
Declarative DebuggingG�erard Ferrand and Alexandre TessierUniversit�e d'Orl�eans and INRIA (LOCO project)LIFO, BP 6759, F-45067 Orl�eans Cedex 2, Francefferrandjtessierg@lifo.univ-orleans.fr1 IntroductionIn program development, bugs localization is unavoidable. For high level languages such as logic program-ming languages, traditional tracing techniques become di�cult to use because of the complexity of thecomputational behaviour. Moreover it would be incoherent to use only low level debugging tools whereasfor theses languages the emphasis is on declarative semantics (as opposed to operational semantics).From an intuitive viewpoint, we call symptom the appearance of an anomaly during the execution of aprogram. An anomaly is relative to expected properties of the program i.e. to some intended semantics. Forexample in logic programming a symptom can be a \wrong answer" but, because of the relational nature oflogic programming, it can be also a \missing answer". Symptoms can be produced by testing.Symptoms are caused by errors in the program. An error is a piece of code. Strictly speaking, errorlocalization, when a symptom is given, is error diagnosis and it can be seen as a �rst step in debugging, asecond step being error correction.Declarative Debugging was introduced in Logic Programming by Shapiro (and called Algorithmic ProgramDebugging [39]). Declarative means that the user has no need to consider the computational behaviour of thelogic programming system, he needs only a declarative knowledge of the expected properties of the program.Unlike Shapiro, we do not consider in�nite loops, which need operational notions. A survey on debuggingmethods in Logic Programming from a procedural view point is in [15, 16].For a declarative diagnoser system, the input must include at least (1) the actual program, (2) thesymptom and (3) some information on the expected semantics of the program. This information on theexpected semantics can be given by the programmer during the diagnosis session or it can be speci�ed byother means but, in any case, from a conceptual viewpoint, this information is given by an oracle.2 Abstract Symptoms and ErrorsSymptom and errors can be de�ned in an abstract scheme ([18, 32]). They have been �rst de�ned forde�nite programs by Shapiro ([39]) using essentially an inductive framework: on the one hand least �xpoint,i.e. induction, for the relation between incorrectness symptom (\wrong answer") and incorrectness (a kind oferror), on the other hand greatest �xpoint, i.e. co-induction, for the relation between insu�ciency symptom(\missing answer") and insu�ciency (another kind of error).In an abstract inductive framework, the notions of symptom and error, and the relation between them,come straightforwardly from �xpoint theory:Let H be a set and T : 2H ! 2H a monotonic operator. So lfp(T ) (the least �xpoint of T ) is de�ned,and it is the least I � H such that T (I) � I . So T (I) � I ) lfp(T ) � I (it is the basis of the proof methodby induction).Let S � H and let us suppose that we are expecting that lfp(T ) � S but that actually we see anh 2 lfp(T ) such that h 62 S. Such an h shows that something goes wrong in T . h is called a symptom (forT wrt S). But lfp(T ) 6� S so T (S) 6� S. 1



Now we have to de�ne a convenient notion of error. Let us suppose that T is the operator de�ned by aset R of rules, i.e. T (I) is de�ned by: for any h 2 H , h 2 T (I) i� there is a rule in R the head of which ish and the body is a subset of I (a rule is a pair denoted by h B where h 2 H and B � H . h is the headand B is the body of the rule).T (S) 6� S means that there is a rule h0  B0 in R with B0 � S and h0 62 S. The existence of such rulesh0  B0 explains that lfp(T ) 6� S i.e. the appearance of symptoms. So such a rule h0  B0 is called anerror (of R wrt S).Moreover, the set of rules de�nes a notion of proof tree and the members of lfp(T ) are exactly the rootsof proof trees. In particular if the rules are �nitary (i.e. their bodies are �nite sets) a proof tree for R ismerely a �nite tree where each node is (an occurrence of) a member of H and such that, for each node h, ifits children are b1; � � � ; bn then h fb1; � � � ; bng is a rule of R; such a rule is said to be in the proof tree. (Inparticular if h is a leaf of the proof tree then h ; is in R).A relation of \causality" between an error and a symptom can be expressed with the notion of proof tree.It is easy to see that each symptom is the root of a proof tree in which there is a rule which is an error. Thiserror can be seen as a \cause" of the symptom.Fixpoint theory has also a dual aspect: gfp(T ) (the greatest �xpoint of T ) is de�ned also, and it is thegreatest I � H such that I � T (I). So I � T (I) ) I � gfp(T ) (it is the basis of the proof method byco-induction).Let S � H and let us suppose that we are expecting that S � gfp(T ) but that actually we see an h 2 Ssuch that h 62 gfp(T ). Such an h shows that something goes wrong in T . h is called a co-symptom (for Twrt S). But S 6� gfp(T ) so S 6� T (S).Let us suppose again that T is the operator de�ned by a set R of rules. S 6� T (S) means that there is ah0 2 S such that in R there is no rule h0  B0 with B0 � S. Such a h0 is called an co-error (of R wrt S).There is again a relation between a co-error and a co-symptom that can be expressed with a notion of\partial proof tree" which cannot be \completed".Lastly we can note that no error and no co-error means S is a �xpoint of T , and this implies lfp(T ) �S � gfp(T ) (the converse is not valid).3 Symptom and Error for Logic ProgramsObviously we have a �rst application of this scheme if we consider a de�nite program P , the Herbrand baseH , i.e. the set of the ground atoms, and the rules which are the ground instances of the clauses of P (see[25, 3]). lfp(T ) is the least Herbrand model of P and it is also the set of all the ground atoms which arelogical consequences of P . It is a formalization of its (ground, positive) declarative semantics.S is a set-theoretical formalization of an expected property. Here a symptom for T wrt S is an atomwhich is a formalization of a ground wrong answer and it is called incorrectness symptom of P wrt S. Anerror is called incorrectness of P wrt S. So no incorrectness means S is a Herbrand model of P .Note that the same scheme can also be applied if we consider another �xpoint formalization of thesemantics of a program, for example with variables as [17, 12] or the s-semantics ([6]).Of course in practice such a set S is not e�ectively available, it is only a set-theoretical formalizationfor the concept of oracle (Shapiro [39]) i.e. the way by which a diagnoser system can get knowledge on theexpected properties formalized by S.Moreover let us emphasize that the expected properties, which are here formalized by S, are not nec-essarily a complete speci�cation for P . In other terms it is only expected that lfp(T ) � S, the equalityis not necessarily expected. So for example the expected properties may be about only the form of atoms,typing ... as [31, 37].The dual notions of co-symptom and co-error occur with a formalization of the (ground) negative declar-ative semantics of the program P , because of the �nite failure set of P which is included in H � gfp(T ).Here a co-symptom for T wrt S is called insu�ciency symptom of P wrt S, it is an abstract notion whichcan be applied to \e�ective" (ground) missing answer i.e. when an atom is expected (in S) but is in the�nite failure set of P . 2



A co-error is called insu�ciency (or uncovered atom) of P wrt S.The word insu�ciency ([39]) (not incompleteness) stresses the di�erence between S � gfp(T ) and S �lfp(T ).It is interesting to see why insu�ciency is a right notion of error i.e. it explains the symptom in orderto correct the program. In particular, another notion which explain only why there is a �nite failure wouldnot be a right notion of error because �nite failure is a property of the program P alone, whereas the rightnotions of symptom and error must also depend on the expected properties of P , i.e. also on S.The convenience of this theoretical approach is that the notions of symptom and error and the relationbetween them are clear in this inductive framework, and that this approach can be applied to symptomswhich are e�ectively computed by SLD-resolution or �nite failure.In this framework with lfp(T ) on the one hand and gfp(T ) on the other hand, we can consider positiveand negative information together. This framework can be generalized to logic programs with negation(normal programs) ([18, 4]). Fitting semantics ([19]) gives a logical view for this framework. Again eachsymptom is linked to some error but now any interaction is possible through negations between symptomand error, so wrong (resp. missing) answers are not necessary linked to incorrectness (resp. insu�ciency).In this framework we can also recover Lloyd's approach ([25, 24]) which is based on the logical semanticsof Clark's completion, SLDNF resolution and a notion of intended interpretation I such that no error meansI is a model of the completed program.Another notion of error is used ([37, 14]): not completely covered atom (or weak insu�ciency). It is anatom possibly with variables which has an instance which is an uncovered atom (i.e. an insu�ciency). Sothis notion of error is weaker than insu�ciency but it occurs in diagnosis algorithms (see below) in whichthe interaction with the oracle is less complex.4 DiagnosisLet us consider a proof tree rooted by an atom formalizing a wrong answer. So, the root is a member oflfp(T ) but is not expected; it is an incorrectness symptom of P with respect to the intended semantics S.The diagnoser queries the oracle on the proof tree nodes: the oracle tells the diagnoser if nodes aremembers of S. It is straightforward to show inductively that some node is not expected while all its childrenare expected: the root is unexpected and the tree is �nite. The rule linked to this node is an error of T wrtS. It corresponds to an incorrect clause instance, i.e. an incorrectness of P wrt S. The diagnoser can returnthe �rst error founded but also each error which occurs in the proof tree.Each strategy in order to locate an incorrectness can be considered, for example the top-down strategy[39, 17, 24, 32]. Usually the search terminates when the �rst incorrectness is found, so changing the strategycan optimize the number of queries to the oracle (the programmer). Strategies better than the top-down(or bottom-up) are for example the divide-and-query strategy [39, 5], or some heuristics based strategies[38, 35].Another way to reduce the number of queries to the programmer is to store its previous answers, then itis no more invoked to answer to a query subsumed by a previous answer [39, 28, 7].A partial speci�cation of the intended semantics can be given to the diagnoser in order to reduce againthe number of queries [9, 14]. Drabent et al. [14] suggest to use assertions, which can be attached to theprogram predicates, as partial speci�cation. In [13] an executable speci�cation is used to generate test cases,locate bug and guide correction, using deductive and inductive inference techniques.The advantage of declarative diagnosis wrt tracing techniques is now clear. First, the user does not needto understand the operational behaviour of the system (proof trees are intrinsic to the program. i.e. do notdepend on the resolution strategy). Second, it follows the straight path from the symptom toward the error.Third, it displays only relevant informations, avoiding useless exploration due to the backtracking. Fourth,it helps the programmer to ask itself the relevant queries. Fifth, the output of the diagnoser is a faulty clausebut also the condition of its incorrectness, formalized by an incorrect clause instance. Then it makes easierprogram repairing.For the missing answer case, two kinds of diagnosis methods can be considered. First kind search for an3



insu�ciency (an uncovered atom) [39, 17, 24] while the second kinds search for a weak insu�ciency (a noncompletely covered atom) [37, 14, 30].The input of the �rst kind of diagnosers is an insu�ciency symptom, i.e. an expected atom formalizinga missing answer.Basically, the diagnoser try to build a proof tree rooted by the insu�ciency symptom. Obviously, theattempt must fail (if the construction is fair). Assume we have build a partial proof tree. The diagnoserchoose an hypothesis of the proof tree (a leaf which is not a fact) and ask to the oracle a clause instancewhose head is the hypothesis in order to graft the rule to the leaf. When no clause instance is founded, thehypothesis is an uncovered atom.A good strategy is for example to build the partial proof tree level by level. Several strategies could beused, guided by some heuristics, in order to choose the leaf and minimize the number of queries. Note thatinteraction with the oracle is quite complicated: it must provide some substitutions.The input of the second kind of diagnosers is an incompleteness symptom, i.e an atom (possibly withvariables) which has an expected instance formalizing a missing answer.Interaction with the oracle is easier than interaction of the �rst kind of diagnosers. Indeed, it does nothave to provide substitutions. It just answers yes or no to incompleteness questions [37] (clari�ed in [14]).The idea is to check if each expected instance of an atom is covered by the set of the answers to the atom.But the diagnoser is more complicated. Moreover, generally, it assumes an SLD-tree without coroutining[30, 41] (or a standard SLD-tree [14]) from the incompleteness symptom (in order to have �nite incompletenessquestions). Naish in [30] discusses possible ways to remove the condition of non coroutining.Rational Debugging [37] relies on term dependencies and makes cooperative use of the declarative andoperational semantics using a notion of inadmissible calls.The diagnosers described above have been implemented for several logic programming systems. Thediagnosers are often meta-programs, and their implementation raise some problems of object program rep-resentation [21]. From this view point, G�odel have some facilities to handle programs at an object level.Binks developed a declarative diagnoser (GRADE) [5] for G�odel, written in G�odel, with support for abstractdata types and coroutining. A component of the debugging system (NUDE) for NU-Prolog, implemented byNaish [34], is a declarative diagnoser. A declarative diagnoser using heuristics (HyperTracer environment)has been implemented for C-Prolog by Calejo [7].5 ExtensionsDeclarative Debugging has been extended to some non declarative properties. For example, in a contextof concurrent logic programming, Abstract Algorithmic Debugging ([23]) reduces the complexity of oraclequeries using abstractions.More recently Abstract Diagnosis [42, 8, 10, 9] extend declarative diagnosis to a method combining thes-semantics approach [6] and abstract interpretation techniques [11]. The method is based on the comparisonof the speci�cation S with T (S) for a suitable operator T . For some observable properties (for example theset of computed answers) it gives a symptom-independent incorrectness diagnosis method. It gives also anincompleteness error diagnosis method for a large class of programs including acceptable programs [2] (takingadvantage of the uniqueness of the �xpoint of T ). The diagnosis is usually not e�ective because S is in�nite,it becomes e�ective if a suitable �nite abstract semantics is considered.Declarative Debugging has been adapted for other kinds of programming languages: logico-functionallanguages such as NUE-Prolog ([33]), Escher ([26]). A typical feature of the Escher debugging framework isits simplicity, mainly because the computations are not described explicitly by a search tree but by equationsand a single computation path. Other kinds of languages are considered: lazy functional languages ([36, 29]);even imperative languages including a subset of Pascal ([20]). In the scheme of [32], Naish describes adeclarative debugger for an object oriented logic language.Recent works extend declarative diagnosis to constraint logic programming. The main di�culties is thatHerbrand interpretations do not represent program semantics any more. Moreover, few constraint domainshave the Independence of Negated Constraints [27]. 4



Naish announce in [32] a prototype implemented for CLP(R) based on its scheme. [41] provide a formalinductive framework based on the grammatical view [12] in order to extend declarative diagnosis to CLP.[22] (wrong answers) abstracts the constraint interpretation by a reject criterion in order to take into accountincompleteness of the constraint solver. [40] (missing answers) extends the reject criterion to a cover relationand de�nes insu�ciency and weak insu�ciency in a unique inductive framework.Another point is the \presentation problem" [26] which is concerned with �nding ways of presenting largeand complex oracle queries in such a way the programmer is able to answer correctly. This point is at leastas signi�cant in constraint logic programming as in pure logic programming.6 ConclusionDeclarative Debugging is an attractive approach to debugging, but its practical success in program devel-opment depends on the declarativity level of the language. The drawbacks coming from the non-declarativenature of many features of traditional PROLOG-like language must be weakened in Constraint Logic Pro-gramming, mainly because of the added expressivity of CLP languages.Declarative Debugging is one of the basic paradigms of the Long Term Research Project DiSCiPl ([1]),where it is combined with assertion-based methods and graphic tools.References[1] Debugging Systems for Constraint Programming. Long Term Research Project DiSCiPL, ReactiveScheme, Number 22532, 1996.[2] K. Apt and D. Pedreschi. Reasoning about termination of pure PROLOG programs. Information andComputation, 106(1):109{157, 1993.[3] K. R. Apt. Handbook of Theoretical Computer Science, volume 2, chapter Logic Programming, pages493{574. Elsevier, 1990.[4] M. Berg�ere. Approche d�eclarative du diagnostic d'erreur pour la programmation en logique avec n�egation.PhD thesis, Universit�e d'Orl�eans, 1991.[5] D. F. J. Binks. Declarative Debugging in G�odel. PhD thesis, University of Bristol, 1995.[6] A. Bossi, M. Gabrielli, G. Levi, and M. Martelli. The S-Semantics Approach: Theory and Applications.The Journal of Logic Programming, 19&20:149{198, 1994.[7] M. C. C. Calejo. A Framework for Declarative Prolog Debugging. PhD thesis, Universidade Nova deLisboa, 1992.[8] M. Comini, G. Levi, and G. Vitiello. Abstract Debugging of Logic Programs. In L. Fribourg andF. Turini, editors, Logic Program Synthesis and Transformation and Metaprogramming, volume 883 ofLecture Notes in Computer Science, pages 440{450. Springer-Verlag, 1994.[9] M. Comini, G. Levi, and G. Vitiello. Declarative Diagnosis Revisited. In J. Lloyd, editor, InternationalLogic Programming Symposium, Logic Programming, pages 275{287. MIT Press, 1995.[10] M. Comini, G. Levi, and G. Vitiello. E�cient Detection of Incompleteness Errors in the AbstractDebugging of Logic Programs. In M. Ducass�e, editor, Automated and Algorithmic Debugging, pages159{174. IRISA-CNRS, 1995.[11] P. Cousot and R. Cousot. Abstract Interpretation and Applications to Logic Programs. Journal ofLogic Programming, 13(2&3):103{179, 1992.[12] P. Deransart and J. Ma luszy�nski. A Grammatical View of Logic Programming. MIT Press, 1993.[13] N. Dershowitz and Y.-J. Lee. Logical Debugging. Journal of Symbolic Computation, 15:745{773, 1993.5
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