting with success, reenteringto try another choice, exiting with failure. Some other ports can be de�ned (for instance, a portindicating which rule number in the predicate is currently chosen, or the call arguments when theuni�cation with the head of the tried rule succeeds, or other...). Other ports especially devised forconstraints will be studied. As an example, in the CHIC Project three ports were added to theclassical box model related to the following events: the constraint has been successfully added tothe store, the constraint has been delayed, or a constraint which was not instantiated enough toexecute when �rst reached by execution is now woken.Following an execution can be done with several commands showing more or less details aboutboxes:� Stepping shows inner calls (we have a glass-box),� Skipping considers the current box to be a black-box (inner calls are not seen),� Continuing until a previously set break-point is reached.Concerning the execution state, some commands to display the current call and choice-pointstacks are a good help. This allows to somehow understand in a simple way what the current stateof the computation is.Showing variables is also an interesting feature. Here are some desirable capabilities:� Seeing values or domains of variables (at least active variables).� Checking variables: This consists in calling a Prolog goal (with or without constraints) andforget the constraints (just look at the result of this call).� Constraining variables permanently. This consists in calling a Prolog goal and keep all addedconstraints.Graphical Box-Model: A �rst idea would be to graphically display true boxes (which maycontain other small boxes) with a zooming/unzooming mechanism when entering into/exitingfrom inner boxes. But the box-model metaphor, although very useful in a text environment,becomes hard to understand if more than a few levels of nested boxes are displayed. This graphicalrepresentation should thus be only used with pedagogical purposes. The next idea is to build thetree in which each node corresponds to a box, without trying to display child-boxes inside theirparents. We get then a more informative and relatively condensed execution trace, as an and-orcontrol tree described in Section 3.1.1.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 163.2 Showing Values of VariablesThe values of variables are the drivers of the execution and its ultimate objective. Thus, it isof utmost importance knowing them in order to uncover any possible correctness or performancebug. In the case of traditional languages this is a comparatively easy task, but in the realmof constraint languages the situation is more involved: de�nite values are now transformed intoconstraints which relate the values of the variables and which restrict the values which a variablecan take.In the case of �nite domains, a variable can only take a subset of a discrete set of values,usually represented by integers. A possible visualisation tool will allow selecting some variables,and showing their values according to several depictions. One example is to represent the valuesas highlighted squares in a wider rectangle which represents the whole domain. Colours can beused to depict other (possibly historical) information about the variables. This shows the valuesof variables at a given point in the execution, as well as the evolution of variables over time if astep through feature is present.In principle all the selected variables could be visualised, regardless whether they are active (i.e.reachable) or not from the current clause invocation. Selecting precisely the variables which arereachable from a given program point can be done by hand (inspecting the program) or by usingthe tool(s) described in Section 3.1.1. Program inspection by hand can be done, for example, withthe addition to the program of meta-predicates which specify which variables should be visualised.Such meta-predicates do not change the meaning of the program at all, and should thus be easilyremovable.A tool to depict the values of variables (taking into account its constrained nature) is alsoperceived as very useful. The proposed basic depiction for �nite domain variables has manypoints in common with that proposed by Micha Meier [Mei96] for the Eclipse system [Eur93].A �rst implementation of a prototype could follow the points below:1. De�ne a �le format, closely related to the metalanguage to represent constraints and variablevalues; this �le format should be able to:(a) represent changes in the domains of variables as a result of constraint addition and asa result of constraint propagation (it is important to di�erentiate them),(b) link run-time variables with the names of variables as they appear in the program text(this is important in order to give correct feedback to the user),(c) represent constraints posted to the store, and link them with the textual form thatappears in the program,(d) express backtracking from the point of view of the constraint solver (i.e. reset variabledomains to a previous state and remove constraints from the store).2. Develop a tool which can read �les in this format and show (a subset of) the variables presentin the �le, being able to:� Show the domains of the variables (possibly �a la GRACE [Mei96], where each domain isrepresented as a segment and values inside the domain are points inside this segment),� Be able to concentrate on critical parts of a domain under the user request (which canbe perceived as a weak type of abstraction, see Section 3.2.1, since parts of the domainare not taken into account),� Update the domain representation as the variables are updated,� In the case that a domain update is a direct consequence of a user constraint, it wouldbe interesting to show this constraint,� On the other hand, if variables are updated as a result of propagation, this should beclearly indicated as well.3. Several actions should be possible within this tool: stopping, stepping forward and back-wards, etc.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 173.2.1 AbstractingIn executions of large problems, the debugging process has to cope not only with sizeable traces, butalso with a large number of variables and of possible values which can overwhelm the programmer.Thus, it is highly desirable to have methods which help to deal with these cases. A generalabstraction method, amenable to be applied to as many cases as possible, gives the programmera homogeneous interface.In the case of control depiction (Section 3.1.1), a clear possibility is abstracting parts of thesearch tree, possibly by collapsing them [Sch97]. The user might select which parts of the treecan be collapsed (perhaps those which correspond to parts of the program known to be correct).However, unlike in [Sch97], this abstraction need not lose all important information: for example,if performance debugging is being aimed at, a tag (such as a number or a colour) can be added tothe collapsed subtree which indicates the amount of work represented by that tree.In the case of the representation of (�nite) variable domains, feasible techniques have to beadopted for the cases in which there are either too many variables, or the domains of certainvariables are too large.In the �rst case, an obvious method is selecting which variables are traced, either projectingthe whole set of program variables on a particular (set of) clause(s), on a particular (set of)constraint(s), or allowing the user to pinpoint which variables are to be visualised.In the second case, a re�nement / abstraction of the domain must be de�ned. Sometimes, afeasible abstraction is taking only the lower and upper bound of the allowed values to representthe domain of the variable. The variable is thus represented as an interval. There are importantcases of real problems where this abstraction does not actually lose any information, from thepoint of view of the problem.More advanced possibilities can involve user interaction, where the user de�nes which valuescan be taken out of the variable representation. A possible form of doing this is by expressinga constraint which de�nes the values the user knows to be unimportant for the problem underconsideration. This constraint �lters the representation, which will only take into account thevalues that are not ruled out by the user-imposed constraint. The system may warn the user if avalue ruled out by the debugging constraint is not discarded by the program.3.3 Showing ConstraintsImagine a C(L)P program composed of one single rule, to which is associated a huge and/orcomplex set of constraints. When the resulting answer is \unexpected" (in any sense) it is obviousthat no analysis of the program structure, execution, etc. will help at all.We will call constraint debugging the process of debugging programs by examining the con-straint store(s) as opposed to examining the rule-structure (and the execution) of the program.It is generally admitted that, while programs and data are structured in may ways (procedures,predicates and rules, objects, tree structures, etc.), the store is a mere 
at and huge collectionof formulas with no structure whatsoever. Moreover, in modern constraint languages, coopera-tion of solvers generate even more complex, heterogeneous and intricate store structures (e.g. inProlog IV).A possible starting point for the design of a workable store structure should come out after thecompletion of tasks T.WP2.3 (abstract constraint solving) and T.WP3.4 (complex constraint ab-straction) as well as their graphical debugging-related counterpart T.WP2.3 (domain independentvisualisation paradigm).3.3.1 Showing RelationshipsThe tools described in Section 3.2 do not give any direct insight into the relationships / mutualin
uence among variables. As the values of variables are updated by adding constraints (whichrestrict a variable's domain, or relate di�erent variables), exploring which constraints are active ata given point is also very interesting. In general, it is interesting to show some / all the constraints



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 18in which a subset of variables are involved. Several tools which may help the user to view the activeconstraints can be devised. A possible constraint depiction selects one constraint from the programtext, and shows it, together with the variables involved in it. Another, data-driven possibility, isselecting some variables and showing which constraints relate them. But this text-based approachwill not always be appropriate, as the constraints can be complex, or the number of constraintsvery high, resulting in a relatively cryptic result.The representations mentioned above retain a language-oriented representation. It is possible,though, to develop graphical representations of the relationships among variables. One possibilityis to show a 2-D tableaux. One dimension can correspond to a selected variable, and the otherdimension to another selected variable. The 2-D points in which both variables can take a valueare highlighted, which provides an intuitive feedback of how the variables are related. This, infact, does not show only a given constraint among two given variables, but rather the accumulatede�ect of all active constraints on the variables. It is not possible to predict the practical interest ofsuch vizualisation. It will therefore be implemented only if its usefulleness is clearly demonstrated.Based on the previous depiction, an appealing possibility is to develop an interactive represen-tation. This would be a graphical representation which would allow the user to actively restrictthe domain of the variables (as the program execution does) and see how this a�ects the rest ofthe variables, taking into account the constraints active at a given moment. This feedback shouldgive the user an intuition of how the variables are related. It is thus also possible to verify thatsome expected constraints hold among the variables. Continuing with the depiction mentionedabove, where variable domains are shown as highlighted squares in a rectangle, a variable can beselected, so that its value can be changed by the user. This will induce changes in the domain ofthe variables which are related to it, and these changes can be shown interactively. It is expectedthat this will help in showing how variables interact with each other, and to verify that the ex-pected constraints hold among selected variables [CH96]. The same can be applied to the case inwhich two variables are shown in a 2-D fashion: selecting a third variable, and manually changingits value, can be re
ected in the resulting grid. A possible 3-D depiction, along the same linescould be devised. This will however likely be exp;lored at research level.This animation-based tool is more involved than the previous one in which it has not only toread a history of the constraints generated by the program, but it also needs to have access to theconstraint solver, in order to know the (new) variable values after a user update.3.3.2 Controlling size and complexity of the store (S-boxes)As mentioned above, no reasoning can be done on a 
at representation of the store. This can beaddressed by allowing the programmer to structure the store by modifying the constraint granu-larity. This would be achievable by structuring the store as a hierarchy of sub-stores, organisedthemselves in sub-stores etc. and giving the programmer the necessary tools to:� create and modify the hierarchy,� concentrate on a local view of selected sub-parts,� navigate in two directions (search tree and propagation process) in these sub-storesTaking advantage of properties of the constraint narrowing operators and of the main algorithmcomputing the overall domain reductions, it is then possible to generate arbitrary levels of abstrac-tions of the store by considering subsets of the store as global constraints (in order to simplify therepresentation).Our preliminary proposition in this direction is to allow the user to add structure informationto the source code by marking selected goals in selected rule bodies. The set of \interesting"constraints (e.g. �nite domain and/or interval constraints) de�ned by the corresponding predicateswould then form a sub-store (box). Hierarchical organisation of the store is then associated to theprogram structure.Contrarily, decomposition of (some) global constraints would help re�ning the visualisation ofcrucial sub-parts of the store. In the case of pre-de�ned global constraints (especially in �nite



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 19domain-based systems), domain modi�cations coming from global constraints may be incompre-hensible to the programmer if he has no precise knowledge of the underlying algorithms. Actualdecomposition might not be very useful in this case.We present below a graphical tool which implements a \divide and conquer" method reducingthe store to a manageable size.The store-as-a-box view The key idea of our method is to consider a store as a closed box(referred as S-box in the following) with no connection with the outside. Moreover, the store maygather only a subset of all constraints already processed. By default, there is only one box whichcontains the whole store at a node of the search tree.One way to create S-boxes is to highlight some parts of the CLP program. Action depends ofwhat is highlighted:� some constraints: they are all linked in one S-box;� a goal: all constraints created when resolving the goal are included in one S-box;� head of a clause: all constraints created while in the clause are included in one S-box.Note that the three cases may be mixed. For example, highlighting two constraints (c1; c2)and one goal g1 creates one box gathering c1; c2 and all the constraints created while resolving thegoal. S-boxes are thus organised in a hierarchical way.From the propagation view-point, a S-box acts as a big constraint which is the conjunction ofall constraints it embeds (see section 3.3.2). Note that it implies a modi�cation of the propagationprocess (all constraints pertaining to the same S-box must be awaken in such a way that the wholepropagation appears as atomic from the outside).The set of constraints of the active S-box is displayed in a graph form: nodes are constraints1and edges link constraints sharing variables. Moreover, S-boxes at a deeper level than the activeS-box will be materialised in a way to be de�ned (by means of colour or �gures embeddingconstraints, : : : ). A S-box can be promoted to the active one by clicking on it. Its contents is then\zoomed" and it becomes the active store , that is all links with S-boxes at the same or higherlevel disappear. All is done as if constraints outside the active S-box did not exist. This allowsthe user to focus on a sub-part of its problem. The user has the ability to create sub-boxes in theactive S-box by clicking on the constraints he wants to gather.The hierarchy of existing S-boxes will appear in a tree form allowing the user to step backwardand forward in the \zooming process".As it can easily be seen, our approach is similar to extracting constraints from the main CLPprogram, then gathering them in clauses to form a new structured Prolog program. An intendedbene�t of this would be to allow declarative debugging of CLP programs with no structure (suchas the one goal program) using methods such as those described in [FT97].3.3.3 Constraint propagationTracing of the propagation process is as important a task in the CLP scheme as the tracing ofinstructions in imperative languages.This is very important for correctness but can also be of crucial interest to detect slow con-vergence or ine�cient constraint stacking. It is not conceivable to trace step by step the whole�xed point computation or even worse a whole sequence of �xed point computations. A possiblesolution is to give the programmer the possibility to set breakpoints based on certain propertiesof the execution state. For example a breakpoint can be set when:1. inconsistency is detected,1Note that the graph contains only user constraints, that is decomposed constraints are reconstructed in orderto be displayed. This will induce modi�cation in the core of host systems.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 202. for a given variable there is a domain modi�cation, an absolute reduction (a given size/numberof values is obtained, particularly �xed variables and variables with canonical domains) ora relative reduction (a certain ratio of its previous/initial set of values is computed),3. a given constraint, or a constraint belonging to a given set is stacked, actually used oractually used to reduce the domain of a particular variableIt will then be possible to let the propagation run until a breakpoint or a �x-point is reachedor alternatively to trace step-by-step each propagation. When in step-by-step mode, the user willhave the ability to record every modi�cation such that it will be possible to step backward ordelete a constraint.From a mid/long term point of view it would be very desirable to be able to enhance thedebugger with facilities to propose courses of action, to provide selected information, possibly toask questions and more generally to try to compute short cuts, thus avoiding the programmerlengthy investigations and possible irrelevant search. This could be done by extracting possiblerelevant information from the store during the execution process, depending on store/domainmodi�cations, previous actions or answers given by the programmer. On the basis that ourhierarchical representation of the store could be represented as a CLP program, ongoing work ondeclarative debugging in the project could provide ideas and starting points in this prospectivedirection.3.3.4 Symbolic processing of the storeIf debugging facilities are extended to general, domain and solver-independent C(L)P languages,the domain-oriented approach presented below is not su�cient. Many solvers dynamically modifythe constraint store by rewriting formulas. Except for specialists, that is constraint solver de-signers, tracking resolution steps for these representations of constraints (a situation that is verysimilar to global constraint debugging) is of little interest (choice of the pivoting variable, etc).Some facilities can be nevertheless shared with domain-based solvers like dynamic modi�cationsof the store.Speci�c functions can also be envisaged. For example, one natural function the programmerwould like to be granted in this case is the capability to simplify the store (redundancies elimina-tion, computation of compact constraints) and to project the store over a subset of the variables.Unfortunately, as it was shown in the Boolean [Ben93] and in the linear case [LMH93], thesetechniques are very di�cult to design and implement (and also very time-consuming).Symbolic processing can also be considered as an important feature of domain-based constraintsolving, at least for one important reason, linked to performance debugging. As it is well knownfrom constraint-based application developers, substantial gains in e�ciency can be achieved byadding redundant constraints.3.4 Relating Debugging to the Source ProgramA desirable feature of most debugging tools is the ability of relating the execution state to somepart of the source program. This is because the programmer is usually familiar with the programand this can greatly help the user to understand the program execution.For example, when interested in execution 
ow, the line in the program associated to thecurrent state may be highlighted.Concerning the (apparent) independence between the constraints appearing in the store andthe source code, the problem is itself quite hard to tackle. Possible investigations include:� intuitive renaming of fresh variables,� careful track keeping of relations between variables and their \home-rules",� design of constraint structures with no primitive constraint decomposition, that is globali-sation of the representation as opposed to the \resolution"



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 21� global processing of constraints a la Newton [BMV94, VMB97]This problem is, in our opinion, crucial. No serious debugging can be done in presence of (nu-merous) variables apparently unrelated to the program source. Note that the envisaged solutionsto this problem involve major modi�cations of the solving algorithms themselves.3.5 Gathering Data about the ExecutionIn order to gather information about a program execution which will later be presented to theuser di�erent alternatives exist.on-line the debugger runs simultaneously with the program. We have a complete knowledgeabout the current state. Nothing is known about future states.UPM: Orleans seems to be very interested in on-line techniques. Please improve this paragraph.o�-line the program is �rst run and all the relevant information is gathered in a trace �le whichwill later be used by the debugger. The exact format of these trace �les is still to be clearlydetermined, and will depend on further developments in the project. From an implementationpoint of view, the generation of this �le can, in principle, be performed in several ways:� Using a meta-interpreter, which detects branching / constraint addition / propagation steps/ etc., and dumps the corresponding info to the trace �le.� Using a variant of the existent engine, which performs basically the same operations asabove, but at a lower level.� Using an annotated program, possibly accessing ad-hoc primitives available from the engine.Insertion of these annotations can be done by the user or, alternatively, automatically, as arewriting of the original program.All three options appear interesting. The last option seems to be particularly attractive giventhat it o�ers the advantages of not having to change the engine or constraint solver implementationtoo much, and not imposing the execution overheads of a meta-interpreter.The contents of the trace �les are conceptually di�erent for the di�erent tools but it may bestored it in a single, combined �le. Also, such content is intimately related with the de�nition ofmetalanguage to represent constraints and variable domains.Pro�ling A simpler approach is pro�ling. The execution engine is augmented in order to storepieces of information regarding program execution. These data may be used afterwards as hintsof the program behaviour, especially for performance debugging. Examples of data stored are:� number of �xed point steps,� number of reduction steps,� unused constraints� constraints which were (often) stacked with no e�ect on domain reductions,� constraints which were (often) stacked with little e�ect on domain reductions (slow conver-gence),� variables whose domain was not reduced,



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 223.6 Dynamic diagnosisWe expect that it will be quite often the case that provers (tools B2) are neither able to provenor to disprove that a certain program property holds. This is because proving algorithms areusually incomplete. In such a case it will be useful to provide a tool for dynamic checking, i.e. atrun-time. Such a tool would test whether a given property is satis�ed in particular test runs ofthe program. (Note that, according to our classi�cation, this is not a program analysis tool). Itwill be implemented by:� De�ning run-time checks in the source language suitable for several forms of assertions.� Enhancing the static checker to annotate the program where assertions have not been provenand to discard proven assertions.� Incorporating to the static checker a back-end which translates previous annotations intothe suitable run-time checks.4 Tools related to declarative semantics and a single com-putation: declarative diagnosis (A2)Declarative diagnosis consists of localisation in the program of erroneous clauses by observationof declarative properties violation.If a "program" consists of thousends of constraints and variables without more structure notool may be able to help in �nding easily a missing or wrong constraint. But if this set is producedby a structured program (say recursive clauses with few constraints stated in each of them), thendeclarative diagnosis by helping to explore each instance of these clauses used to put together theconstaints (which lead to a wrong solution) may allow bug localisation.The starting point of a declarative diagnoser is a computation producing a result which isconsidered as incorrect. Since there is a result, it is not an in�nite computation. An incorrectresult is called a symptom. This notion of symptom depends on some expected properties of theprogram, so a symptom is a result which is not expected. However the notion of expected propertiesmay be more general than a complete speci�cation of the program semantics. From a conceptualviewpoint we have only to presuppose an oracle which is able to decide that a result is expectedor not. In practice the presentation of a result can be very intricate so the ability for decidingcould seem unrealistic. However this presupposition is necessary to give a meaning to debuggingquestions and in fact it is the notion of expected properties which has to be realistic. In practicethe oracle can be embodied by the programmer or by other means (for example assertions) andthe expected properties can be de�ned by using an abstract (approximate, graphical, ...) view ofthe computed result.4.1 PrinciplesThe declarative diagnosis scheme is the following. The symptom is the unexpected result of a�nite computation. We consider the set of computation steps of this �nite computation. Thenthe symptom is the result of the last computation step. But we can associate a result to eachcomputation step. Some of them can also be considered as symptoms (because they are notexpected). Let us assume an order over the set of computation step (the computation steps weconsider are for example the nodes of the proof tree or the nodes of the SLD-tree). This order iswell-founded because of the �niteness of the computation. Directly this order provides a notionof minimal symptom.Once a minimal symptom is localized, we associate with it a small piece of erroneous coderesponsible of its appearance. This piece of code is called an error. A suitable de�nition of thenotion of error is possible only when the well-founded order over the computation steps is correctlychoosen (i.e. the notion of minimal symptom has some sens wrt the program).



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 23Declarative means that the user has no need to consider the computational behaviour of theconstraints program; he needs only a declarative knowledge of the expected properties of theprogram (thanks to the properties of con
uence (independence of the computation rule) andcompositionality in the case of CLP). Con
uence is basic to de�ne notions which are declarativethat is to say which do not depend on a particular computational behaviour.Based on the observation that most of the behaviour of constraint programs can be understooddeclaratively, the declarative diagnoser performs a dialog with the oracle (the expected properties),asking queries about computation steps, without referring to any operational semantics. Thisallows the user to correct errors in the program without having to deal with control aspects, whichare hidden in the diagnosis algorithm.In fact because of the relational nature of CLP languages we have to split the notion of (�nite)computation in two notions. That is to say that we have to split the notion of result in two notions.A goal being given, there is a �rst notion of result which is a computed answer constraint, thecomputation being a success derivation. This is a �rst level of computation. In the formal logicalsemantics for CLP the relation between the goal  g and the computed answer constraint c isformalized by using the implication c ! g. Even from a purely operational viewpoint we canconsider that c! g is computed.But there is a second level of computation that is to say another notion of �nite computationwhich is represented by a �nite SLD-tree. Now if c1; � � � ; cn are all the computed answer constraintsof this �nite SLD-tree, their relation with the goal  g is formalized by the implication g !c1 _ � � � _ cn (if n = 0 (�nite failure) this implication amounts to :g). To be more formal,g ! c1 _ � � � _ cn occurs along with the completion of the program and to be more precise with itsonly if part (while at the �rst level c! g occurs along with its if part that is the program itself).Even from a purely operational viewpoint we can consider that g ! c1 _ � � � _ cn is computed atthis second level of computation.These remarks motivate that we call positive the �rst operational level and negative the secondone.A symptom at the positive level will be called a positive symptom. To say that c ! g is apositive symptom is an abstract way to say that c is a wrong answer to  g. If the expectedsemantics is de�ned in a logical framework with respect to an intended interpretation, c ! g isnot true in this intended interpretation.A symptom at the negative level will be called a negative symptom. To say that g ! c1_� � �_cnis a negative symptom is an abstract way to say that there is not enough answers to g, there aremissing answers, g is not covered by c1; � � � ; cn. If the expected semantics is de�ned in a logicalframework with respect to an intended interpretation, then g ! c1 _ � � � _ cn is not true in thisintended interpretation.The diagnosis algorithm follows the computation, but a lot of computation steps can be skipedaccording to the answers to previous questions. That is, the diagnoser follows the straight pathfrom the computed symptom toward the minimal symptom removing useless search.The tool(s) required by a declarative diagnoser is an interface between the diagnoser and theuser. For example it may be a graphical interface to show a computation step to the user inorder she answers if it is expected. But the interface may be also an assertion language to expressdeclarative properties of the program. That is, this required tool is an implementation of theoracle.4.2 Diagnosis of incorrectness (wrong answer)Type of symptom:� positive symptom (wrong answer): c ! a unexpected (a solution of the constraint c whichshould not be in the atom a)Type of error:



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 24� positive incorrectness: a clause of the program a c2B + a constraint c0 such that c0 ! cand c0 ! B is expected but c0 ! a is unexpected.The symptoms correspond to the kind of questions to the oracle, the error corresponds to thepiece of code pointed as wrong by the declarative diagnoser.With a positive symptom is associated a skeleton (of a proof tree) whose root label is thesymptom and whose set of associated constraints is satis�able (if the solver is incomplete and theconstraints is not satis�able in D then c ! a holds because c is always false). The nodes of theskeletons (more precisely, from an abstract viewpoint, the subskeleton grafted on these nodes) arethe computation steps we consider. With each node of the skeleton is associated a constrainedatom (of the form c! a).The declarative diagnosis environment provides tools to explore such constrained skeleton andlocalise some minimal error. Di�erent notions of minimality will be considered. For this purposeordering of nodes or subtrees may be considered.At each diagnosis step, some query is presented to the oracle. It consists of displaying aconstrained atom (the constrained atom associated with the current node of the skeleton). Itmust be noticed that di�erent sets of constraints can be displayed: constraints associated to thewhole skeleton or constraints associated to the subtree only, or some other subset. Furthermoredisplaying a huge set of constraints is not acceptable. Di�erent options will be studied and someimplemented. Note that c! a is equivalent to c0 ! a where c0 is the existential closure of c excepton the free variables of a. Thus only the information on the possible variables of a needs to bedisplayed. Among the di�erent options there is:� To display an equivalent set of simpli�ed constraints.� To display some approximation.� To display some graphical representation.The choice may depend on the node (for example on the domain or the type of the variableswhich occur in the atom).4.3 Diagnosis of incompleteness (missing answer)Type of symptom:� negative symptom (missing answer): c ^ a ! c1 _ c2 _ � � � _ cn (exists a solution of c whichsatis�es a and is solution of no ci)Type of error:� negative incorrectness: a predicate de�nition (packet) a Wi ci2Bi + a constraint c0 suchthat c0 ! a is expected but c0 ! Wi ci2Bi is unexpected.With a negative symptom is associated a �nite SLD-tree whose root is the symptom. Thenodes of the SLD-tree correspond to incomplete skeletons with a \satis�able" associated set ofconstraints.The declarative diagnosis environment provides tools to explore the SLD-tree and localise aminimal symptom. The exploration is intelligent again and guided by the well-founded order.The notion of \minimality" is simple in the case of programs without coroutining. The toolswill be designed for programs without coroutining. Extension to the case of coroutining will befurther investigated.At each step of diagnosis, some query is presented. Considering a node of the SLD-tree,corresponds a leaf of some partial skeleton with associated set of constraints c0, the query has theform: c0 ^ a ! Wi ci where the ci's are the constraints associated to the partial skeletons (nodesof the SLD-tree in the case of no coroutining) where the skeletons grafted on the leaf is complete.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 25For query presentation, di�erent options will be studied and included in the diagnoser as discussedfor the positive case.Di�erent strategies may be implemented in order to localize the minimal symptom. Amongthese, some obvious strategies. For example: the strategy which strictly follows the computation(the trace); the divide and query strategy; strategies guided by some heuristic or by the user(if the oracle is the user, then she can choose the nodes wrt the ability to answer the diagnoserquestions).5 Tools related to all computations (B1, B2)As tools B1 and B2 di�er only by the kind of properties which are considered (declarative ordynamic) they are presented both together. Their implementation however may di�er as theyrefer to di�erent semantics.The tools discussed in Sections 3 and 4 facilitate analysis of a single computation while search-ing for the reasons of unexpected behaviour. Finding such a computation may be quite di�cultsince this may require exhaustive testing of the program.A computation showing unexpected behaviour violates some requirement. The tools proposedin this section address a more general question: whether or not all computations of a given programsatisfy a given requirement.The proposed tools related to all computations will mainly be concerned with correctnessdebugging. They are based on the structuiration of the program by predicates. It is possible thatstatic analysis techniques could also be applied to performance debugging. This would requiresome kind of global cost analysis for all computations of the program. This may be a subjectof future research, but in the present state of the art it is rather di�cult to propose a tool forperformance debugging based on global analysis techniques.5.1 A general viewAs clari�ed above, ideally we would like to verify that a given program satis�es a requirementconcerning every answer, or every computation (in the considered class). The requirement may beexpressible as a property of the D-based declarative semantics or as a property of computations,presented in terms of LD-trees.Veri�cation can in general be done by proving a given property (requirement) via a dedicatedprover. Another approach to veri�cation is to automatically infer properties of a program and tocompare them with the requirements.Independently of the technique used, veri�cation can be seen as a process which receives aprogram and a set of requirements as input and returns, for each requirement, one of the followingthree values:� the requirement holds, i.e. it is veri�ed. This is the most favourable situation.� the veri�er is unable to prove nor disprove the requirement. This may be because therequirement is not ful�lled or because the veri�er is not complete.� the requirement is proved not to hold, i.e. there exists a computation for which the propertydoes not hold. This is a \symptom" that something is wrong in the program and diagnosisshould start in order to correct it.We therefore have three types of tools:� Provers: tools which attempt to prove that a certain property holds. Take as input aprogram and a property. Give as output the result \proved", \disproved", or \unknown".� Analysers: tools which infer properties from a program. Take as input a program. Give asoutput a set of properties.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 26� Comparators: tools which compare two (sets of) properties in an attempt to prove one ofthem, the \requirement", with the other one, the \warrant". Take as input the two proper-ties. As in the case of provers, they give as output the result \proved" (if the requirement isimplied by the warrant), \disproved" (if the requirement is guaranteed not to hold in viewof the warrant), or \unknown".5.2 AssertionsA language is needed for two way communication between the tools and the user. The expressionsof such a language are called assertions.Both the requirements stated by the user and the properties inferred by the analysers will beexpressed by means of assertions. Thus, de�ning the language of assertions is the �rst objective.This includes deciding about the space of properties of interest. As stated above, the requirementsmay concern various kinds of semantics and thus may need various kinds of assertions. For exam-ple, we may need type declarations referring to the declarative semantics (i.e. D-model semantics)as well as mode declarations referring to the operational semantics (i.e. LD-trees).Another dimension is a specialisation of assertions to various constraint domains used byvarious platforms. We plan to develop a general framework for assertion language; particulartools will use its subsets specialised for speci�c domains and speci�c semantics. For example, wemay need assertions expressing the range or the cardinality of the �nite domain of an argument ofa predicate in the D-model semantics of a �nite domain constraint program. We may need otherassertions describing the intervals of arguments of a predicate at the success of the narrowingphase of a program based on the interval domain.While assertions provide a basis for provers, analysers and comparators, they can also be usedin tools concerning a single computation, for example for expressing information about the actualconstraint store, or for selecting some particular data from the actual LD-tree. Clari�cation ofthe potential use of assertions in all proposed tools is a subject of a separate research task.5.3 Abstract interpretationSeveral tools proposed in this section will use abstract interpretation [CC77]. It is a standardmethod of inferring of program properties. It can also be used for checking properties.For automatic inference of properties by abstract interpretation one has to de�ne a prioria restricted class of properties, called the abstract domain, with a special ordering (cpo). Theelements of the domain correspond to speci�c assertions which have to be inferred.A typical example is the problem of de�niteness analysis for a given constraint program andquery, discussed in [dlBH93]. Roughly speaking, the question is: given a program and a genericquery, which variables of the query will have their domains restricted to a single value in any answerobtained. A generic query can be seen as an atom with all arguments being distinct variable, withadditional information which of the variables have their domains restricted to a single value. Forexample, for the scalar product program Pr1 with a generic query p1(X;Y; Z), where Y and Z arede�nite, the variable X will have its domain restricted to a single value in any answer obtained.This kind of assertion associates a variable, e.g. X with a set of variables, e.g. fY; Zg, to statethat a property holds for X i� it holds for every variable in the set. Such pairs are building blocksfor the abstract domain de�ned in [dlBH93] which is used by an automatic system. The systemcan infer correct de�niteness information for any given program and query. The inference is akind of �xpoint computation using the operations induced by the ordering of the domain.There exist generic abstract interpretation tools for CLP which can take the abstract domainas a parameter and thus can analyse di�erent kinds of properties. We propose to develop such anabstract interpreter as a basic module to be used for various purposes as described below.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 275.4 ProversDedicated provers are in general hard to implement, and not easy to use. An important exceptionare type checkers. Many programming languages enforce type discipline and in this way facilitateearly discovery of some errors. In the logic programming �eld this has been con�rmed by theexperience with the type checker for the language Goedel [HL94]. Programmers �nd it veryuseful in early localising of many errors. They do not see the requirement of providing all typedescriptions as a too high price for it. However, most constraint languages do not enforce typediscipline.Taking this into account we propose optional use of descriptive types which are assertionsconcerning the program. This requires de�nition of types to be used for various constraint domains,and development of type checkers for them.Two approaches will be investigated:� The use of abstract interpretation techniques for type inference and type checking. In thiscase types have to be de�ned as an abstract domain. A standard interpretation techniquescan then be applied taking as a starting point a type information provided by the user. Inthe case of complete type information the abstract interpreter behaves as a type checker.An advantage of this approach is that missing type information can be inferred, and in theextreme, when no information is provided by the user all types are inferred by the system.A starting point for development of a tool based on this approach may be the previous workdone for logic programs, e.g. [SG95] or [JB92]. The type system proposed therein shouldthen be extended to the constraint domain in question.� The use of dedicated proof techniques for directional types. The directional types combinea kind of mode information, where every argument of a predicate is a priori determined asinput or as output with type information. In this case type checking reduces to veri�cationof a few conditions for each program clause. The starting point for development of a toolbased on this approach may be the previous work done for logic programs [BM97] and for asubset of Prolog III [Vet94].5.5 AnalysersAn analyser infers properties of programs. With the use of abstract interpretation techniquesthe properties inferred are restricted to those de�ned by the underlying abstract domain. Avery important task for achieving 
exibility is thus development of an e�cient generic abstractinterpreter, where the abstract domain can be taken as parameter. As stated above, an abstractinterpreter can also check given properties, or combine inference with checking.As already discussed above, we give high priority to building dedicated type analysers forCLP(FD) and CLP(intervals). Following this work we plan to study generalisation of the typeanalysers for more general classes of properties and for other constraint domains.A very important feature of analysers for debugging is that the analysis algorithm be incre-mental. This is because during the debugging phase of the life-cycle, the program usually getssmall modi�cations and is checked again for inconsistency with the requirements. In such a casea non incremental analyser repeats much of the work performed previously. We will thus aim atobtaining analysis tools which are incremental, using the algorithms presented in [HPMS95].5.6 ComparatorsProperties of the program inferred by static analysis may be very informative and may be usedfor debugging purposes. The programmer may read the analysis information and compare withwhat he expected. However, this may be a tedious task as analysis information may be hard tointerpret and comparisons with the requirements may be di�cult. Thus we aim at performing suchcomparison automatically. The output of such comparison will be that the requirement holds, doesnot hold, or unknown. If the requirements are expressed in the language of the abstract domain,



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 28this comparison will simply involve a few operations in the abstract domain. It remains to decidewhether the comparison will be performed by an analysis tool itself, or separate tools will beconstructed.[LiU (WD): There are no comparison tools in section 5, so I ended this paragraph as you seeit. This is still subject to your corrections. Previously it said:: : :may be hard to interpret and comparisons with the requirements may be di�cult. Thus weaim at implementing tools for performing such comparison automatically. The output of such toolswill be that the requirement holds, does not hold, or unknown. If the requirements are expressedin the language of the abstract domain, this comparison will simply involve a few operations in theabstract domain. The following sentence will be confusing without extra explanation, so I preferto keep it removed. For this task it must be studied which are the conclusions which can still bederived from such comparison when both the properties of the program and the user requirementsare approximated. Note also that if the user requirements are not expressed in the language ofthe abstract domain, a previous translation phase should be introduced which can introduce someloss of accuracy in the comparison. ]5.7 Static DiagnosisAn attempt to prove a property of a program (e.g. to type check a program) may fail in twoways: by indicating that the property does not hold (\no" answer) or by stating that the proveris unable to decide whether the property holds or not (\don't know" answer).By static diagnosis we mean analysis of the failed proof with the objective to localise programfragments responsible for the failure. Usually the proof procedures, like type checkers, performseparate tests for di�erent program clauses. Thus the clauses where the tests fail are candidatesfor error localisation. The two above mentioned cases should be treated separately.The requirement which is proved not to hold may be considered a \static" symptom. Astatic symptom ensures existence of an incorrectness symptom in some computations. The staticdiagnosis starting from a static symptom may then use algorithms related to those of declarativedebugging in order to identify the program construct responsible for the symptom. Developmentof a tool based on this idea would require:� The study of the theoretical aspects involved (starting from [BDD+97], [BCHP96] and thework on "abstract debugging" [CLMV96]).� Developing a method for localising the program fragment responsible for the discrepancybetween the desired property and the result of the analysis.The \don't know" failure of the proof provides no information about existence (or non-existence) of run-time symptoms. Both cases are possible. However, if the prover checks localconditions for every clause, the run-time symptoms, if any, can only be caused by the clauses wherethe local tests failed. So the static diagnosis can also be applied in this case, with the di�erencethat the localised fragments of the programs are not guaranteed to be erroneous. The informationobtained may be used for inclusion dynamic tests, to check in run-time whether the requirementsare violated, or not.For simple properties, such as types, static diagnosis seems to be simpler than run-time diagno-sis. Another advantage of static diagnosis is that it can be completely performed at compile-timeas it does not require the knowledge of input values. Clearly, the more bugs get corrected atcompile-time, the less bugs will remain when testing or running the program.6 Actual debugging tools to be developedThis section summarises the intermediate basic or advanced tools and the contents of the platformswhich will include di�erent tools.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 296.1 Intermediate modulesIntermediate modules correspond to interfaces or algorithms developed by one partner which areof interest for other partners. They should be usable with the languages de�ned in Task T.WP1.2.6.1.1 Static analysis toolsA generic tool for assertion generation based on abstract interpretation (AI) techniques. This tooltakes as input a program and generates a set of assertions derived from the program. It will beimplemented by:� Designing the overall language of assertions (using ideas from [BCHP96] and [BDM96]).� Designing a sub-language of assertions which includes special properties suitable for staticinference through abstract interpretation.� Modifying the CIAO analyser to produce output in this form.� Integrating the assertion generation module into the public-domain CIAO system.A type checker and a type analyser for CLP, particularly for CHIP, will be developed byLink�oping. A type checker veri�es if a program is correct wrt a given type description. A typeanalyser derives a type description of the program.6.1.2 Visualisation functions libraryThe visualisation library is designed to consist of several independent tools, but which can be usedtogether thanks to the design of the appropriate interfaces. These interfaces will serve to allowcommunication of the tools among them and with the program being debugged.The tools to be implemented include:Graphical interface for classical debuggers: A GUI for the box model, augmented with ca-pabilities to represent control 
ow of CLP(Intervals) programs.Depiction of the search tree: The box model only shows a node of the computation at a time(but with great detail). Sometimes it is advisable to have a global look at the whole com-putation, showing all the nodes in the tree. Optionally, a more detailed view of every nodecan be selected.For the programmed search part we propose to start this work by extending preliminaryexisting prototypes [Lue97], based partially on the Transparent Prolog Machine [EB88].This will be mainly done by UPM. For the labelling search we propose to use an or-treedepiction, combined with historical views on variable evolution (see Section 3.2).Visualisation in debugging: A typical �nite domain program consists of three, well separatedparts: variable de�nition, constraint statement and search procedure. Our intention is toprovide a tool which help the user to understand all three parts with special emphasis onthe visualisation of the search procedure. COSYTECIn the search procedure the constraint program is run to generate information about thesearch tree which is then displayed in a graphical form. The user can interact with thisrepresentation of the search tree and re-instantiate the state of the search process at a givenpoint in the search tree. The visualisation tool provides a number of views into the searchprocedure :1. Variable view: This view focuses on showing the values of variables. Several di�erentviews are possible:(a) Update view: This shows the change of the variables on the di�erent steps onthe current path from root to the selected node.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 30(b) State view: This view shows the domains of all variables at a given state.(c) Spy view: This view allows to follow the change of a single domain variablethrough the path from root to current selection.2. Constraint view: The constraint views show evolution of constraints within the searchprocess. Speci�c views will be developed to take into account global constraints inCHIP.3. Propagation view: This view should display active constraints at a given point.4. Assertion display: The use of assertions forms an important aspect of declarativedebugging. In the visualisation tool, assertions can be used to rapidly �nd particularnodes in the search tree. As de�ned in Section 5.2, assertions are properties expressedin a language. A language of assertions will be added to the kernel CLP language.Showing relationships among variables: Depicting the relationships among variables givesan intuition of the constraints which hold in the program. However, it seems that performingthis kind of representation is very di�cult, and the research performed so far in this �eldis very little. Therefore, the tools proposed here will be mainly of academic nature, andsubject to possible further changes as the project develops.Abstracting views: Sometimes the size or nature of the program being debugged makes detailedviews to be useless. In this case, a means of performing an abstraction is needed. Thisabstraction should be general in that it can be applied to di�erent constraint systems (e.g.,projection on constraints, on variables, collapsing parts of a tree: : : even user-de�ned �lters).A relevant practical issue is which low-level graphical library will be used in the developmentof the tools. The three most interesting possibilities which have emerged from previousdiscussions are:� Tcl/Tk (available for many platforms, easily interfaced with Prolog, already availablein Prolog IV and CIAO)� Java (available for many platforms, with more programming possibilities as a stand-alone process)� XGIP (based on X11 graphics, available for many platforms using interface code, al-ready available in CHIP)Because all these libraries are interesting and because tools written with di�erent librariescan coexist (since they would communicate at the Prolog level, not at the graphical interfacelevel) we do not make any project-level commitments regarding this issue.6.1.3 Declarative diagnosis algorithms and dialog modulesThe declarative diagnoser will be produced in such a modular form which will permit to exportmain functionalities to other constraint systems.The \exportable" tools to be designed will include:� A navigation module to explore constrained skeleton for localisation of minimal incorrectnesserror.� A constrained atom presentation module for di�erent kinds of queries (wrong and missinganswers) and representations.� A navigation module to explore �nite LD-tree for localisation of minimal incompletenesserror.� A dialog module to organise DD session: selection of symptoms, navigation, query presen-tation, answers and possible storage.



Reactive LTR No 22532 DiSCiPl D.WP1.1.M1.1-Part 2 31We intend to consider combination of DD sessions with assertions provided by the user and/orgenerated automatically.The modules will be parameterised by the constraints domains. The three domains which willbe considered in the tools are term domains, �nite domains and intervals. Combination with otherconstraints domains will be further investigated.6.2 CLP platforms with debugging tools6.2.1 CLP(FD+Intervals)INRIA will develop a complete debugging environment for CLP(FD+Intervals). This environmentwill include:� Type checking and veri�cation with assertions using some abstract domains.� Declarative diagnoser with assertions and visualisation.� A classical debugger connected with visualisation.� Search tree visualisation.� Store debugging.Orleans plans to develop a constraint debugger as described in Section 3.3 over clp(FD+Intervals)using Tcl/Tk. It will be designed in order to let the user debug a compiled program as well asan interpreted one (for this, we will create two compilers, one adding debugging informations tothe compiled clp program. This will be transparent from the user point of view by means of acommon front-end).In order to be portable on every constraint solving system, the design of this debugger will relyon the de�nition of an interfacing language/protocol as a corner-stone. This protocol will de�nea minimal set of functionalities to be provided by each host attempting to use the debugger.6.2.2 CIAO libraryPierre: please UPM complete6.2.3 Prolog IV Beta versionA �rst application of the results of this work will be integrated into the Prolog IV compiler.� Assertions:{ Ability to use interval predicates in assertions{ Static checking at the clause level{ Dynamic checking in debug mode� Visual Debugging Tools:{ Enhancements in the Prolog IV Source Level Debugger and Box Model Debugger,mostly by adding support for calls/constraints (locally and globally) at the debugger"prompt" level.{ The Control Tree Search Debugger both the PrologIA's prototype and the UPM'scoming tool. (probably with a �nal merge of both will be in Prolog IV) Integrating a"full tool" will be tried if its "graphical" implantation language is TCL/TK.
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