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b,tessierg@lifo.univ-orleans.frMars 1995RR-LIFO-95-8AbstractOur concern in this paper is the declarative debugging of Constraint Logic Programsin the framework of the CLP formalism. Our diagnosis is declarative, this means thatthere is no need for the programmer to understand the computational behaviour of thesystem. What is required is the declarative intended semantics of the program.It is not possible to merely adapt to CLP diagnosis techniques of LP. So, newtheoretical foundations are necessary.The basic notion is the proof tree skeleton which clearly expresses the relationbetween declarative and operational semantics.This paper is only devoted to errors which lead to wrong answers.The main contribution of this paper is : if there exists a wrong answer then thereis an incorrect rule in the program, and this rule occurs in the answer skeleton. Aboveall, there are new notions adapted to CLP framework. An algorithm is proposed tolocalize this incorrect rule.1 IntroductionOur concern in this paper is the declarative debugging of Constraint Logic Programs in theframework of the CLP formalism as de�ned in [12, 13, 1]. Our diagnosis is declarative. Inthis context, this means that there is no need for the programmer to understand the com-putational behaviour of the system. What is required is the declarative intended semanticsof the program.One the one hand, one of the greatest strengths of Constraint Logic Programming is itsdeclarative nature. On the other hand, real programming is not purely declarative and evenif this ideal was achieved, it would be an illusion to believe that programs would be alwayscorrects and that debugging tools would be useless.1



Tracing techniques are useful, but in addition to their direct link to the computationalbehaviour, they quickly become extraordinarily di�cult to use.Moreover it is incoherent to use only low level debugging tools, based on an understandingof the operational behaviour of the system, and to give up a high level knowledge of thedeclarative meaning of the program.For these reasons, we argue that an indispensable component of a complete CLP systemis a declarative debugging system.Declarative error diagnosis in Logic Programming was introduced by Shapiro [17], andcalled algorithmic debugging. Other techniques, developped in [15, 14, 7], are inspired fromthe Shapiro's method.In this paper, our framework is CLP. In CLP the necessity of declarative debugging is asmuch signi�cant as in Logic Programming. However, it is not possible to merely adapt LPtechniques to CLP.For example, in CLP, Herbrand interpretations do not represent program semantics.Moreover, in LP each answer which is a logical consequence of the program is covered by amore general computed answer. This is not true in CLP (although a su�cient condition forthis covering property is the Independence of Negated Constraints [16]). So, new theoreticalfoundations are necessary.Other work were concerned with declarative debugging for constraint programs, but indi�erent frameworks. [9] considers concurrent constraint (cc) programs and is based on theconcept of observable and speci�ed behaviours of cc processes. [3] studies abstract debuggingwhich is a combination of algorithmic debugging, s-semantics [2] and abstract interpretation[4].Our approach of program semantics is based on an extension to CLP of the \GrammaticalView" of LP introduced by Deransart and Maluszinski [5]. In fact, the basic notion isthe proof tree skeleton. This notion clearly expresses the relation between declarative andoperational semantics.This paper is only devoted to errors which lead to wrong answers. In particular, errorsleading to missing answers are not considered.The main contribution of this paper is : if there exists a wrong answer then there isan incorrect rule in the program, and this rule occurs in the answer skeleton. Above all,there are new notions adapted to CLP framework. An algorithm is proposed to localize thisincorrect rule.The rest of the paper is organized as follows : section 2 gives the motivations for theformal notions. Section 3 formally de�nes these notions in accordance with an underlyingpre-interpretation. Section 4 abstracts the pre-interpretation. In this framework, we give adiagnosis (error localization) algorithm. Section 5 concludes the paper.2 MotivationsLet P be a CLP program and g be a goal. The answer constraint r for g in P is consideredabnormal if there is a valuation v in the underlying pre-interpretation D (interpretation ofthe constraints language) such that v satis�es r and v(g) should not evaluate to true wrtthe expected properties of P . We say that v is an anomaly.2



The aim of this paper is to provide an assistance in order to localize a reason of theanomaly. The paper is only concentrated on incorrect answers wrt expected properties, andnot on missing answers.Example 1 FibonacciLet FIB be the programfib(0; 0) truefib(1; 1) truefib(x + 1; y1 + y2) x > 0 2 fib(x; y1); f ib(x; y2)The program language is de�ned from the symbols which occur in the program in additionto the function symbol � (minus).The underlying pre-interpretation for the constraints is N , whose domain is IN , with theusual interpretation for the function symbols and the constraint predicate symbols.The program de�ned predicate symbol fib is supposed to de�ne the binary relation over INsuch that the second argument is the result of the �bonacci mapping (called fibo) appliedto the �rst argument.The answer constraint x = 1 + 1 ^ y = 1 for the goal  y = 1 2 fib(x; y + 1) is abnormal.A valuation v0 such that v0(x) = 2 and v0(y) = 1 satis�es the answer constraint but shouldnot satisfy the goal.We assume that the anomaly is not due to the system. We point out that errors cannotbe caused by the possibly incompleteness of the constraint solver. In e�ect, such solverspossibly provide unsatis�able answer constraint r, that is to say, always wrong in D, thus,for each valuation v, v(r) = false, therefore v cannot be an anomaly for the goal g (r is notan abnormal answer wrt the expected properties).The anomaly is due to P . P is wrong in the sense that P contains at least an incorrectrule. Our concern is to localize, as fast as possible, the faulty rule and the conditions of itsabnormal behaviour. It is not necessary to review every rule of the program, but the matteris to examine the rules which have been used to construct the abnormal answer. These rulesare those used in the success derivation which compute the answer from the goal.We suggest to use a tool named skeleton which puts together the rules used by thederivation leaving aside the atom selection rule. The answers (success derivations) providedby a program are in fact independent of this atom selection rule.An answer is a �nite skeleton, rooted by the goal, not rejected in some sense. Theskeleton contains the rules used along the derivation. From the skeleton we can infer theanswer constraint, as well as, by giving an atom selection rule, the derivation. Skeletonsare a good representation of the success derivations equivalence classes modulo the atomselection rule. They give a straightforward and intrinsic de�nition to the answers providedby the program.Example 2 FibonacciThe faulty rule is fib(x+ 1; y1 + y2) x > 0 2 fib(x; y1); f ib(x; y2). A possible patching isfib(x + 1; y1 + y2) x > 0 2 fib(x; y1); f ib(x� 1; y2).The skeleton S1 which provides the abnormal answer constraint is :3



�� @@fib(1; 1) true y = 1 2 fib(x; y + 1)fib(x + 1; y1 + y2) x > 0 2 fib(x; y1); f ib(x; y2)fib(1; 1) trueS1 =
An abnormal answer constraint comes from an answer skeleton. We have to traverse thisskeleton to �nd the faulty rule. Moreover, we try to make clear the circumstances underwhich it is faulty. At �rst, they are formalized by a valuation, as shown in the followingsection.3 From incorrectness D-symptom and D-incorrect-ness to incorrectness symptom and incorrectnessLet P be a program and  cg 2 bg1 ; � � � ; bgm a goal. The answer constraint r is regardedas abnormal because in the underlying pre-interpretation D there is a valuation v whichsatis�es r and v is an anomaly.De�nition 3 A D-atom is a (n+1)-tuple p(d1; � � � ; dn) where p is a n-ary predicate symbolde�nable by a program and d1; � � � ; dn are elements of the domain D of D.De�nition 4 A D-interpretation I is a set of D-atoms. It de�nes an interpretation.There is a natural extension of v denoted also by v which maps from terms, constraints andatoms.De�nition 5 I is a D-model of P if for each rule (head  c 2 body) of P , for everyvaluation v, (v(c) = true and v(body) � I)) (v(head) 2 I)Let MPD be the least D-model of P .If v is an anomaly then v satis�es cg in D and v(bgi) 2 MPD , for each i = 1; � � � ; m.Answer constraint r has the form of 9�~x(r0 ^ cg), where ~x are the free variables of thegoal and 9�~x is the existential closure except on the variables ~x, which remain unquanti�ed.If v satis�es r then v satis�es cg. The anomaly lies in the fact that one atom bgi of the goalis such that v(bgi) should not be in MPD .When we wrote the program P we wanted that the relations de�ned by P be true in anintended D-interpretation I. This D-interpretation formalizes the intended semantics of theprogram P .The anomaly is that r ! cg ^ bg1 ^ � � � ^ bgm is not valid in I because v(bgi) 62 I. Theanomaly exists because MPD 6� I.This motivates the following de�nitions.De�nition 6 (partially correct wrt I, correct wrt I, incorrectness D-symptom)4



1. P is partially correct wrt I if MPD � I.2. P is correct wrt I if I is a D-model of P , that is to say, every rule of P is valid in I.3. An incorrectness D-symptom of P wrt I is a D-atom in MPD which is not in I.Thus, P is partially correct i� there is no incorrectness D-symptom.Lemma 7 P is correct wrt I ) P is partially correct wrt I.Proof : MPD is the least D-model of P .Remark 8 The converse is wrong. (For example, let P be the program fp  true 2 qgand I = fqg. MPD = ; � I, thus P is partially correct wrt I. But I is not a D-model of P ,consequently P is not correct wrt I.)If there is an incorrectness D-symptom of P wrt I then P is not partially correct wrt I,thus P is not correct. Then there is a rule of P head body which is not valid in I.This rule can be viewed as an error which causes the symptom. head  body not validin I signi�es that there exists a valuation v which satis�es in I the body of the rule but notthe head.De�nition 9 A D-incorrectness of P wrt I is a pair hh  c 2 b1; � � � ; bn ; vi such thath c 2 b1; � � � ; bn is a rule of P , v is a valuation and� v(c) = true,� v(bi) 2 I, i = 1; � � � ; n,� v(h) 62 I.Lemma 10 (there is an incorrectness D-symptom) ) (there is a D-incorrectness)Proof : Corollary of lemma 7.Example 11 FibonacciThe intended semantics of FIB is formalized by the N -interpretationIFIB = ffib(d1; d2) j fibo(d1) = d2g:The least N -model of FIB isMFIBN = ffib(d1; d2) j if d1 = 0 then d2 = 0 else d2 = 2d1�1g:F IB is not partially correct wrt IFIB (MFIBN 6� IFIB), thus FIB is not correct wrt IFIB.The N -atom fib(2; 2) is an incorrectness N -symptom (fibo(2) 6= 2).The pair hfib(x + 1; y1 + y2)  x > 0 2 fib(x; y1); f ib(x; y2); v1i, where v1 is a valuationsuch that v1(x) = 1, v1(y1) = 1 and v1(y2) = 1, is a N -incorrectness of FIB wrt IFIB.5



The point of interest in CLP is that, usually, v cannot be expressed in the languagebecause there is no ground term for each element of D.The notion of D-incorrectness is too strong. To remain in the language we propose tochange the valuation for a constraint which approximates to the valuation in a sense. Thereis, at the moment, a notion able to suit.De�nition 12 r is a witness (constraint) of the invalidity of the rule h c 2 b1; � � � ; bn inthe D-interpretation I if there is a valuation v solution of r such that v(c) = true, for eachi = 1; � � � ; n, v(bi) 2 I but v(h) 62 I, i.e. j=I ~9(r ^ c ^ b1 ^ � � � ^ bn ^ :h), where ~9 is theexistential closure.Remark 13 A rule is not valid in I i� there exists a witness (for example, the constrainttrue).However some witnesses can be more interesting : if j=D c ! c0 then (c is a witness ofthe rule R) ) (c0 is a witness of the rule R); c provides more information in the sense thatc better approximates to v than c0.There is, of course, a commonplace algorithm which consists in verifying every rule ofthe program, that is to say, for every rule head body of the program, if j=I body ! head.We can restrict the research by considering the rules which take place in the computationof the answer constraint, that is to say, the rules which label the skeleton (de�ned below)associated to the answer constraint. In the skeleton there is a rule such that the existentialclosure, except on the free variables of the rule, of the answer constraint is a witness for thisrule. This is more precise but it is just a rule checking again.From this notion of witness, we can deduce an algorithm of rule checking which tests thevalidity in I of each rule. But this is too awkward. We would like to boil down to easierproblems, no more focused on rules but on constrained atoms.De�nition 14 r is a strong witness of the invalidity of the rule h  c 2 b1; � � � ; bn in theD-interpretation I if j=I r ! c ^ b1 ^ � � � ^ bn and not(j=I r ! h).Remark 15 (j=I r ! c ^ b1 ^ � � � ^ bn) , (j=D r ! c and for all i j=I r ! bi).Remark 16 r is a strong witness ) r is a witness.The converse is wrong, as it is shown in the following example.Example 17 FibonacciThe constraint true is a witness of the invalidity of the rulefib(x + 1; y1 + y2) x > 0 2 fib(x; y1); f ib(x; y2)because of the valuation v1 (v1(x) = 1; v1(y1) = 1; v1(y2) = 1).But true is not a strong witness of the invalidity of the same rule becausenot(j=IFIB true! x > 0 ^ fib(x; y1) ^ fib(x; y2)).6



A strong witness of the invalidity of this rule is x = 1 ^ y1 = 1 ^ y2 = 1 (which is also awitness).This notion of strong witness motivates the following new de�nitions of incorrectnesssymptom and incorrectness. We will show that if there is an incorrectness symptom thenthere is a strong witness for a rule.De�nition 18 An incorrectness of P wrt the D-interpretation I is a pair hh  c 2b1; � � � ; bn ; ri, where r is a strong witness for the rule.De�nition 19 An incorrectness symptom of P wrt the D-interpretation I is a pair h c 2 b1; � � � ; bn ; ri, such that j=MPD r ! c ^ b1 ^ � � � ^ bn and not(j=I r ! c ^ b1 ^ � � � ^ bn).Since j=D r ! c then j=I r ! c, therefore there exists i 2 f1; � � � ; ng such that not(j=Ir ! bi).An atomic incorrectness symptom of P wrt I is a constrained atom r ! b such thatj=MPD r ! b and not(j=I r ! b).Remark 20 (there is an incorrectness symptom of P wrt I) , (there is an atomic incor-rectness symptom of P wrt I).Lemma 21 (There is an incorrectness symptom of P wrt I) ) (there is an incorrectnessof P wrt I).To prove this lemma and to de�ne answers and answer constraints we use the skeletons,informally introduced in section 2. Let us de�ne them more precisely.De�nition 22 Let GL be the set of all goals. A skeleton is an oriented tree, labeled byP SGL, such that� the degree of a node is the number of atoms in the body of its label,� the root is the unique node labeled by an element of GL.The relation \to be a variant" is an equivalence relation over the set of rules. We assumethat the node of a skeleton (except the root) is labeled by an equivalence class of rulesdenoted by a rule of P .We de�ne the choice mapping CM in the following way : for each node N labeled by C,� if N is the root CM(N) = C,� otherwise, we choose a rule CM(N) in the equivalence class of C, such that, for eachpair of distinct nodes N1 and N2, CM(N1) and CM(N2) have not shared variables.A skeleton S and a choice mapping CM are assumed to be �xed.For every node, if b is the ith atom in the body of its label and N is its ith child, we de�neatom(N) = b.Let p(~t); q(~t0) be two atoms, we de�ne the constraint p(~t) = q(~t0), where ~t and ~t0 denotesequences of terms, as 7



� false, if p 6= q,� t1 = t01 ^ � � � ^ tn = t0n, if p = q.We associate to each node N of S the constraint de�ned by :� if N is the root : the constraint of the goal,� otherwise CM(N) = h c 2 ~b : the constraint c ^ (h = atom(N)).We associate to the skeleton S the constraint system const(S) de�ned by the collection ofthe constraints associated to every node of S. When S is �nite, we denote by C(S) theconjunction of the constraints of const(S) and by AC(S) the constraint 9�~xC(S), where ~xare the free variables of the root of S.An answer for the goal  g is a �nite skeleton rooted by  g such that j=D ~9C(S),where ~9 denotes the existential closure. AC(S) is an answer constraint for the goal  g.Example 23 FibonacciThe following skeleton S2 is an answer for the goal true 2 fib(x; y) (for further simplicity,nodes are labeled by renamed rules according to CM).
�� @@fib(1; 1) true fib(1; 1) true true 2 fib(x; y)fib(x1 + 1; y1 + y2) x1 > 0 2 fib(x1; y1); f ib(x1; y2)S2 =

The constraint associated to S2 is C(S2) =true ^ x1 > 0 ^ x1 + 1 = x ^ y1 + y2 = y ^ true ^ 1 = x1 ^ 1 = y1 ^ true ^ 1 = x1 ^ 1 = y2which is satis�able in N .The answer constraint is AC(S2) =9x19y19y2(true^x1 > 0^x1+1 = x^y1+y2 = y^true^1 = x1^1 = y1^true^1 = x1^1 = y2)which is equivalent to x = 1 + 1 ^ y = 1 + 1.The pair hfib(x + 1; y1 + y2)  x > 0 2 fib(x1; y1); f ib(x2; y2) ; x = 1 ^ y1 = 1 ^ y2 = 1i isan incorrectness of FIB wrt IFIB.The pair h true 2 fib(x; y) ; x = 1 + 1 ^ y = 1 + 1i is an incorrectness symptom of FIBwrt IFIB.The constrained atom (x = 1+1^y = 1+1)! fib(x; y) is an atomic incorrectness symptomof FIB wrt IFIB.The following skeleton S3 is not an answer for the goal  true 2 fib(x; y) because C(S3) =true ^ x1 > 0 ^ x1 + 1 = x ^ y1 + y2 = y ^ true ^ 1 = x1 ^ 1 = y1 ^ true ^ 0 = x1 ^ 0 = y2is such that not(j=N 9x9y9x19y19y2C(S3)).
8



�� @@fib(1; 1) true true 2 fib(x; y)fib(x1 + 1; y1 + y2) x1 > 0 2 fib(x1; y1); f ib(x1; y2)S3 = fib(0; 0) trueThe notion of answer constraint is equivalent to the one of [13], as it is shown by thefollowing lemma :Lemma 24 (correctness and completeness)1. If S is an answer for the goal  g then P j=D AC(S)! g.2. If P j=D c! g then j=D c ! WS2RAC(S), where R is the set of answers for the goal g.Proof : See [1].Remark 25 R may be in�nite. It is not always possible to replace it by a �nite subset.This is possible if D is replaced by a theory T , a model of which is D, by using the �nitnesstheorem of �rst order logic.De�nition 26 A computed incorrectness symptom of P wrt the D-interpretation I is apair h c 2 b1; � � � ; bn ; ri, such that r is an answer constraint for  c 2 b1; � � � ; bn andnot(j=I r ! c ^ b1 ^ � � � ^ bn).Remark 27 (there is a computed incorrectness symptom of P wrt I)) (there is an atomicincorrectness symptom of P wrt I).Lemma 28 (there is a computed incorrectness symptom of P wrt I) , (there is an incor-rectness symptom of P wrt I).Proof :) if h c 2 b1; � � � ; bn ; ri is a computed incorrectness symptom of P wrt I then r is ananswer constraint for the goal  c 2 b1; � � � ; bn.The �rst part of the lemma 24 shows that P j=D r ! c ^ b1 ^ � � � ^ bn, thus j=MPD r !c^b1^� � �^bn (because MPD is the least D-model of P ), therefore h c 2 b1; � � � ; bn ; riis an incorrectness symptom of P wrt I.( if h c 2 b1; � � � ; bn ; ri is an incorrectness symptom of P wrt I then j=MPD r ! c ^b1 ^ � � � ^ bn, i.e. r ! c ^ b1 ^ � � � ^ bn evaluates to true in every D-model of P , thusP j=D r ! c ^ b1 ^ � � � ^ bn.The second part of the lemma 24 shows that j=D r ! WS2RAC(S), where R is the setof the answers for the goal  c 2 b1; � � � ; bn. This means that for every valuation vsuch that v(c) = true there exists S 2 R such that v(AC(S)) = true.9



We know that not(j=I r ! c ^ b1 ^ � � � ^ bn), thus there is a valuation v such thatv(r) = true, therefore v(c) = true, and fv(b1); � � � ; v(bn)g 6� I.Let S 2 R be a �nite skeleton such that v(AC(S)) = true then h c 2 b1; � � � ; bn ;AC(S)i is a computed incorrectness symptom of P wrt I.We have shown that (there is an incorrectness symptom h g ; ri of P wrt I) , (there isan answer S for  g such that h g ; AC(S)i is a computed incorrectness symptom of Pwrt I).Lemma 29 (There is a computed incorrectness symptom of P wrt I) ) (there is an incor-rectness of P wrt I)Proof : Let h cg 2 bg1 ; � � � ; bgm ; AC(S)i be a computed incorrectness symptom of P wrtI.Remark : S is a �nite skeleton.Remark : h cg 2 bg1 ; � � � ; bgm ; C(S)i is an incorrectness symptom of P wrt I.We will show that C(S) is a strong witness for a rule which labels a node of S.Let us assume that C(S) is not a strong witness for any rule of S, then we will show byinduction on the subtree height of S that for every node N of S, except the root, j=I C(S)!atom(N), i.e. C(S) ! atom(N) is not an atomic incorrectness symptom of P wrt I, thush cg 2 bg1; � � � ; bgm ; C(S)i is not an incorrectness symptom of P wrt I.We remind that, because of the de�nition of C(S), j=D C(S)! cg and for every node N ofS, except the root, labeled by a rule hN  cN 2 bN1 ; � � � ; bNk ,� j=D C(S)! cN ,� (j=I C(S) ! hN) , (j=I C(S) ! atom(N)), because const(S) contains hN =atom(N).We denote by S(N) the subtree of S whose root is N .1. If S(N) is 1 high then N is a leaf labeled by the fact hN  cN and j=I C(S) ! hN ,therefore j=I C(S)! atom(N),2. if S(N) is a high, a > 1, and for every child N 0 of N j=I C(S)! atom(N 0),let hN  cN 2 bN1 ; � � � ; bNk be the label of N ,then j=I C(S) ! cN ^ bN1 ^ � � � ^ bNk , thus j=I C(S) ! hN , therefore j=I C(S) !atom(N).Consequently, every child N 0 of the root is such that j=I C(S)! atom(N 0), thus j=I C(S)!cg ^ bg1 ^ � � � ^ bgm therefore h cg 2 bg1 ; � � � ; bgm ; C(S)i is not an incorrectness symptom ofP wrt I.We have shown that(h cg 2 bg1 ; � � � ; bgm ; C(S)i is an incorrectness symptom of P wrt I) ) (there is a rulehN  cN 2 bN1 ; � � � ; bNk which labels a node of S such that hhN  cN 2 bN1 ; � � � ; bNk ; C(S)iis an incorrectness of P wrt I). 10



Proof of lemma 21 It is a consequence of lemmas 28 and 29.Remark 30 If S is an answer for the goal  g and h g; AC(S)i is an incorrectnesssymptom of P wrt I then there is in S a rule head body, whose free variables are ~y, suchthat hhead body; 9�~yC(S)i is an incorrectness of P wrt I.Remark 31 Particular case of logic programs.In the domain H of the herbrand terms, the constraints which represent the substitutionshave the Independence of Negated Constraints property [16].A consequence of the second part of the lemma 24 and the Independence of Negated Con-straints is :if P j=H c! g then j=H c! r, where r is an answer constraint for the goal  g.This result is known in Logic Programming [15] as :if P j= g� then there is a computed answer � for  g which is more general than �.Proof : See [1].4 A theoretical algorithm for declarative incorrect-ness diagnosisIn this section, we introduce a novel program semantics which is based on the real constraintsolver rather than on the underlying pre-interpretation. It is well-known that, in general,the constraint solvers are not satisfaction complete [12, 13]. Furthermore, they do not havethe same behaviour that a theory. For a given constraint solver, there is not always a theoryT such that T j= :c i� the constraint solver answers no for c.Example 32 CLP(R)The CLP(R) [11] constraint solver provides three kinds of answer : yes, maybe and no. Inaccordance to the underlying theory or pre-interpretation, if the CLP(R) constraint solveranswers yes then the constraint is satis�able and if it answers no then the constraint isunsatis�able. But for the answer maybe the constraint is sometimes satis�able, sometimesunsatis�able.The CLP(R) constraint solver answers yes for x � x = 1 ^ x = 1 but maybe for x � x = 1,nevertheless j= 9x(x � x = 1 ^ x = 1)! 9x(x � x = 1).The CLP(R) constraint solver answers no for x = 1^x = 0 but maybe for x�x = 1^x�x = 0,nevertheless j= :9x(x = 1 ^ x = 0)! :9x(x � x = 1 ^ x � x = 0).In section 3, the program semantics was formalized by the least D-model of P . A �niteskeleton S was rejected if ~9C(S) was unsatis�able in D. For the system, a �nite skeleton Sis rejected if the constraint solver answers no for C(S).We want to abstract the pre-interpretation D by a Reject Criterion RC [1]. RC can bede�ned 11



1. wrt a pre-interpretation D (denoted by RC(D)) : the constraint c is rejected i� c isunsatis�able in D,2. wrt a theory T (denoted by RC(T )) : c is rejected i� T j= :c,3. wrt a constraint solver A (denoted by RC(A)) : c is rejected i� A answers no for c.We denote by RC; the reject criterion which accepts all the constraints.The reject criterion is assumed to be monotonic, i.e. if the collection of constraint C1contains the collection C2 then (C2 is rejected) ) (C1 is rejected).A �nite skeleton S is not rejected by the reject criterion RC i� C(S) is not rejected byRC.De�nition 33 An answer according to RC for the goal  g is a �nite skeleton, rooted by g, not rejected by RC.Then AC(S) is an answer constraint according to RC for the goal  g.De�nition 34 A general answer for a goal  g is a �nite skeleton rooted by  g (that isto say, an answer according to RC; for  g).Remark 35 The lemma 24 can be extended to1. If S is a general answer for the goal  g then P j= AC(S)! g.2. If P j= c ! g then j= c ! WS2GRAC(S), where GR is the collection of the generalanswers for the goal  g.3. If P j= c! g then j= c! WS2GRf AC(S), where GRf is a �nite subset of the generalanswers for the goal  g.Proof : See [1].As we abstract the underlying pre-interpretation D, we can abstract the intended D-interpretation I. Indeed, the notions of incorrectness symptom and incorrectness are de�nedfrom the validity of a constrained atom in I. That is to say, the interaction with theintended semantics is only based on constrained atoms. Therefore, the intended semanticscan be formalized by a set of constrained atoms. We propose to use the notion of oracle Oto formalize the intended semantics [17, 7, 15, 8]. O accepts or rejects constrained atoms inaccordance with the intended semantics.Remark 36 An oracle O is such thatO rejects c! b1; � � � ; bni�there exists i 2 f1; � � � ; ng such that O rejects c! bii�there exists i 2 f1; � � � ; ng such that O rejects (9�~yic)! bi,where ~yi are the free variables of bi.12



This section is more general than the previous, in the sense that we make two abstractions.D is abstracted by RC and I is abstracted by O.De�nition 37 An incorrectness of P wrt O is a pair hh c 2 b1; � � � ; bn ; ri such that foreach i 2 f1; � � � ; ng, (r ^ c)! bi is not rejected by O and (r ^ c)! h is rejected by O.De�nition 38 A computed incorrectness RC-symptom of P wrt O is a pair h c 2b1; � � � ; bn ; ri such that r is an answer constraint according to RC for the goal  c 2b1; � � � ; bn and there exists i 2 f1; � � � ; ng such that r ! bi is rejected by O.Lemma 39 (There is a computed incorrectness RC-symptom of P wrt O) ) (there is anincorrectness of P wrt O).Remark 40 If h c 2 b1; � � � ; bn ; ri is a computed incorrectness RC-symptom of P wrtO then there is a �nite skeleton S not rejected by RC, rooted by  c 2 b1; � � � ; bn, suchthat AC(S) = r and there is a renamed rule according to CM in S head body such thathhead body; ri is an incorrectness of P wrt O.Proof : The prooves are similar to those of section 3.We propose now a diagnosis algorithm. There is, of course, many other algorithms. Theproposed algorithm travels down the skeleton along a branch from the goal to the incorrectrule, asking questions to the oracle. The oracle can be a human, but also an automaticsystem based on a partial speci�cation of the intended semantics [6, 17].We emphasize on the fact that our algorithm turns account the constraint solver of thesystem. Usually, the CLP system presents the answer constraints in a simpli�ed form. Wewant to question the oracle with simpli�ed constrained atoms. In place of questioning theoracle on the constrained atom r ! b, we question it on (9�~yr) ! b, where the constraint9�~yr is simpli�ed as well as the answer constraints. Then determining if r is a correct answerconstraint for the goal  c 2 b1; � � � ; bn is not easier than determining if (9�~yr) ! b is inthe intended semantics. The constraint solver of the system is invoked in order to simplifythe constraint 9�~yr.Let us give the algorithm.We denote byC(S) the constraint associated to the skeleton Sroot(S) the root of the skeleton Schild(S,N,I) the Ith child of node N in the skeleton Slabel(S,N) the label of node N in the skeleton Sarity(S,N) the number of children of node N in the skeleton Si-atom(S,N,I) the Ith atom in the body of the label of the node N in the skeleton Ssimplify(C,V) the simpli�cation of the constraint 9�VCvar(X) the free variables of the rule (or the atom) Xask(C --> B) the questioning of the oracle for the constrained atom C! BThe function simplify(C,V) calls the constraint solver of the system.13



function IncorrectNode(S) return nodebeginN := root(S)loopI := 0loopI := I + 1if I > arity(S,N) then return NB := i-atom(S,N,I)ask(simplify(C(S),var(B)) --> B)exit when answer is NOendloopN := child(S,N,I)endloopendN := IncorrectNode(S)write(simplify(C(S),var(label(S,N))) --> label(S,N))5 ConclusionWe have formally de�ned the notions of incorrectness symptom and incorrectness for con-straint programs in terms of constrained atoms. In Logic Programming abnormal valuationsare always expressible in the program language. It is not the case in Constraint LogicProgramming, where valuated atoms are replaced by constrained atoms.We have proved that the existence of an incorrectness symptom implies that of an incor-rectness. This incorrectness can be localized in the skeleton associated to the incorrectnesssymptom.This paper is only devoted to errors which lead to wrong answers. It remains to studyin the same way the errors leading to missing answers.We have shown that there is a diagnosis algorithm. It remains to �nd e�cient algorithms,in particular with respect to the number of questionings to the oracle.It remains also to implement these algorithms. This raises meta-programming problemsin CLP.References[1] M. Berg�ere, G. Ferrand, F. Le Berre, B. Malfon, A. Tessier, La Programmation Logiqueavec Contraintes revisit�ee en termes d'Arbres de Preuve et de Squelettes, Technicalreport, University of Orl�eans, LIFO 95-06, 1995.[2] A. Bossi, M. Gabbrielli, G. Levi, M. Martelli, The s-semantics approach : Theory andapplications, in Journal of Logic Programming, Vol. 19-20, pp 149-147, 1994.14
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