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can be inferred from the program. However, the inferred types may notexactly specify the programmer's intent. This approach has been followedin [23, 24, 26, 36]An alternate prescriptive approach does not presuppose a Universe ofall objects. Di�erent domains are associated with distinct types. Typedeclarations form an integral part of programs and are used to determinethe semantics of programs. An advantage of this approach is that typedeclarations can clearly specify the programmer's intent. This approach hasbeen described in [9, 12, 20, 21, 27, 28].Mycroft and O'Keefe [25] de�ne a type system for a large subset of Pro-log. Type declarations for functions and predicates are speci�ed and usedto augment the program clauses. However, Mycroft and O'Keefe do not de-�ne a typed semantics for their language. Instead, they assume a standarduntyped semantics for Prolog and show that the type checker guarantees acertain well-behavedness property for the operational behavior of programs.This property, called the \semantic soundness" is o�ered as the only justi�-cation for the formal de�nition of the type system. This has caused a numberof objections to be voiced against the type system. For instance, the type in-formation has been categorized as being \extra-logical" [33]. The role playedby the type system for an implementation di�erent from SLD-resolution isalso not clear [17].We believe that the Mycroft-O'Keefe type system should be viewed pre-scriptively, i.e., the type system should enhance the language to a typed lan-guage and determine a typed semantics. The \semantic soundness" propertyof [25] is thus viewed as a type consistency property of the execution mecha-nism. The notion of well-typed logic programs is de�ned independently of aspeci�c execution mechanism. This view was originally expressed in [27] andwas independently formulated by [9]. The proposal of [12] is also similar.In this paper, we de�ne Typed Prolog, a prescriptively typed logic pro-gramming language which is a rational reconstruction of the ideas in [25]. Atype system that characterizes well-formed Typed Prolog programs is speci-�ed. The type systems of Lambda Prolog [21] and G�odel [3] are also similarto this type system. This is followed by the speci�cation of a typed model-theoretic semantics for Typed Prolog, based on many-sorted logic [5, 20] andpolymorphic lambda calculus [6, 29]. Next, a �xed point semantics is de�nedin terms of an immediate consequence operator TP over typed Herbrand in-terpretations. The equivalence of the two semantics is also shown.We describe a type reconstruction algorithm similar to the one used inML [22]. Even though type declarations form an integral part of a TypedProlog program, it is possible to omit the declarations and have them au-tomatically reconstructed by an algorithm. Thus, type inference in the pre-scriptively typed framework takes the form of type reconstruction.Typed Prolog programs can be executed using the conventional untypedSLD resolution mechanism [9, 12, 25]. This is because the conventional SLDresolution is type consistent for Typed Prolog programs. The evaluation of



a well-formed goal never leads to ill-formed subgoals. This implies that norun-time type checking is required.We also show that the type system accommodates several non-logicalfeatures found in Prolog, such as cut, assert and retract.Due to space limitations, we omit proofs of results. Detailed proofs canbe found in the extended version of the paper [19].2 Typed Prolog2.1 SyntaxThe expressions of Typed Prolog are constructed using three alphabets ofsymbols:1. A ranked set T of type constructors. With every type constructor � 2 Tis associated a rank (or arity) denoting the number of type parametersit accepts. In particular, there is a type constructor Unit of rank 0, atype constructor int of rank 0 and a type constructor list of rank 1.We use the notation typerank (e.g., list1) to denote type constructors,and omit the rank superscript when it is clear from the context.2. A signed set F of function symbols. With every f 2 F is associateda type signature of the form �1 � � � � � �k ! � 0 (for k � 0) indicatingthe types of its arguments and result. Further, all the type variablesappearing in �1; : : : ; �k must also appear in � 0. This condition on func-tion symbols was left tacit in [25]. Function symbols that satisfy thiscondition are called \type preserving" in [9].The type terms � are described below. If k = 0, the domain type isformally taken to be Unit. However, for convenience, we write\Unit ! �" as simply � .3. A signed set P of predicate symbols. With every p 2 P is associated atype signature of the form Pred(�1 � � � � � �k) (for k � 0) indicatingthe types of its arguments.In addition, there is a countably in�nite set V of variable symbols X , and acountably in�nite set � of type variable symbols �. The expressions in thelanguage belong to the following syntactic categories:� 2 Type; t 2 Term; A 2 Atom; � 2 Formula; C 2 Clause; P 2 Program.The unchecked \pre-expressions" belonging to these categories are given bythe abstract syntax:� ::= � j �(�1; : : : ; �k)t ::= X j f(t1; : : : ; tk)A ::= p(t1; : : : ; tk)� ::= � j A j �1; �2 j t1 = t2C ::= [8 X1: �1; : : : ; Xn: �n] (A �)P ::= C1 : : :Cl



Here, � denotes the \empty" formula and \�1; �2" denotes the conjunctionof �1 and �2. Clauses must include type declarations for all the variablesused in them. This is in keeping with the principle of typed languages thatall nonlogical symbols should be introduced with type declarations.By \pre-expressions" we mean that not all expressions conforming to theabove syntax are well-formed. To be well-formed, an expression must alsosatisfy the type rules given below.2.2 Type RulesTo express the type rules, we use the following forms of assertions:t : � (t is a well-formed term of type �)A Atom (A is a well-formed Atom)� Formula (� is a well-formed Formula)C Clause (C is a well-formed Clause)P Program (P is a well-formed Program)In addition, we use type contexts � which are �nite sets of unique typeassertions for variables, each of the form X : � . A type context may also beviewed as a partial mapping V ! Type.The type rules are:� ` X : � if (X: �) 2 �� ` t1: �(�1) : : : � ` tk : �(�k)� ` f(t1; : : : ; tk): �(� 0) if f : �1 � � � � � �k ! � 0� ` t1: �(�1) : : : � ` tk : �(�k)� ` p(t1; : : : ; tk) Atom if p:Pred(�1 � � � � � �k)� ` � Formula� ` AAtom� ` A Formula� ` t1: � � ` t2: �� ` (t1 = t2) Formula� ` �1 Formula � ` �2 Formula� ` (�1; �2) Formula� ` t1: �(�1) : : : � ` tk: �(�k) � ` � Formula` [8X1: �1; : : : ; Xn: �n] (p(t1; : : : ; tk) �) Clause if � = fX1: �1; : : : ; Xn: �ng,p:Pred(�1�� � ���k ), and �is a renaming substitution.` C1 Clause : : : ` Cl Clause` (C1 : : :Cl) ProgramAn expression is well-formed i� a corresponding judgement can be de-rived using the above inference rules. The well-formedness of terms andformulas is de�ned relative to a type context �, whereas clauses and pro-grams are well-formed in the empty context. Since each expression form has



a unique inference rule, the type rules may also be viewed as an inductivede�nition of the set of well-formed expressions where � is a substitution fromtype variables to type terms. Note that the use of the substitution � in thefunction and predicate application rules signi�es that, if a functor or predi-cate symbol has some type, then it also has every instance of that type. Thisis how polymorphism is obtained.The type rules can easily be transformed into a Prolog program whosetermination follows by structural induction on the expressions. Thus, check-ing the well-formedness of a Typed Prolog program is decidable.To illustrate the type rules, let us look at a few example programs inTyped Prolog.Example 1Given the alphabetsT = fman0; woman0g; F = fjohn : man; mary : womang;P = fmarried : Pred(man � woman)gThe following is a well-formed program:married(john;mary) It is not possible to de�ne a predicate spouse with the interpretation:spouse(X; Y )  married(X; Y ):spouse(X; Y )  married(Y;X):because in that case, spouse must have both the types Pred(man�woman)and Pred(woman�man). The only way to include such a predicate wouldbe to coalesce the types man and woman into a single type, say, person.Then, the following signatures can be assigned:T = fperson0g; F = fjohn : person; mary : persong;P = fmarried : Pred(person� person); spouse : Pred(person� person)gExample 2To see the use of polymorphism, consider the alphabets:T = flist1; : : :g; F = fnil : list(�); \:" : �� list(�)! list(�)g;P = fappend : Pred(list(�)� list(�)� list(�))gThen the following is a well-formed program:[8Y : list(�)] append(nil; Y; Y )  [8A : �;X : list(�); Y : list(�); Z : list(�)]append(A:X; Y; A:Z)  append(X; Y; Z):The predicate append is polymorphic in that it can be used to append listsof any type. The use of type variables such as � in the type signature of thepredicate demonstrates such polymorphism.



2.3 De�nitional GenericityThe restrictions in the type rule for clauses must be carefully noted. Theserestrictions state that the type of a de�ning occurrence of a predicate (anoccurrence to the left of \ ") must be equivalent, upto renaming, to theassigned type signature of the predicate. We call this condition the principleof de�nitional genericity. For instance, it would be incorrect to restate theclauses of append with � replaced by a speci�c type such as int. The typeof append in its de�ning occurrences would then be more speci�c than itsassigned type signature. Such speci�city is prohibited by the de�nitionalgenericity constraint imposed on the clauses.The de�nitional genericity principle is consistent with the view of Prologprograms as \de�nitions" of predicates rather than as axioms. A formalexpression of this view is Clark's i�-completion semantics [4]. If programs areviewed as de�nitions, then the clauses for a predicate such as append aboveshould de�ne the polymorphic predicate append, rather than some particularmonomorphic instance of it. This contrasts with the view of programs as\axioms" in [9].3 Semantics of Typed PrologWe de�ne a typed model-theoretic semantics for Typed Prolog based onthat of many-sorted logic [5, 8, 20] and polymorphic lambda calculus [6, 29].The semantics takes types into account in a fundamental way. Firstly, werequire that every ground type term � denote a distinct domain of values.Secondly, since the language consists of only well-formed terms and formulas,only such terms and formulas are assigned meaning. Further, the interpre-tation of a term t should denote a value in the domain denoted by \itstype". Since terms have types only with respect to particular type contexts,the type context as well as the type of a term play a role in its interpreta-tion. Moreover, the de�nition of an interpretation needs information abouta particular type derivation used to derive the type of the term.3.1 InterpretationsAn Interpretation I is a tuple hD; T ;F ;Pi where D is a set of non-emptysets called \domains", and T , F and P , are the interpretation functions fortype constructors, function symbols and predicate symbols (respectively).Speci�cally:� T (�) : Dn ! D assigns to every type constructor � of arity n, afunction in Dn ! D. Thus, every ground type term � can be inter-preted as a domain D� . However, non-ground type terms like list(�)cannot directly be interpreted as domains. Consequently, a type val-uation v : � ! D is de�ned to map type variables to domains. A



non-ground type term � can now be interpreted as a domain D�;v viathe use of v to interpret the type variables in � .D�;v = v(�):D�(�1;:::;�k);v = T (�)(D�1;v ; : : : ;D�k;v):� F(f) assigns to every function symbol f of type �1 � : : :� �n ! � , afamily of functions fv indexed by type valuations v. For every typevaluation v for the type variables in the type of f , there is a functionfv in the corresponding function space D�1;v� : : :� D�n;v ! D�;v thatinterprets f .� P(p) assigns to every predicate symbol p of type Pred(�1 � : : :� �n),a family of relations pv indexed by type valuations v. For every typevaluation v for the type variables in the type of p, there is a relationpv over D�1;v � : : :�D�n;v that interprets p.This semantics of polymorphism via parameterization is motivated bypolymorphic lambda calculus [6, 29]. Hanus [9] and Yardeni et. al. [35] alsouse a similar interpretation.A valuation � is a mapping � : V ! S� D� . A valuation � is said to respecta type context � under a type valuation v if, for all X 2 V , �(X) 2 D�(X);v.If � is a type substitution mapping type variables � to type terms over a setof type variables �0, and v is a type valuation for �0, then we denote by v � �the type valuation v � �(�) = D�(�);v.The extension of the interpretation F to terms, denoted by �Fv;� , is de-�ned with respect to a type valuation v and a valuation �. It applies towell-formed terms � ` t : � provided � respects � under v. Since we are onlyinterested in well-formed terms, we refer to sequents of the form � ` t : � as\terms". �Fv;�[� ` X : � ] = �(X) if X : � 2 �:�Fv;�[� ` f(t1; : : : ; tk) : �(� 0)] =F(f)v��( �Fv;� [� ` t1 : �(�1)]; : : : ; �Fv;�[� ` tk : �(�k)])if f : �1 � : : :� �k ! � 0:For example, given nil : list(�),�Fv;�[� ` nil : list(�)] = F(nil)[�!v(�)] and�Fv;�[� ` nil : list(int)] = F(nil)[�!int]:In other words, � ` nil : list(�) denotes a polymorphic value, whereas� ` nil : list(int) denotes a speci�c value in Dlist(int):An interpretation I applies to formulas \� ` � Formula", provided �respects � under v, and yields a truth value.



�Iv;� [� ` � Formula] is true:�Iv;� [� ` p(t1; : : : tk) Formula] i�( �Fv;�[� ` t1 : �(�1)]; : : : ; �Fv;�[� ` tk : �(�k)]) 2 P(p)v��where p : Pred(�1 � : : :� �k):�Iv;� [� ` (t1 = t2) Formula] i� �Fv;� [� ` t1 : � ] = �Fv;� [� ` t2 : � ]:�Iv;� [� ` �1; �2 Formula] i� �Iv;� [� ` �1 Formula] and �Iv;� [� ` �2 Formula]:Suppose a clause is derived via a type derivation with the following laststep� ` t1: �(�1) : : : � ` tk: �(�k) � ` � Formula` [8X1: �1; : : : ; Xn: �n] (p(t1; : : : ; tk) �) Clause if � = fX1: �1; : : : ; Xn: �ng,p:Pred(�1�� � ���k), and �is a renaming substitution.An interpretation I satis�es the clause i�, for all type valuations v and allvaluations � that respect � under v, one of the following holds:� �Iv;� [� ` � Formula] is false.� ( �Fv;�[� ` t1 : �(�1)]; : : : ; �Fv;�[� ` tk : �(�k)]) 2 P(p)v��.We denote this by I j= [8X1 : �1; : : : ; Xn : �n] (p(t1; : : : ; tk) �). Finally, Isatis�es a program C1; : : : ; Cl i� I j= Ci for each i = 1; : : : ; l. We also saythat I is a model of the program.3.2 Model Intersection PropertyLet M be a (non empty) set of models of a Typed Prolog program whichshare the same D, T and F components but di�er in the predicate interpre-tations P . For M1; M2 2 M, we say that M1 � M2 if the P componentof M1 is included in the P component of M2. Let Mo = TM be the modelwith the same D, T and F components but with the predicate interpretationobtained by intersecting the P components of the models inM.Lemma 3.1 If � ` � Formula and, for someM 2 M, �Mv;� [� ` � Formula]is false then ( �Mo)v;� [� ` � Formula] is false.Theorem 3.2 If M is a set of models of a Typed Prolog program P withthe same D, T and F components, then Mo = TM is a model of P.Corollary 3.3 For a given D, T and F , every Typed Prolog program P hasa least model.



3.3 Typed Herbrand InterpretationsFor each ground type term � , de�ne H� to be the set of well-formed groundterms of type � , i.e., terms t such that ` t : � . A Typed Herbrand Interpre-tation I has the following D; T and F components:� D is the set of H� 's for all type terms � .� T (�n) maps H�1; : : : ; H�n to H�(�1;:::;�n).� F(f) is the family of functions fv : D�1;v � : : :� D�n;v ! D�;v whichmaps tuples of terms (t1; : : : ; tn) to the term f(t1; : : : ; tn).A Typed Herbrand Model of a Typed Prolog program P is is a typedHerbrand interpretation which is a model of P .The Typed Herbrand Base BP for a program P is the typed Herbrandinterpretation hD; T ;F ;Pi such that for all predicates p : Pred(�1 � : : :��n); P(p)v is D�1;v � : : :� D�n;v. Thus, p(t1; : : : ; tn) is true for all tuplesof well-formed ground terms of the appropriate types. Note that the typedHerbrand base is always a model of a well-formed Typed Prolog program.A typed Herbrand interpretation is identi�ed with a subset of the P com-ponent of the typed Herbrand base that consists of all well-formed groundatoms which are true with respect to the interpretation. 2BP is the set of alltyped Herbrand interpretations of P . For I1; I2 2 2BP , we say that I1 � I2if the P component of I1 is included in the P component of I2. Note thath2BP ;�i is a complete lattice.Theorem 3.4 A well-formed Typed Prolog program has a model i� it has aTyped Herbrand model.As a notational convenience, we denote by IP , a typed Herbrand inter-pretation I whose predicate component is P .LetM be a (non empty) set of typed Herbrand models of a Typed Prologprogram P . The Least Typed Herbrand Model of P is de�ned asMP = TM .3.4 Fixed Point CharacterizationsFor a Typed Prolog program, let IP be a typed Herbrand interpretation andlet �IP be the extension of IP (as de�ned earlier) to well-formed formulas.An immediate consequence operator TP : 2BP ! 2BP is de�ned as follows:TP (IP) = IP 0 where IP 0 is such that for every clause [8X1 : �1; : : : ; Xn :�n] (p(t1; : : : ; tk)  �) in the program with p : Pred(�1 � : : : � �k) and� = fX1 : �1; : : : ; Xn : �ng, and for all type valuations v, and valuations �that respect � under v, ( �Fv;�[� ` t1 : �(�1)]; : : : ; �Fv;�[� ` tk : �(�k)]) 2P 0(p)v�� if (�IP)v;� [� ` � : Formula] is true.A set S � 2BP is directed if every �nite subset of S has an upper boundin S.Theorem 3.5 TP is continuous, i.e., for each directed subset S of 2BP ,TP (lub(S)) = lub(TP(S)).



Corollary 3.6 (Tarski) The least �xed point of TP exists [31].Theorem 3.7 Let I be a typed Herbrand interpretation of a Typed Prologprogram P. Then, I is a typed Herbrand model of P i� TP (I) � I.Theorem 3.8 The least typed Herbrand model MP of a Typed Prolog pro-gram P is the least �xed point of TP .4 Type ReconstructionIn the prescriptively typed framework, a \completely-typed" program inTyped Prolog must contain type declarations for function symbols in F andpredicate symbols in P . In addition, each clause must contain type decla-rations for all the variables used in it. Since requiring type declarations foreach of the above alphabets is too cumbersome, a \partially typed" programdispenses with as much of type declarations as possible. Instead, the \omit-ted" type declarations are inferred via a \type reconstruction" algorithm.A completely typed program P c in Typed Prolog is a tuple hT; F; P; Progiwhere T is a set of type constructors, F is a set of type declarations forfunction symbols, P is a set of type declarations for predicate symbols, andProg is a set of program clauses. With every function (predicate) symbolappearing in the program is associated a unique type declaration in F (P ).Likewise, every variable appearing in a clause, has a type declaration for itin the clause.The type erasure of a completely typed program P c in Typed Prolog isa partially typed program P p which is a tuple hT; F; P e; Progei de�ned asfollows:� P e is obtained from P by erasing type declarations for predicate sym-bols,� Proge is obtained from Prog by erasing from each clause, type decla-rations for the variables used in it.We denote this by erase(P c) = P p.A type reconstruction algorithm takes as input a partially typed programP p and produces a completely typed program P c that satis�es the well-formedness rules such that erase(P c) = P p.4.1 Type Reconstruction for variablesType reconstruction for variables is the process of computing the type con-text. Since each expression has a unique type rule, given the type declara-tions for functors and predicate symbols, we can uniquely compute the mostgeneral type context.Thus, the type reconstruction problem for variables in a Typed Prologprogram is well de�ned. There exists a unique (upto renaming) most general



type of a variable. The implementation [19] does reconstruct most generaltypes for variables. Type reconstruction for variables has also been imple-mented for the Mycroft-O'Keefe type system [25].4.2 Type Reconstruction for predicatesA predicate symbol p is said to derive a predicate symbol q in a program P(p; q) if there is a clause in P in which p occurs in the head and q occursin the body. We denote by ;+ the transitive closure of the derives relation; in P . A predicate symbol p is said to be self-recursive if p; p. Predicatesymbols p and q are mutually recursive if p ;+ q and q ;+ p. p is said tobe recursive if p;+ p in P . Note that this de�nition includes self-recursionas well as mutual-recursion. A predicate symbol p is said to be recursivelyde�ned in a program P if p;+ q and q is \recursive" in P . Otherwise, p issaid to be non-recursively de�ned in P .The problem of reconstructing most general type signatures for recursivepolymorphic predicates is closely related to the problem of semi-uni�cation[11]. It has been shown in [11] that semi-uni�cation characterizes (uptopolynomial time equivalence) the problem of inferring the most general typesfor recursive polymorphic predicates in a calculus of type rules that can beused to model Typed Prolog. However, it has recently been shown [16] thatsemi-uni�cation is in general undecidable. Hence, type reconstruction forrecursive polymorphic predicates in Typed Prolog is also undecidable.In view of the undecidability of the type reconstruction problem for predi-cates, the algorithm assumes that the type associated with a body occurrenceof a recursive polymorphic predicate is identical to (rather than an instanceof) its type signature. This assumption results in a loss of generality in thereconstructed type (see example 4). However, we believe that this loss ofgenerality is not serious in practice. This is evidenced by the large num-ber of functional programming languages which use this type reconstructionalgorithm [2, 13, 32].4.3 Type Reconstruction AlgorithmThe type reconstruction algorithm is similar to the one used in ML [22] andhas been implemented in Prolog [19].Input A partially typed program P p in Typed Prolog wherein type dec-larations are mandatory for all function symbols but may be omitted forpredicate symbols. Type declarations for variables in clauses are omitted.Algorithm The algorithm reconstructs omitted predicate types as follows:1. Reorder the de�nitions in P p so that the de�nition for a predicatesymbol p appears before de�nitions for all r that \derive" p. Mutuallyrecursive predicate de�nitions appear together (in any order).2. For each clause in the reordered program that de�nes a predicate sym-bol p, use the type rules to check for well-formedness and reconstruct



the type of the de�ning occurrence of p.3. The reconstructed type signature for p is the most general uni�er ofthe types reconstructed above.Output A completely typed program P c such that by erasing the recon-structed predicate types and the reconstructed types for variables in clausesin P c, we obtain the partially typed input program P p.The above type reconstruction algorithm reconstructs the most generaltype signature for non-recursively de�ned predicates.In order to obtain a characterization of the reconstructed types for re-cursively de�ned predicates, we de�ne the type reconstruction problem fora single predicate p, wherein, given the types of all q (distinct from p), suchthat p ; q, it is required to reconstruct the missing type for p. The fol-lowing characterization can be extended to type reconstruction for multiple(possibly mutually recursive) predicates [19].Let TS be a new type system whose type rules are identical to the typerules for Typed Prolog with the exception that in the type rule for clause, thetype variables appearing in the types for variables are replaced by \new" typeconstructors. TS permits only monomorphic recursion i.e., for a predicatep such that p ; p, the type of body occurrences of p in a clause de�ning pmust be identical to (and not a polymorphic instances of) the type of thede�ning occurrence of p.Theorem 4.1 For the type reconstruction problem for a single predicate,the output (P c) of the type reconstruction algorithm is a well-formed programunder TS.The following examples illustrate the type reconstruction algorithm:Example 3Consider as input, the program from example 2 with the type declarationfor append being omitted. The reconstructed type from the �rst clause isappend : Pred(list(�)� � � �) since nil : list(�) is in F. Likewise, from thesecond clause, the reconstructed type is append : Pred(list(
)� �� list(
))since \:" : �� list(�)! list(�) is in F. By unifying the reconstructed typesfrom the two clauses, we obtain the reconstructed type signature of appendas append : Pred(list(�)� list(�)� list(�)) which is the most general typesignature.The following example illustrates the problem with reconstructing typesfor recursively de�ned polymorphic predicates.Example 4Given the alphabetsT = fint0g; F = f0 : intg; P = fg



Consider the trivial predicate p de�ned byp(X; 0)  p(X; Y )  p(0; 0):From the �rst clause, assuming that the type of the variable X is �, thereconstructed type is p : Pred(�� int).The second clause has a recursive call to p. If we assume that the typesof occurrence of p in the head and the body are polymorphic instances ofthe type of p, then from the second clause, the reconstructed type would bep : Pred(
 � �). By unifying the types reconstructed from the two clausesof p, we would get the most general type signature p : Pred(�� int).However, this means that p would be used polymorphically within itsown de�nition. As mentioned before, the type reconstruction problem be-comes undecidable [16]. Consequently, the reconstruction algorithm assumesthat the type of the recursive occurrence of p is identical to its type signa-ture. Thus, from the second clause, the algorithm reconstructs the typep : Pred(int � int). By unifying the types reconstructed from the twoclauses, the reconstructed type signature of p is p : Pred(int� int) which isnot the most general type.5 Type ConsistencyType consistency is the property that evaluation rules transform a well-formed expression into another well-formed expression. This property isalso referred to as the \subject reduction" property in [1]. For Typed Prolog,since SLD-resolution is the evaluation rule we show that one step of SLD-resolution transforms a well-formed goal expression into another well-formedgoal expression.More precisely, let � be a type environment such that � ` � Formula. If�0 is obtained by one step of SLD-resolution, then there is some extension �0of � such that �0 ` �0 Formula. This follows from the fact that the types ofpredicate occurrences to the left of are equivalent to the assigned type sig-natures (de�nitional genericity) while the types of the predicate occurrencesin the goal formula are instances of the assigned type signatures.The type system for Typed Prolog satis�es the de�nitional genericitycondition and function symbols are type preserving. It has been shown in[9] that the above conditions imply that untyped SLD-resolution is type-consistent. Consequently, type checking at run-time is obviated. Type-consistency has been shown for the Mycroft-O'Keefe type system in [9].6 ExtensionsThe type system for Typed Prolog permits the incorporation of many logicalas well as nonlogical constructs in a straightforward manner. For instance,



negation, disjunction, cuts, asserts and retracts can all be incorporated intothe type system. The syntax of formulas changes to� ::= � j! j A j not(A) j assert(A) j retract(A) j �1; �2 j �1;�2The type rules for formulas are simple restatements of the modi�ed syn-tax; e.g., the type rule for not(A) is� ` AAtom� ` not(A) FormulaIt must be noted that certain other constructs such as the predicatefunctor(T; F;N) cannot be incorporated within the present framework forTyped Prolog. For example the clause A  functor(f(a;X); f; 2) requiresfunction types for the term f . The type system needs to be enriched withhigher order types in order to facilitate the above extension.7 ConclusionsThis paper presents Typed Prolog, a Prolog-like polymorphic logic program-ming language. A prescriptive type system for Typed Prolog is presentedas a semantic reconstruction of the Mycroft-O'Keefe type system [25]. Typedeclarations are an integral part of the language and are used to determinethe semantics of programs. Typed Prolog follows a conventional notion oftypes that is commonly found in programming languages and logic. A typedsemantics is de�ned for Typed Prolog.Type inference is made feasible by a type reconstruction algorithm thatreconstructs types of predicates given the types of functions. The type sys-tem is quite robust in allowing the addition of a variety of extra-logicalfeatures to Typed Prolog. We view this prescriptive method as the mostpragmatic approach for incorporating types into logic programs.There are several directions for further research in this area. We hopeto investigate issues like the usefulness of \regular trees" [10, 23, 24, 26, 28]in expressing function types within this prescriptively typed framework. Wewould also like to consider the notion of types within the constraint logicprogramming framework [14]. Another area of interest is the utilization oforder-sorted types [7, 8, 30] to achieve subtyping.References[1] H. P. Barendregt. Functional Programming and Lambda Calculus. InJan Van Leeuwen, editor, Handbook of Theoretical Computer Science, chap-ter 7, pages 321 { 364, The MIT Press/Elsevier, 1990.[2] R. M. Burstall, D. B. MacQueen, and D. T. Sanella. HOPE: An experimentalapplicative language. In ACM LISP Conf., pages 136{143, 1980.[3] A. D. Burt, P. M. Hill, and J. W. Lloyd. Preliminary Report on the Logic Pro-gramming Language Godel. Technical Report TR-90-02, University of Bristol,October 1990.
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