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We present an approach to diagnosis of CLP programs and a tool supporting
it. In a general setting the problem addressed concerns the situation when
the program is not partially correct wrt some explicit or implicit specification.
We want to localize a fragment of the program responsible for that, called
sometimes a program error. The specifications used in our approach concern
the form of call and success of every predicate of a CLP program during
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Abstract
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any execution of the program starting with a class of goals. They give an
approximation of the call-success semantics, described in more detail in this
paper. The work is focused on the finite domain subset of CHIP [Co0s96], an
industrially used CLP language. The approach follows the general principles
of assertion-based diagnosis for CLP formulated in [BDD*97]. The paper is
an extended and modified version of the material presented at JICSLP’98
workshop on types for CLP [CDP98]

Programming errors appear commonly in program development phase.
This work is an attempt to facilitate their location without running a program
(which may still be incomplete). The method used by our tool localizes a
clause responsible for the program being incorrect wrt a given approximate
specification.  The sematics under consideration describes the procedure
calls and procedure successes occurring in the computations of the program
(call-success semantics).

To provide information about the actual semantics of the program at
hand and to simplify constructing the specification, a program analyser is
used. It produces an approximation of the program’s semantics. The user is
prompted to construct the specification out of it; she accepts those fragments
of the analyzer output which conform to her expectation and modifies the
remaining ones. Only a part of the specification needed to localize the error
has to be constructed.

Below we survey some main requirements and explain how our tool sat-
isfies them.

e The tool is to be applicable to the existing CLP platforms.

e The use of the tool must not require excessive additional work. This
is achieved by the use of program analysis techniques for automatic
inference of relevant information about the program. The additional
effort of the user is to inspect this information and revise it if it does not
conform to the expectations. This way of constructing a specification
is much simpler than constructing it from scratch.

e The tool is to be stand alone, to be used optionally at development
time. This is achieved by using static analysis techniques and static
diagnosis techniques. Thus our approach is different from the usual
debugging techniques, based on tracing an execution where symptoms
of an error have been observed.

o The errors concerned include wrong computed answers and run-time
errors caused by improper calls of built-in predicates. Therefore our
tool employs the call-success semantics.



o The analysis algorithms should be sufficiently efficient to handle prac-
tical programs. This puts a limitation on the kind of information in-
ferred. In the presented tool the information inferred takes a form of
regular sets, approximating the call-success semantics of the program.

o The specification language used by the tool in the dialogue with the
user should be easy to understand. In our tool the language used is
that of parametric types, where ground type terms represent regular
sets. Standard types, like list(X),int, etc. are easily understood by
the user. User can also define her own types by providing (parametric)
rules defining regular sets to be connected with new type constants (and
constructors). If applicable, the output of the analyzer is expressed in
terms of predefined types. Otherwise the analyzer introduces new type
definitions and presents the rules for them.

e The tool is to be applicable to incomplete/partially developed pro-
grams. This is achieved by a possibility of using type declarations of
predicates whose definitions are not included in the program at hand.
In particular this concerns built-in predicates whose types a provided
by a library.

The work presented is based on/inspired by some well-known concepts
and techniques which are adapted to the needs of constraint programming.
In particular some most relevant related work includes

e the methods for proving run-time properties of logic programs of [DM88,
Dra88, BC89] and their specialisations to directional types [AM94,
BM97]. We adapt them to the case of a call-success semantics suitable
for CLP. We formulate sufficient conditions for partial correctness. For
a given program and a given specification we obtain a (finite) number
of verification conditions. Each of them is linked to a clause. If the
program is not correct some of them will be violated.

o the theory of regular sets of terms [DZ92, YS91, GS97]. For the speci-
fications defining regular sets the verification conditions are decidable.
Thus the clauses violating the conditions can be found automatically.

o the methods for computing regular approximations of logic programs,
[GAW92, GAW94]. We adopt them for working with constraints. The

inferred regular approximations satisfy the verification conditions.

e the abstract diagnosis method [CLMV98]. In that approach one has
to define an abstract domain that provides a class of considered speci-
fications and a technique for abstracting actual semantics of programs



to elements of this domain. Given such a specification and a program
the abstraction technique makes it possible to find in the program all
errors wrt the specification. Our work uses the basic idea of abstract
diagnosis to the domain of types. The specification is not a priori giv-
en by the user but it is extracted in the dialog process where the type
information inferred from the actual program is modified if it does not
correspond to user expectations. Our abstract domain does not satisfy
the conditions of the abstract diagnosis method, so the method, as it
is, is inapplicable.

The paper is organized as follows. In Section 2 we present an overview of
the method and illustrate it by an example. Section 3 gives the theoretical
setting of the work. Section 4 describes the specification formalism that we
use. Section 5 surveys some design decisions of our prototype diagnoser. The
remaining sections include discussion and conclusions.

2 Overview

This section outlines informally the diagnosis problem and shows on example
how the diagnoser helps to localize error in a CLP program.

2.1 Describing Calls and Successes of Predicates

We consider CLP programs executed with the Prolog computation rule.

At every step of a computation the selected atom A constrained by the
actual constraint store constitues a call which may eventually succeed. By
success we mean A constrained by the store in the state when the call suc-
ceeds. Thus, a call or a success is a constrained atom, i.e. a pair ¢[]A where ¢
is a constraint and A is an atom such that each free variable of ¢ occurs in A.
The constraint involved defines all potential restrictions which may appear
later in the computation. For example, the variable X of a call X :: 1..3[]p(X)
may further be restricted to any subset of the set {1,2,3}. If the constraint
allows only a unique valuation of the variables of the atom, (e.g. X=1[]p(X))
or if the atom is variable-free (e.g. p(1)) then the constrained atom is said to
be ground.

The errors considered concern discrepancies between expected and actual
calls and successes of computations starting with a class of goals. Notice
that calls and successes are constrained atoms. Thus to formulate a program
specification (or to present results of the static analysis to the user) we need
a language for describing sets of constrained atoms and constrained terms.



This language is presented more formally in the next section. Here we only
give some explanations as a background for the introductory example.

The sets specified in the language are represented by terms. To distin-
guish these terms from the terms in the language we call them type terms.

There are some predefined basic types including: int, denoting the set
of ground integer constants, nat, denoting the set of nonnegative integer
constants, any, denoting the set of all constrained terms, and anyfd, which
stands for domain variables and their instances. The latter type contains
integers and constrained terms c[]x where x is a variable and ¢ is a constraint
restricting the possible values of x to a finite set of integers.

Type constructors can be defined in the language as operations on sets
and applied for construction of new sets. A standard type constructor [ist
is interpreted in the usual way. Thus the language includes expressions like
list(int), list(list(int)), etc. representing lists over elements of the indicated
sets.

An expression of the form p(r,...,7,) where p is a predicate symbol and
T1, ..., Tp are type terms will be used to describe the set of constrained atoms
of the form ¢, ..., ¢,[|p(t1, ..., t,) where each ¢[]t;, for ¢ = 1,...,n is in the set
described by 7;. We will use such expressions to describe overapproximations
of calls and successes of predicates in the computations starting from a given
class of goals. The expressions will be called, respectively, the call-type and
the success-type of p. The collection of call-types and success-types of all
predicates of a program is a call-success specification.

We assume without loss of generality that the initial goal is atomic. We
will specify the class of initial goals by choosing a predicate and providing
its entry type. For example the declaration :-entry p(nat,any) . identifies
all atomic goals of the form p(n,t) where n is non-negative integer and ¢ is
an arbitrary term.

It all calls and all successes that appear in any computation of the program
starting with an initial goal in the class are included in the sets specified by
a call-success specification, the program is said to be partially correct wrt
to this specification. Such a specification is then said to be wvalid (for the
program).

As already mentioned in Section 1, we have a program analyzer that de-
rives a valid call-success type specification for a program augmented with an
entry declaration. The specification derived may not conform to user expec-
tations. The diagnoser is then used to localize the source of the discrepancy
by querying the user about the intended types.



2.2 Example Diagnosis Session

We now present an example of an erroneous program and illustrate on it the
use of our diagnoser. The input is the program augmented with an entry
declaration specifying the class of intended initial calls.

The first step is type analysis resulting in a call-success specification. The
user may inspect this specification for checking the call-type and success type
of any chosen predicate. A diagnosis of a predicate may be requested if the
user is not satisfied with the types inferred for it by the analyzer

The diagnoser presents first the list of all predicates that may influence
the type of the diagnosed one. A predicate usually has two entries on the
list, annotated respectively as call and as success. The user is expected
to provide for each entry the intended type specification. This is done by
choosing the entries one-by-one in arbitrary order. For every chosen entry
the type inferred by the analyzer is presented by the diagnoser. The user
may accept it as an element of the constructed specification or reject it and
provide a new type. During this interaction the system uses the already
existing parts of the new specification for checking verification conditions of
partial correctness. The failure of a verification condition is reported by a
warning identifying the clause and the atom involved. A completeness result
discussed later guarantees that every type incorrectness error will be reported
by a warning (but a warning may not concern a real error).

Example 2.1 Let us consider the following erroneous N-Queens program.
The (only) error is the misprint in the recursive definition of safe where the
erroneous call safe(T,Y,K1) appears instead of safe(X,T,K1).

:-entry nqueens(int,any) .
nqueens(N,List):- length(List,N), List::1..N,

constraint_queens(List),
labeling(List,0,most_constrained,indomain) .

constraint_queens([X|Y]):- safe(X,Y,1), constraint_queens(Y).
constraint_queens([]) .

safe(X,[YI|T],K):- noattack(X,Y,K), K1 is K+1, safe(T,Y,K1).
safe(_,[],_).

noattack(X,Y,K):- X #\= Y, Y #\= X+K, X #\= Y+K.

The :-entry declaration says that the predicate nqueens/2 should be called
with an integer term as first argument and any term as second argument.



This includes the special case of variable as a second argument, which how-
ever cannot be stated separately in our specification language.

The call-success analyzer informs that one of the (finite domain) built-ins
#\=is called with incorrect types. Moreover the inferred types are as follows:
(In the notation used, [1 denotes a singleton set including the empty list,
[t] denotes the set of all one-element lists of type t and | denotes the union
of sets.

CALL-type: nqueens(int, any)
SUCCESS-type: nqueens(nat, ([]|[nat]l) )

CALL-type: constraint_queens(list(anyfd))
SUCCESS-type: constraint_queens( ([]|[anyfd]) )

CALL-type: safe(list(anyfd), list(anyfd), int)
SUCCESS-type: safe(list(anyfd), [], int)

CALL-type: noattack(list(anyfd), anyfd, int)
SUCCESS-type: noattack(anyfd, anyfd, int)

The user will find suspicious the success-type of the “top-level” predicate
nqueens/2 which should instead be nqueens(nat,list(nat)) !.

The user will thus call the diagnoser for the subprogram defining the
predicate nqueens/2. The interaction with the diagnoser may be as follows,
where the user may change the order of inspecting the types.

Do you like Call-Type constraint_queens(list(anyfd))? YES

Do you like Call-Type safe(list(anyfd),list(anyfd),int)? NO
What should it be? anyfd, list(anyfd), int.

Do you like Succ-Type safe(list(anyfd),[],int)? NO
What should it be? anyfd, list(anyfd), int.

Do you like Succ-type constraint_queens( ([]|[anyfd]) )7 NO
what should it be? list(anyfd).

Do you like Succ-Type noattack(anyfd,anyfd,int)? YES

INotice that the inferred type is a subtype of the intended one. The point is that
some expected results will not be computed. This does not concern partial correctness
but completeness of the program.



Diagnoser WARNING: Clause

safe(X, [YIT], K) :-
noattack(X, Y, K), K1 is K + 1, safe(T, Y, K1).

suspiciuos because of atom safe(T, Y, K1).

Here the diagnoser shows that this clause is wrong since the call to safe/3 in
the body does not respect the intended call-type. Also the expected success
type of the head cannot be verified from the intended success type of this body
atom. (The latter fact is not reported separately, as the clause has already
been pointed out to the user). Indeed in this case the warning localizes the
erroneous atom. The user may continue diagnosis session to check existence
of other warnings.

Do you like Call-Type noattack(list(anyfd),anyfd,int)? NO
What should it be? anyfd, anyfd, int.

Do you like Succ-Type nqueens(nat, ([]|[anyfd]) )? NO
What should it be? nat, list(nat).

end of predicate nqueens / 2 diagnosis.

Thus, we are warned about only the erroneous clause which is indeed respon-
sible of all symptoms. It is important to notice that all the other clauses are
not reported as erroneous, as it is actually the case, even if the types derived
for most of them do not conform to the user intentions. ]

We would like to point out that the diagnosis engine does not require
performing any test computations of the diagnosed program. In contrast to
the usual debugging techniques, like tracing or even declarative debugging
[Sha82, Llo87, Fer87], it is not driven by error symptoms appearing in test
computations. The diagnoser has only the access to the diagnosed program
and to its specification constructed interactively by the user with the help of
the results of static analysis. For finding the error it uses partial correctness
proof techniques. Asthe example shows, an error may be sometimes localized
by providing only a part of the specification. The role of the program analyzer
is auxiliary, the diagnosis may be done without it. The types inferred by it
may give abstract symptoms and thus make it possible to focus the diagnosis
to a fragment of the program. The part of the analyzer’s output that is
found by the user to be correct, is re-used as a (part of) the specification she
is composing.



Notice that in the example the diagnosis began after the success type of
nqueens computed by the type analyzer was found to be a proper subset
of the expected type. This was an abstract symptom of incompleteness, i.e.
of the fact that some of the expected answers cannot be computed by the
program. An incomplete program can still be partially correct wrt to the
specification considered. However an error in the program causes often both
incorrectness and incompleteness. Luckily this was the case in the example
even if the incorrectness was not easily visible from the inferred types.

3 The Theoretical Setting

This section summarizes the theoretical basis of our diagnoser. We present
the semantics used, the concept of incorrectness and we discuss the use of
sufficient conditions for partial correctness as a basis for incorrectness diag-
nosis.

We assume that the reader is familiar with basic concepts of CLP, as

explained in [JM94].

3.1 The Call-Success Semantics

This section presents the call-success semantics, which describes the proce-
dure calls and procedure successes that occur during the computations of
programs. Prolog selection rule is assumed. In logic programming a proce-
dure call or success is an atom, in CLP it is a constrained atom. Thus we
begin with introducing the notion of a constrained expression. We assume
that certain constraint domain is given and we will denote it D .

Definition 3.1 A constrained expression (atom, term, ...) is a pair ¢[| F
of a constraint ¢ and an expression £ such that each free variable of ¢ occurs
(freely) in E.

A constrained expression ¢/[|E’ is an instance of a constrained expression
c[] £ if ¢ is satisfiable in D and there exists a substitution @ such that £’ = E0
and D |= ¢ — ¢ (cf means here applying 8 to the free variables of ¢, with
a standard renaming of the non-free variables of ¢ if a conflict arises).

If ¢[] F is an instance of ¢'[| E" and vice versa then ¢[|F is a variant of /[ E'

By the instance-closure cl(F) of a constrained expression £ we mean the
set of all instances of K. For a set S of constrained expressions, its instance-

closure ¢l(9) is defined as Ugeg cl(F). [ ]

Note that, in particular, cf[]FE@ is an instance of ¢[]F and that ¢[|F is an
instance of ¢[|F whenever D = ¢ — ¢. The relation of being an instance is



transitive. (Take an instance ¢/[| E6 of ¢[]F and an instance ¢"[| Efo of &[] E9.
AsDE " — doand D | ¢ — ¢f, we have D |= ¢’ — cfo).
Notice also that if ¢ is not satisfiable then ¢[] £ does not have any instance

(it is not an instance of itself).
We will often not distinguish £ from true[] E' and from ¢[] E where D |= Ve.

Example 3.2 a+ 7, Z 47, 147 are instances of X + Y, but 8 is not.

F(X)>3[]]f(X)+7is an instance of Z>3[]Z+7, which is an instance of Z+
7, provided that constraints f(X)>3 and Z>3, respectively, are satisfiable.

Assume a numerical domain with the standard interpretation of symbols.
Then 4 + 7 is an instance of X=2+2[]X+7 (but not vice versa), the latter is
an instance of Z>3[]Z47.

Consider CLP(FD) [Hen89]. A domain variable with the domain 5, where
S 1s a finite set of natural numbers, can be represented by a constrained
variable €5 [] « (with the expected meaning of the constraint x€5). |

If Vars(c) € Vars(E) then c[]F will denote (3_vyys(myc)[] £ (where Vars
denotes the set of (free) variables of the indicated syntactic object 3_y stands
for quantification over the variables not in V).

From the formal point of view, the computations of a program are LD-
derivations. We illustrate the notions of LD-derivation, procedure call and
success by an example. When discussing procedure calls and successes we
will not distinguish equivalent constrained atoms. Thus we will not distiguish
c[]A from '[JA when ¢ and ¢ are equivalent.

Example 3.3 Consider a program

p(f(Y)) =Y >T, Q(Yv Z)v Q(Zv Y)'
gV, W) W > V.

in CLP over integers and a goal p(X). The following sequence of goals and
substitutions is an LD-derivation of the program (and it is the only LD-
derivation with this initial goal).

p(X) £
Y>q(Y, 2),q(Z,Y) {X/f(Y)}
Y>1,72>Y(g(Z,Y)  {X/[(Y), VY, W/Z}

The procedure calls in the derivation are p(X), Y>T[]¢(Y,7) and
Y>T7,7>Y[]q(Z,Y). There is one procedure success Y >7,7Z>Y([|q(Y, 7Z),
corresponding to the call Y>T7[]q(Y,7Z). The derivation cannot be ex-
tended, as the last procedure call results in an unsatisfiable constraint
Y>T1,72>Y,Y>7.

|

10



In this work we are interested in CLP with syntactic unification. This
means that the function symbols outside of constraints are treated as con-
structors. So parameter passing is done as in Prolog, by computing an mgu.
For instance, in CLP over integers a selected atom p(2 4 2) does not unify
with a clause head p(4). An example of a language using syntactic unification
is CHIP, an example of a language not using it is CLP(R).

It will be helpful to syntactically distinguish between procedure calls and
successes. So for each predicate symbol p we introduce two new symbols *p
and p®; we will call them annotated predicate symbols. They will be used to
represent, respectively, call and success instances of constrained atoms whose
predicate symbol is p. Constrained atoms with annotated predicate symbols
will be called annotated constrained atoms. For an atom A = p(1), we will
denote *p(#) and p*(f) by *A and A® respectively. We will use analogous
notation for constrained atoms. (If A = ¢[]p(f) then *A = ¢[]*p(1), etc).
If M is a set of constrained atoms then *M is {*A | A € M} and M* is
{A* | A e M}.

Definition 3.4 Let P be a CLP program and G a set of atomic initial goals.
The call-success semantics C'S(P,G) of P (wrt G) is a set of annotated
constrained atoms such that

1. *A € CS(P,G) iff there exists an LD-derivation for P with the initial

goal in G and in which A is a procedure call;

2. A* € CS(P,G) iff there exists an LD-derivation for P with the initial

goal in G and in which A is a procedure success. -

We skip (rather obvious) formal definitions of an LD-derivation, a proce-
dure call and procedure success [DP98]. Notice that the call-success seman-
tics takes into account all the computations of the program, including failed
and infinite ones.

3.2 Partial Correctness and Errors

The call-success semantics C'S(PG), characterizes an observable aspect of
program behavior as a set of annotated constrained atoms. Ideally the user
could independently provide a set S of constrained atoms as a specification of
the expected behavior of the program. The following definition specializes the
commonly accepted concept of partial correctness to the case of call-success
semantics.

Definition 3.5 A program P with a class of goals G is partially correct
wrt S iff CS(P,G) C S, it is complete wrt to S if S C CS(P,G). ]

11



Thus, partial correctness wrt S means that all calls and successes of
the program in any computation starting in a goal in G are included in S.
Consequently, a program P (together with its initial goals G) is incorrect
wrt a specification S iff CS(P,G) € S. The latter holds if there exists an
annotated constrained atom A such that A € CS(P,G) but A ¢ S. Such an
A is called a symptom (of incorrectness). So A corresponds to a procedure
call or a procedure success that violates the specification but does occur in
some computation of P (starting from an initial goal from G).

Example 3.6 The program of Example 2.1 is incorrect wrt the specifica-
tion provided by the user in the diagnosis session. In the execution of
the program starting with the goal nqueens(8,L) the predicate safe will
have the call safe([X3,X4,X5,X6,X7,X8],X2,2) but the annotated atom
safe([X3, X4, X5, X6, X7, X8],X2,2) does not belong to the specification.

|

For the call-succes semantics we are going to formulate a sufficient con-
dition for partial correctness. For this we need the following definition.

Definition 3.7 Let M be an instance-closed set of constrained atoms,
Consider an implication ¢g, By, ..., B, — H, where ¢g is a constraint, n > 0,
and By, ..., B,, H are (non constraint) atoms. We say that this implication
is satisfied wrt M (this fact will be denoted by M R ¢y, By,..., B,—H)
when, for any substitution 8, if ¢;[|B10,...,¢,[]B.0 € M and constraint
¢:=(cb,c1,...,c,) is satisfiable then we have ¢[|HO € M.

|

This specific concept of satisfaction is related to the fact that we describe
semantics of CLP with syntactic unification as sets of constrained atoms.

The following proposition plays a central role in our approach. It provides
a sufficient condition for partial correctness of CLP programs wrt specifica-
tions of the call-success semantics. It can be seen as adaptation for CLP of
a certain instance of the proof method of [DM88] (or as a generalisation for

CLP of the verification conditions of the proof method of [BC89]).

Proposition 3.8 Let P be a CLP program, S an instance-closed set of
annotated constrained atoms and let G be a set of initial goals, *G C 5. A
sufficient condition for

CS(P,G)C S

(in other words for correctness of P wrt specification ) is that for each

clause H « ¢, By,..., B, from P

12



S ke H — B

SkeH,By,...,B | — *B; (V)
S ke H,B,... B'_, — B,
Sked,By,...,B — H*.

Thus, every clause of P gives rise to a number of verification conditions.

Example 3.9 Consider the first clause for safe of Example 2.1. It gives
rise to the following implications:

true, *safe( X, [Y|T], K) — *noattack(X,Y,1)

true, *safe( X, [Y|T], K),noattack®(X,Y,1) - K1%s K +1

true, *safe( X, [Y|T], K),noattack®(X,Y,1), K1is®* K + 1
— *safe(T,Y, K1).

true, *safe( X, [Y|T], K),noattack®(X,Y,1), K1is®* K + 1,
safe(T,Y, K1) — safe*(X,[Y|T], K)

One has to check whether they are satisfied wrt the (instance-closed) set
of constrained atoms defined by the call-types and success types of the pred-
icates involved, including the types of the built in is which is not specified
by the user but provided by the system library.

Consider the types specified by the user in the diagnosis section of Ex-
ample 2.1 and the first implication above. To check it one has to show that
for every substitiution 8 if ¢ []safe( X, [Y|T], K)8 belongs to the set specified
as safe(anyfd, list(anyfd), int) then ¢ [Jnoattack(X,Y, K)0 isin the
set specified as noattack(anyfd, anyfd, int). This reduces to checking
whether ¢;[]Y0 is in anyfd provided that ¢;[|[Y|T]0 is in 1ist (anyfd), which
is the case under the usual definition of lists.

Similarly it can be seen that the check of the third implication will fail.
From the assumption that ¢[|safe( X, [Y|T], K)8 belongs to the set specified
by the call-type of safe it follows that ¢;[|]7 is in 1ist(anyfd), hence it is
not in anyfd which would be necessary for the implication to be satisfied wrt
the specification.

|

In actual CLP languages, constraints in the clauses are mixed with non
constraint atoms. (In a clause H « By,..., B,, each B; may be an atomic
constraint). Thus in LD-resolution each of the atomic constraints is selected
(i.e. added to the constraint store) separately, after the success of the (non

13



contraint) atoms to the left of it. The last proposition can be generalized to
this case. The generalization is rather obvious, to avoid technical details we
do not present it here.

3.3 Incorrectness diagnosis

The role of diagnosis is to find a reason of incorrectness. By an incorrect
clause of P wrt S we mean a clause C' € P, for which (some of) the conditions
(VC) is not satisfied. From Proposition 3.8 it follows that if a program is
incorrect then it contains an incorrect clause?. Such an incorrect clause will
be considered as the reason of incorrectness.

One may be more specific here stating that the incorrectness is due to
those atoms of the clause that occur in the implication of (VC) that is not
satisfied.

The incorrectness diagnosis means finding incorrect clauses in a given
program. Checking if a clause is correct boils down to checking if implications
of the form like in Definition 3.7 are satisfied. Consider such an implication
C =c¢o,by,...,b, = H and a specification S. One may imagine a following
procedure of checking whether S | C. Consider the function Tt defined by

To(S):={c[Jh0]| ¢[)bif €S, fori=1,...,n,
¢:=(cb,c1,...,c,) is satisfiable,
0 is a substitution  }

Now Tp:(S) € S iff S g €.  The problem is that T¢(S) € S may be
undecidable.

For practical use of the proposed approach we have to be more specific
about the language of specifications. The expressions of this language have
to define decidable instance-closed sets of constrained atoms and terms. In
addition we require that the specifications have decidable subset property,
i.e. that for arbitrary specifications 57,5 it is decidable whether the set
described by 57 is a subset of the set described by 5;. In the sequel we assume
that the specification language has these properties. For a specification S we
will sometimes refer by S to the set defined if the meaning is clear from the
context.

Assume that we have a computable approximation of the function T, i.e.
a computable function TZ over specifications such that To(S) C TZ(S) (for

?But not vice versa. A counterexample is easy to construct using a “too weak” specifi-
cation for some predicates. For instance take P = { p(#)—q(z); ¢(a)—} and G = {p(x)}.
Let P be a correct wrt a specification S (so C'S(P,G) C S) and let S contain ¢*(x) but
not p*(x). Then the last condition of (VC) does not hold.
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all specifications S in our specification langage). As the check for C for our
specifications is decidable, this gives a decision procedure for TZ(S) C .
We will say that implication C' is abstracly satisfied wrt S if TZ(S) C S.
Obviously, if C'is abstracly satisfied wrt S then S ke C (as T(S) C TA(S) C
S).  We will say that conditions (VC) are abstractly satisfied if each their
implication is abstractly satisfied wrt 5. We obtain immediately:

Proposition 3.10 Consider a program P and a specification S. If for
each clause of P the conditions (VC) are abstractly satisfied then (VC) are
satisfied and P is partially correct wrt S.

Obviously the reverse may not hold, for a particular T conditions (VC)
may be satisfied but not abstractly satisfied.

The proposition gives an algorithm for error diagnosis. Computing whether
TA(S) C S for every implication of (VC) for each clause of P makes it pos-
sible to find the set of clauses for which (VC) are not abstractly satisfied.
Each clause of P for which (VC) is not satisfied is in this set. Thus this set
contains all the incorrect clauses of P. (On the other hand it may contain
correct clauses). If the set is empty then the program is correct wrt S.

Example 3.11 Consider CLP(FD) and a specification S that states that the
argument of p is constrained to 1..8 at call and to 4..8 at success, while the
argument of ¢ is in anyfd at call and is constrained to 4..5 at success. Con-
sider a CHIP clause p(X) :- Y::1..10, X#=Y+4, q(Y) (where constraint
Y::1..10 constrains variable Y to the interval 1..8 and constraint X#=Y+4
constrains expressions X and Y+4 to have the same numerical value). The
reader may check that the clause is correct wrt this specification, and that
the verification conditions imply that the argument p at success is bound to
8.

To check abstract satisfiability of (VC) we have to define the function
TA. TA(S) may state that the argument of p at success is anyfd. It is still
a correct, though very imprecise approximation. For this choice of T4 does
not permit to establish correctness of the clause, since the conditions (VC)
are not abstractly satisfied.

|

4 The specification formalism

This section describes the specification formalism used in our diagnosis sys-
tem to describe instance-closed sets of constrained terms. It is used for
communication with the user, both to present the results of program analy-
sis and to acquire specifications. It is a simple extension of the well-known
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formalism of regular term grammars (see e.g. [DZ92] and references therein)
for specifying sets of constrained terms.

The expressive power of the formalism is limited to facilitate automatic
check of the verification conditions for partial correctness. Due to this limi-
tation the call-success semantics of a CLP program is usually not expressible
in the specification language and the specifications provided for a program
describe approximations of the semantics. We will call them types following
the terminology used in the descriptive approach to types in logic program-
ming. In this paper we discuss a particular class of types, that is suitable to
CLP over finite domains (CLP(FD)). A more general solution is presented
in [DP9Sg].

We build our specifications over the alphabet including a set F' of function
symbols, a set V' of variables, a set of type symbols 7 (each of certain arity)
and type variables TV. Ty = { any, anyfd, nat, neg } is a set of distinguished
type symbols of arity 0. As we are going to specify sets of constrained terms
the alphabet has also to include some constraint predicates, at least true
and € for expressing finite domain constraints of the form X € a..b.

We denote by Term(Si,S2) the universe of terms built from function
symbols from 57 and variables from S3. Elements of T'erm(7,0), are called
ground type terms. Below we describe a notion of a grammar that from a
given ground type term t generates a set of constrained terms over F' and
V. The instance-closure of the set of all constrained terms derivable from ¢
is the type denoted by t. The grammar provides thus a set interpretation of
ground type terms.

A grammatical rule may include type variables. Such a rule is considered
a shorthand for a possibly infinite set of its instances, where each occurrence
of a type variable is replaced by a ground type term.

In our diagnoser the user refers to types by ground type terms that are
defined by the grammatical rules stored in the system. The user has a pos-
sibility of defining new types by supplying new grammatical rules.

Definition 4.1 A parametric regular term grammar with constraints (in
normal form) a finite set R of rules of the form

tHag,...,an) = f(t1,. .. k)

where t € T\ 7y, ay, ..., «a, are distinct type variables, f € [ and ¢1,...,1; €
Term(T,{o1,...,an}),n >0, k>0 Ift(...) = f(...)and t(...) — f'(...)
are two distinct rules of R then f # f'.

A ground type substitution is a mapping from type variables to ground
type terms. A ground rule is the instance of a rule in R under a ground type
substitution. ]
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Before explaining the use of the grammatical rules we illustrate the defi-
nition by an example.

Example 4.2 Let [],a,b be unary function symbols, | a binary function
symbol, t1 a type constant, list a unary type constructor and let a be a type
variable. We may now define the following term grammar, where [| ] notation
is used for terms constructed with |.

list(a) — []

list(a) — [allist(a)]
tl = a

11— b

We now define a rewrite relation = on the objects of the form ¢[]t where
¢ is a constraint and ¢ € Term((F U T),V). Thus ¢ is a term which may
include both type symbols and function symbols and ordinary variables but
does not include type variables. In particular ¢ may be a type term without
type variables.  ¢[]t1 = (¢, ¢)[Jt2 if t2 is obtained from t; by replacing a
maximal subterm ¢ € T'erm(7,0) by ¢’ and adding the new constraint ¢ in
the following way®

o if t & 7y then t' is a term such that ¢ — #' is a ground rule of the
grammar and ¢ is true,

e if ¢ is any then ¢’ is a new variable not appearing in ¢y and ¢ is true.

o if 1 = anyfd then t' is a new variable = not appearing in ¢; and ¢
is @ € 0..maxint (where maxint is the greatest integer permitted to
occur in the finite domain constraints of the CLP(FD) language under
consideration),

e if ¢ is nat or neg then ¢ is a natural number or a negative integer
respectively and ¢ is true.

Transitive closure of = is denoted as =.

Definition 4.3 The type denoted by a given ground type term ¢ is the set
of constrained terms defined by

Type(t) = cl({ c[Jt' | t = c[)t', ' € Term(F, V)})

3We don’t distinguish e from true(Je.
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The following example illustrates this definition.

Example 4.4 For the grammar of Example 4.2 we have
list(list(nat)) = [list(nat)|list(list(nat))] = [[1]|[]]

Hence [[1]|[]] € Type(list(list(nat))).

Similarly (using Prolog notational convention) [a, b, a, a] € T'ype(list(t1)),
and also X € 2..3,Y € 5..7[|[X, Y] is in Type(list(anyfd)). The latter exam-
ple illustrates the role of instance closure in the definition of the type denoted
by a ground type term. We see that

list(anyfd) = X,Y € 1.mazint[][X,Y]

and the example constrained term belongs to the instance closure of the
constrained term X,Y € l.maxint[][X,Y].
|

A specification of a program is given by a grammar as above and, for each
predicate symbol p, by a pair of expressions of the form p(t1,...,t,), where
t € Term(T,0) (and n is the arity of p). The expressions specify, respectively,
the call and success types of p. The specification contains a constrained atom
*A (respectively A®) iff A is an instance of some A’ generated by the grammar
from the first (second) expression.

5 The Diagnoser

This section surveys main design decisions of the existing prototype imple-
mentation of the diagnoser.

Regular term grammars with constraints are represented as CLP pro-
grams of special kind, called RULC programs. This is an extension of well-
known technique relating regular term grammars and logic programs of spe-
cial kind, called RUL programs [YS91].

A RULC program consists of two kinds of clauses. The clauses of the form
Hf( X,y X0)) — t1(Xq), ..., tu(X) correspond to the grammatical rules of
the form ¢t — f(t1,....%,). In addition there may be clauses of the form
t(X) < ¢(X) where ¢ is a constraint satisfying some special requirements.
In particular, the constraints generated by the term grammars discussed
above can be used in such rules. For every predicate ¢ a RULC program P
specifies a set tp of constrained terms.

There is a library of type definitions which may be augmented by the
user.
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The diagnoser uses the type analyzer of CHIP programs described in
[DP98]. The analyzer extends the techniques of [GAW92, GAW94] to infer
call-types and success-types of a given CLP program. They are presented to
the user either in the form of type terms referring to the stored type defi-
nitions or in the form of grammatical rules if an appropriate type definition
does not exist.

A program P to be analyzed with a given entry declaration G is first
transformed into the set of verification conditions for the not yet known
call-success specification. The set of clauses obtained in that way is a CLP
program Mpg with annotated predicates. Its c-semantics describes calls and
successes of each predicate in the original program as a set of constrained
atoms with annotated predicates. (A generalization of c-semantics [FLMP89]
for CLP is introduced forthis purpose). The next step is to construct a RULC
program whose c-semantics is a superset of the c-semantics of Mpg. The
construction, described in [DP98] is a (terminating) fixpoint computation.
It uses TZ' functions that approximate the Ti operator of each clause C' of
Mpg, as described in Section 3.3. The specifications transformed by T
operators are RULC programs.

The inferred types are on request shown to the user, who may decide to
start diagnosis, as illustrated by Example 2.1. The implications from the
verification conditions (VC) for the diagnosed subprogram are then checked
to be correct wrt the type specification S acquired by querying the user.
As discussed in Section 3.3, the check consists in computing T#(S) (for an
implication C') and comparing it with S. The functions TZ' in our diagnoser
are those already used in the analysis phase. The specification is obtained
from the user by asking queries (about the call respectively success types
of particular predicates). The user is able to choose the order of answering
them, as the system displays a list of “pending” queries from which the user
selects the one to answer first. This list is sorted wrt the relevance of the
information to the diagnosis, i.e. the number of implications which could be
checked having that information at hand.

Whenever the user decides to answer for a pending oracle query, she is
first asked if the results of type analysis for calls or successes of this predicate
coincide with the intended meaning of the program. If no, the user has
to describe the intended semantics of the predicate, by giving types for its
arguments. If yes, the relevant fragment of the results of type analysis is
used.

Then all the implications that can be checked are checked, the pending
list is updated taking into account the new information and unless it is not
empty we wait for the user again.

The choice of implications to be checked is guided by abstract symptoms.
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An abstract incorrectness symptom exists for the call (success) of a predicate
p if the call (success) type of p computed by the program analysis is not
a subset of the corresponding type given for p by the specification S. The
system selects first those implications @ — 3 for which there exists an ab-
stract symptom for the annotated predicate in 3. This strategy results in
decreasing the number of queries needed to localize the first incorrect clause.
(It does not improve the number of queries needed to find all the implications
from (VC) that are not abstractly satisfied).

6 Discussion

We first survey some limitations of our method.

In our approach, types are approximations of the actual and intended
semantics of programs. Obviously, a program may be correct wrt its approx-
imate specification and actually incorrect wrt some more precise specification.
Incorrect results may have correct types.

Example 6.1 Let us consider the following erroneous append program, where
we have [X|Ys] instead of [X|Zs].

:= entry app(list(int),list(int),any).

app([], Xs, Xs).
app([X1Xs],Ys, [XIYs]) :- app(Xs,Ys,Zs).

What we obtain if we invoke the call-success diagnoser with intended success-
type app(list(int),list(int),list(int)) is that there are no abstractly
incorrect clauses. Hence, by Theorem 3.8, the program is correct wrt the
intended specification. This kind of error cannot be detected by a type based
approach because, informally speaking, the type of the two variables Ys and
Zs is the same. ]

The restricted expressive power of our specification language makes possible
effective analysis and diagnosis of programs but permits to detect only the
errors violating specifications expressible in this language.

Another limitation of the method concerns the precision of the aprox-
imation of Tz by the operator T used by the diagnoser. As illustrated
by Example 3.11 a warning for a correct clause may be produced due to
imprecision of T,

The method presented concerns incorrectness diagnosis. Incompleteness
may also be a problem and is a subject of future work. As illustrated in Ex-
ample 2.1 a misprint in the program may introduce both incompletness and
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incorrectness wrt the call-success semantics and can be found by incorrect-
ness diagnosis. The question is how often incompleteness diagnosis is really
needed in practice.

The presented approach assumes the Prolog selection rule, while in many
CLP languages selection with delays is possible. For example in CHIP the
is predicate is delayed if the arguments of the arithmetic expression are not
sufficiently instantiated.

Example 6.2 The following scalar product program executes correctly in

CHIP

:- entry pv(any,list(int),list(int)).

pv(N1,[PIT],[QIR]) :- N1 is P*Q+N, pv(N,T,R).
pv(o,[1,[1).

but the diagnoser warns about the call-type of is. [ ]

Extension of the method to handle delays is a subject of future work.

Another case where the left-to-right call-success semantics may not be
the best suitable concerns the use of logical variable. The user may not be
interested in the actual calls but rather in the successes related to initial
calls. We illustrate this by the example originating from [BM97].

Example 6.3 The following CHIP program analyzes a binary tree T with
nodes labeled by integers and constructs a binary tree NT" of the same shape
with all nodes labeled by the maximal label of T'. The program includes a
type declaration acceptable by our diagnoser.

:-= typedef tree(A) --> void; t(A,tree(A),tree(d)).
:- entry maxtree(tree(int),any).

maxtree(T,NT) :- maxt(T,Max,Max,NT).

maxt(void,_,0,void).

maxt(t(N,L,R), Max, MaxSoFar, t(Max,NewL,NewR)) :-
maxt (L ,Max,MaxL,Newl),
maxt (R,Max,MaxR,NewR),
max (N,MaxL,MaxR,MaxSoFar) .

max(A,B,C,A) :- A >=B, A>=C.

max(A,B,C,B) :- B >=A, B>=C.
max(A,B,C,C) :- C >=A, C>=B.
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The call-success analyzer infers the following types:

CALL-type: maxtree(tree(int), any)
SUCCESS-type: maxtree(tree(int), tree(any))

CALL-type: maxt (tree(int), any, any, any)
SUCCESS-type: maxt(tree(int), any, int, tree(any))

CALL-type: max(int, int, int, any)
SUCCESS-type: max(int, int, int, int)

Hence it correctly shows that during the execution some successes of
maxint are of the type tree(any), since the trees constructed have nodes
labeled by variables. To show that in the final result both arguments of
maxtree are of the type tree(int), one has to use a richer class of specifica-
tions* or refer to a different semantics and use different proof methods, like
the method shown in [BM97]. A type diagnoser based on that method can be
constructed by applying similar approximation techniques to the verification
conditions of that method. ]

7 Conclusions

In this paper we have shown a diagnosis approach based on descriptive types,
which approximate the call-success semantics of the program. We deal with
type-free CLP languages, we are mainly interested in CLP(FD) and our
implementation concerns the programming language CHIP. Types are ex-
pressed by a grammatical formalism (called regular term grammars with con-
straints). The formalism is equivalent to a restricted class of CLP programs.
In our implementation the former are used in the user interface and the latter
in the system internally. We present a theory of incorrectness diagnosis and
describe a prototype diagnosis tool.

The very diagnosis algorithm uses a description S of types, which is an
approximate specification (a superset) of the intended semantics of the pro-
gram. In contrast to most of debugging tools, it does not refer to any test
computations of the program; so it is a “static” approach. The algorithm
works without any information about error symptoms. (However informa-
tion about abstract symptoms can be used to improve its search strategy).
It is able to find all the clauses of the program that are responsible for the

*We need to express that, at a success of max(T,M,Max,NT), NT is a tree with all the
nodes labeled by M and Max is an integer.
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program being incorrect wrt the specification. It may however happen that
it points out a clause that is abstractly incorrect but (concretely) correct wrt
S.

The user does not have to provide the whole specification. Instead she is
asked for fragments of it, when they are needed. If the relevant fragments of
type analysis results coincide with the intended semantics, they can be used
as specification.

Diagnosis of incomplete programs is possible. For this it is necessary to
specify types of the predicates not defined in the diagnosed program. This
mechanism can also be used for separate analysis/diagnosis of the selected
parts of large programs.

The method needs practical evaluation, so the main subject of further
work is experiments with debugging “real” CLP programs. The method deals
with call-success semantics of CLP with Prolog selection rule. Generalizing
it to include delays is a subject of future work. Another topic of future
work is incompleteness diagnosis. There are similarities between our method
and abstract diagnosis [CLMV98]. A clear relationship between these two
techniques should be established.
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