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IntroductionGeneral settingsThe last decades in the overall progress of humanity have been de�nitely marked by theexplosive development of the information science. Not only that it was intended as an aid forhumans' activity, but it was much hoped to lead humanity to its better self-understanding.Speaking about the human way of being, what could be considered before language?More or less ready to accept it, maybe after long debates, we have to recognize �nally thatin the beginning nothing could be but �o
o�, the language.Similarly, but to another level, in information and computer science it was logic �rst, andthen logic as a ...language, a programming language. I found much signi�cant the fact thatthe �rst system intended to \speak" logic as a programming language did human languageprocessing. It was Alain Colmerauer's Q-System, the precursor of the further consecratedProlog language. Since then a lot of research e�ort was put into this amazing confulencearea of logic and language.Every new trend in computational logic was more or less converted to a better approachto problems in the �eld of Natural Language Processing. This is particularly true for arelatively recent open direction in computational logic, that of constraint logic programming.Things in this domain arrived to a certain maturity when scientists were asking: What aboutusing constraints in NLP? Important answers were already given, some of them building upthe best modern approaches to grammaticality of human language, as it is the case with thetheory of HPSG (Head-driven Phrase Structure Grammar).Nowadays, as constraint logic programming has been generalized to constraint concurrentprogramming, the above question naturally gets a new form: What about using constraintconcurrency in NLP? Answering this question is open. Here is where, among others' recentworks, our thesis comes.Speci�c settingsThe present thesis is the result of a personal e�ort to combine interesting ideas from somenew directions in logic programming| Object-Oriented Logics,| Feature Constraint Systems,| Concurrent Constraint Programming,with the aim to develop an experimental concurrent constraint system applied to NaturalLanguage Processing, using mainly HPSG grammars.As main research sources from these directions, serving as departure basis for our work,we followed respectively:� F-logic, by Michael Kifer, Georg Lausen and James Wu [61];1



� OSF and CFT systems, by Hassan A��t-Kaci and Andreas Podelski [5][8], respectivelyGert Solka and Ralf Treinen [93];� the cc and OPM models, of Vijay Saraswat [85], and respectively Gert Smolka [97];and� the HPSG theory of Carl Pollard and Ivan Sag [83].The above referred directions have been \generative" in the present work in the followingrespects:� DF is a feature constraint system withF-logic declarative semantics, andconstraint operational semantics based on concurrent rewriting rules;1� DF is implemented as a prototype system using Oz, the DFKI internal release 1.9.13,by de�ning a static \open" typed alternative to its object-oriented sublanguage;and� DF is applied to Natural Language Processing: head-corner parsing, head-driven genera-tion and binary HPSG-based Machine Translation.We have designed, by adding some interesting extensions to the HPSG generaltheory, a concurrent HPSG grammar kernel for Romanian.The three parts/chapters of the thesis correspond respectively to the above stated points.Here it follows a brief presentation of the coming chapters.Overall StructureChapter 1: DF Constraint SystemThis �rst chapter of our thesis presents DF as a feature constraint system. Starting from thethe two major approaches in the �eld | the OSF system2 of H. A��t-Kaci and A. Podelski [5],and the CFT system3 of G. Smolka and R. Treinen [93] | the DF system provides for newsigni�cant characteristics: a �rst-class citizen status o�ered to (both features and) sorts,�ner grained constraints using arguments as features' application context, functional single-and multi-valued features, well-type conditioning between feature values and types, andprinciple-based completion of the sort signature.The starting point back into the beginning of our research was the work of M. Kifer, G.Lausen and J. Wu known shortly as F-logic [61], which was designed as \a logical foundationfor object-oriented and frame-based languages". Our aim was to make F-logic4 useful asa concurrent logic programming language.5 This approach is based mainly on de�ning acomprehensive feature constraint system, DF, using the F-logic's declarative semantics, andde�nitely changing its operational counter-part into a concurrent constraint-based semantics,allowing one to work with conditional, open sort hierarchies that could be completed at therun time.1The aspect of concurrency/mutable states for objects in M. Kifer's work is given by Transaction Logic,which is orthogonal to F-logic. Bibliographical references: TCS, vol. 133, Oct. 1994, and Technical ReportCSRI-323, Nov. 1995.2OSF stands for Order-Sorted Features.3CFT stands for Constrained Feature Trees.4F stands for Frame, DF stands for Data(log) Frames.5Since my work was in progress, an implementation of F-logic was made available by its authors at theWWW site http://www.cs.sunysb.edu, but this is a bottom-up, non-concurrent interpreter.2



Chapter 2: DF Concurrent ImplementationThis second chapter presents a concurrent implementation for DF, our feature constraintsystem. We accomplish this task using as programming support Oz, a higher-order functionalconcurrent-constraint object-oriented language.After a brief synthesis on Oz, an interpreter for DF is presented. Concurrent-constraintprogramming constructs and techniques implemented during this work | like concurrentgoal solving using lazy trees, concurrent synchronizing (agent-like) stateful variables, con-current uni�cation of order-sorted data, and concurrent completion/synthesis of DF-logicprograms | are equally described here.Finally, a preliminary study for compiling DF-logic programs into the object-orientedsubset of Oz is started, and a demo DF program doing Machine Translation from Englishinto French and Romanian, based on binary HPSG rules, is presented.Chapter 3: DF Application to NLPThis third chapter in the present thesis opens the door for the application of DF, ourconcurrent constraint system, into the �eld of Natural Language Processing (NLP).We design a grammar kernel for Romanian in the framework of the Head-driven PhraseStructure Grammar (HPSG) theory [82], [83]. Firstly the topic and de�niteness of Romaniannoun-headed NP are studied, and we account mainly on a combined lexical and semanticrule-governed basis for the NP high order-freedom. Further on, linked to the transitiveVPs, the status of Romanian clitic pronouns is explained in a combined syntactic-lexicalapproach.Along with this (�rst) major attempt in the literature to write an HPSG kernel for Roma-nian, some useful generalizations in the general theory of HPSG are proposed: a generalizedform of the Immediate Dominance (ID) schemata allowing \free" adjunction, and two IDmeta-schemata, to be used one for \stacking" multiple subjects (like Romanian multipledeterminers), and the other for concurrent processing of certain Unbounded DependencyConstituents (UDC).A concurrent parser kernel for Romanian both in Oz and DF is �nally implemented inthis concurrent approach, using the head-corner technique of G. van Noord [103].Speci�c contributionsIn a somehow more compact perspective, our present work can be seen as made of twoparts: the DF System, with theoretical design { Chapter 1, and concurrent implementation{ Chapter 2, and the Romanian concurrent HPSG kernel (here abbreviated as the HPSGRoCK System), also with theoretical design and concurrent implementation { both reportedin Chapter 3.The work reported in the �rst part of the present thesis has started with the aim of gettinga programming language working in the F-logic settings. We were interested in having atop-down inference algorithm that would manage conveniently the thirteen rules designedby Michael Kifer and his colleagues in F-logic's operational semantics. (This was intendedmainly for bottom-up inferences in frame-based and object-oriented databases.) We haveinitially used an algorithmic approach [25], inspired by [4]. Having \discovered" then theOSF and CFT papers, we have converted our work to a feature constraint approach [26],[29].Finally we �nd out that concurrency can be naturally added to DF when using it to do logicalinferences.We de�ned �-terms (a Datalog parameterization of Kifer's F-terms, and a generalizationof A��t-Kaci's  -terms), as particular conjunctions (\positive clauses") of elementary posi-3



tive DF-constraints: is-a derivations, equations, and di�erent kinds of feature constraints(\methods"). Then DF-logic formulae have been naturally introduced on top of �-terms.Normalization, that put positive DF-clauses under a solved form, served the DF systemto be e�ectively born, similarly to the OSF and CFT systems. In fact, things get di�erentjust there, since the solved form of a positive DF-clause was chosen so that it be satis�able(which is not the case for OSF and CFT). We continued with extending normalizationto de�nite (Horn-like) DF-theories, allowing us to reason on conditional open hierarchiesof �rst-class sorts. That de�nite normalization is a form of program inference rule-basedsynthesis that we simply called \completion".Further on, the DF system was provided with an unitary/interleaved operational viewon �-term uni�cation and deduction in de�nite DF-theories, that we addressed as \relativesimpli�cation".6Concurrency came in DF when1. The sort hierarchy was left open, i.e. it was allowed to be completed by a process(based on well-typing conditioning) synchronized with the relative simpli�cation processcarried by the logical top-down DF-inference engine.2. The concurrent environment in which DF was implemented (DFKI Oz) supportedconcurrent-based parallel inference \engine-copy" processes, thus allowing for conditionalsorted uni�cation to be concurrently run with the (main) inference process.3. We renounced to impose the completeness condition on the DF-logic de�nite the-ory/program, in favour of a local reactive completion mechanism, using di�erent heuristicsto apply de�nite normalization rules.4. We introduced the concurrent tell meta-predicate on functional uni- and set-valuedfeature constraints, to extend �-terms at the DF-program's run time. While this tell meta-predicate in DF has a \closed type universe" declarative semantics, a form of \open" tell,and also a sort of local ask are under investigation.An overview of the DF feature constraint concurrent system is shown in Figure 0.1.Now, concerning the second part, that of the Romanian HPSG concurrent kernel, wehave started our work simply asking how the general framework of HPSG theory serves fora formal description of the Romanian language, and (only then) expecting to see how couldit be converted into a concurrent constraint parsing implementation.Our conclusion was a twofold one:First, HPSG is powerful and 
exible (almost) enough to provide the declarative in-strumetary needed to explain in a unitary view the important linguistic issues we havedealt with | the de�niteness and topic of Romanian noun phrases and the linearization oftransitive verb phrases, intimately related to the clitic pronouns' generation.Second, in the virtue of its highly declarative conception, the HPSG theory opens thedoor for setting up new interesting procedural approaches, in particular in concurrent con-straint Natural Language Processing. That is of a quite new (and much expecting) interestin both NLP and CL (Computational Linguistics) communities.7We will brie
y present here the concurrency's speci�c apport we've got in implementingan HPSG kernel for Romanian.86We still query ourselves whether we did not too much by putting them two together. Our current answeris: If there were no concurrency to be added, we would renounce!7See the NEGRA project started at DFKI - University of Saarbr�ucken.8In this last part of our work, not only we were concerned with testing the DF capacity to take o� asa demonstrative constraint concurrent system on its own power, but also we wanted to apply a full-
edgedconcurrent constraint language { Oz { into an intriguing project: concurrent parsing for natural language.This is why we have implemented the RoCK HPSG system in both DF and Oz variants.4
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3. Logical synchronization of processes in concurrent constraint computation providesfor a powerful tool to be used at the meta-level upon the HPSG rules.HPSG is free in the way one could use its rules, up to one simple restriction that onewould express as: \Apply only one rule at a time on the given entry!".The alternative, concurrent constraint correlation of \two or more rules" (applicable atdi�erent points in time) provides a direct, clean and much simpler approach on speci�c lin-guistic ground (like clitics' generation in Romanian) then the sequential, commonly assumed,approach.This correlation of parsing schemata is achieved in our analysis of Romanian transitiveVPs by the newly proposed ID Meta-Schema 2/6, a concurrent constraint composition ofthe Schema 2 (Head-Complement) and Schema 6 (Head-Filler) in [83].An overview of the HPSG Romanian kernel system RoCK is o�ered in Figure 0.2.
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Chapter 1DF | Feature ConstraintSystem
AbstractThis chapter presents DF, as a feature constraint system that starting fromthe the two major approaches in the �eld | the OSF system of H. A��t-Kaciand A. Podelski [5], and the CFT system of G. Smolka and R. Treinen [93] |provides for new signi�cant characteristics: a �rst-class citizen status o�ered to(both features and) sorts, �ner grained constraints using arguments in the featurecontext, functional and/or multi-valued features, well-type conditioning betweenfeature values and types, and principle-based completion of the sort signature.We were inspired in our work by M. Kifer, G. Lausen and J. Wu' F-logic [61],which was designed as \a logical foundation for object-oriented and frame-basedlanguages". The starting idea was to de�ne an (alternative, i.e. non-conventional)operational approach in order to make F-logic useful as a concurrent logic pro-gramming language. This aim was �nally reached by de�ning a comprehensivefeature constraint system, namely DF, using a \constraint" variant of the F-logic's declarative semantics, and remaking completely its operational semantics.
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1.1 IntroductionWe de�ne DF, a feature constraint system working on �-terms, which are higher-order logicrecords extending Hassan A��t-Kaci's  -terms [4], that were de�ned in turn as a generalizationof �rst-order terms, using order-sorted features.This present section surveys the DF system's background, namely the theory of featureconstraints, and then o�ers an account on what distinguishes DF with respect to well-knownfeature constraint systems. Section 1.2 introduces the syntax and the logical semantics of DF.Then, Section 1.3 provides the operational approach for DF-clause solving and conditionalconditional sort signature completion via | simple and then de�nite | normalization rules.Further on relative simpli�cation rules are given, to carry both the �-term matching and thesatis�ability test of DF-logic programs, as DF-clause entailment. Finally, interesting pointson how to put concurrency inside DF are presented in Section 1.4.This work was partially published as [26], and [29].1.1.1 An overview of the Feature Constraint TheoryFeature descriptions were �rstly introduced in logic just as syntactic constructs, togetherwith an appropriate uni�cation operation. This was for instance the case of  -terms [4],when the LOGIN language has extended Prolog with \built-in" inheritance.Then semantic foundations for feature descriptions were given: after Kasper and Rounds[58] have used a non-standard logic, Johnson [54] and Smolka [92] used fragments of �rst-order predicate logic to interpret feature descriptions. Smolka [92] also established a canon-ical model interpreting feature descriptions as feature graphs.1Uni�cation in these approaches is reduced to satis�ability of formulae representing fea-ture descriptions, eventually in the canonical feature graph model. Later on, Smolka andTreinen [93] have introduced the arity constraint which specify the �nite set of admissiblefeatures for a node in a feature description. A new canonical model | based on feature trees,which are mathematically simpler then feature graphs | allowed to generalize constructortrees introduced by Alain Colmerauer in Prolog II.Backofen [11] has investigated the expressivity of di�erent �rst-order logic languages overfeature trees. It was shown that the Treinen's F language [99], which allows for \�rst-class"features, i.e. features that can be variables, is very expressive, accounting for set encoding,subsumption and functional uncertainty.Manandhar [66] investigated set constraints, and D�orre [38] proposed week subsumptionconstraints.2Finally, a modal logic approach for feature descriptions was considered for instance in[13]. Its transformation to fragments of second- and �rst-order predicate logic, preservingin many cases the theoretical properties, seems to lead to two di�erent { to some extentconvertible { views on the feature constraint's domain.1A feature description is satis�able i� it is satis�able in the canonical model of feature graphs.2Given x and y two feature descriptions, x subsumes y (notationally: x v y) i�i. whenever a path p is de�ned for x, then it is also de�ned for y, andii. whenever two paths p and q lead to a same node in x, then p and q must also lead to thesame node in y.Weak subsumption requires only the condition i. 8



Decidability resultsSynthesizing informations found mainly in [16], we group here the most important decid-ability results in the feature constraint theory:� Order-sorted uni�cation of purely conjunctive feature terms over an inferior lattice isdecidable with a quasi-linear complexity [4].� Entailment checking for feature logic descriptions is quasi-linear [7], [93].� It was shown [54] [55] that feature logic can be formulated in a decidable fragment3 ofthe �rst-order logic,� Satis�ability of the existential fragment of feature logic (including conjunction, dis-junction and negation) is decidable with an NP-complete complexity [53], [92]. Thisresult is maintained if quanti�cation over features as �rst-class citizens is allowed [99].� Satis�ability of feature terms containing functional uncertainty4 is decidable [57], [11],[12]. Functional uncertainty with full negation is undecidable [10], though weak func-tional uncertainty (even with full negation) is decidable [38].� Satis�ability of feature description with subsumption constraints is undecidable [39].� Satis�ability of typed feature description w.r.t. a type system under least �xpointsemantics is undecidable [92]. A partial-decidability result for type systems (missingdisjunction) with greatest �xpoint semantics appeared in [7].Also, the decidability of a calculus for set feature constraints has been proven in [66] withan NP-complexity, and there is a complete axiomatization of the theory of feature trees inthe feature logic with arity constraints [13], [15].Feature constraint systemsThe interest for feature constraint systems emerged after the seminal work of Gert Smolka[92] was successfully characterizing early uni�cation-grammar formalisms like LFG, FUG,PATR-II [56], [59], [89] into predicate logic. Constraints in these formalisms were expressedas �rst-order formulae with equality, and a general method to decide their satis�ability wasdesigned.The way was thus opened to better specify the tree constructor terms in Herbrand, theconstraint system underlying Prolog II. Then FT, a newly de�ned constraint system basedon feature terms [8], emerged to CFT [93] by incorporating arity constraints, and it was�nally chosen to underlie the concurrent constraint language Oz [94]. Completeness resultsfor FT and CFT were proven by Backofen and Treinen [15], respectively by Backofen andSmolka [14].In parallel with this work, and sometimes even prefacing its phases, feature constraintswere used to incorporate in a straightforward way the inheritance principle in the area oflogic programming. This was done �rstly by generalizing �rst-order terms, for instance to -terms [4], [5], [6] and later on by using concurrent constraint stateful objects in Oz.  -terms support an extended uni�cation procedure (which makes logic programming even more3This fragment is called Schoen�nkel-Bernay.4Functional uncertainty is expressed via regular expressions over features: xLy. It holds i� y is value onsome path p 2 L starting from x. 9
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DFFigure 1.1: An overview of Feature Constraint Systemssuitable for Natural Language Processing), while preserving the soundness and completenessof the classical SLD-resolution (correspondingly enhanced).Our present aim is to follow the previously mentioned works, but starting from a ratherdi�erent attempt to express the object-orientation paradigm in logic, namely Michael Kiferet al.' F-logic [61]. We preserve the F-logic high expressivity up to restriction to Datalogterms instead of Prolog ones to denote complex objects and classes.5 We replace the F-logic's rather complicated6 operational semantics, suitable for bottom up inferences, withanother | hopefully simpler | one based on constraint handling rules, allowing for top-down inferences. The resulting constraint system is called DF. The appendix A.1 gives abrief introduction of F-logic, slightly adapted from [61]. 7To enable visual comparison, a simple synoptic view on the above mentioned feature-constraint systems is given in Figure 1.1. It includes also the E and EF systems [99] whichenhance FT, respectively CFT with a �rst-class citizen status o�ered to features. DF extendsthis status to sorts also.8Speci�c contributions aimed by the present work are the following:| distinguishing between single- and multi-valued features, and also between features'values and their types;| using arguments to de�ne the feature application context;| doing principle-based type control (via well-type conditioning, argument sub-typing,range super-typing, and type inheritance);5This restriction will be partially removed in the next chapter.6It contains 13 inference rules!7For the sake of uniformity, we do not de�ne atoms on top of terms, as F-logic does, using predicativesymbols. We introduce instead a new type of methods, namely predicative methods in the de�nition offrame terms.8In Figure 1.1, the notations x : a; x[f ]y; xA; x[f ] "; and xF denote respectively inheritance (thewell-known \is-a" relationship from the theory of knowledge representation), feature constraint, equality,label constraint, non-de�niteness (of a feature), and arity constraint. Also, x=SOR and x=FEA mark the�rst-class status of sorts and respectively features. 10
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jimmarklucyFigure 1.2: A (ground) reference sort signature.| allowing for inferential completion of partially speci�ed,9 and possibly conditional sortsignatures.1.1.2 Why another feature constraint system?The answer to this question of \common sense" is mainly twofold:First, the need for a (concurrent) logic programming language working in the F-logicsettings has led us to a \dedicated" feature constraint system, that di�ers signi�cantly fromthe previous ones, and which is appropriate for doing Natural Language Processing (mainlyby declarative implementation of HPSGs). Uni�cation and the inference work will be carriedinside this constraint system by normalization and relative simpli�cation rules.Second, the OSF system | to which DF is obviously more linked (than to CFT) | hasin our opinion two major limitations/restrictions10:i. OSF is over-typed in a sense, since it uses sorts as feature values, and this is why itcannot ultimately dissociate between features' values and their types. (By the way, CFTis just the opposite: it is left completely untyped.) The following example makes clear ourstatement.Example 1.1.1 Given the simple sort signaturegirl : person boy : person lucy : girl mark : boy jim : boy:shown in Figure 1.2, an OSF-like declarationlucy[likes) boy]will make the goal?� lucy[likes) X ]produce the answersX = boy;X = mark;X = jim: 2We consider that the informational \entropy" of the above response is too wide, sincethe previous type declaration implies that lucy likes any boy, and also the all boys' class too.F-logic instead, and the DF constraint system too, make a clear distinction betweenfeatures' values and types. This is achieved by9The so-called \open" hierarchies.10Which explain in fact its power. 11



� imposing the relation ) to declare only types.So, in the above example, the declaration lucy[likes ) boy] means: if lucy likessomething, then that is a boy).� introducing the functional correspondence ! to denote (only) values.For example, the fact that lucy likes jim is (explicitly) declared bylucy[likes! jim]:The correspondence between feature values and types is ensured (�rst of all) by the socalled well-type conditioning principle. In a simpli�ed form, this principle is expressed asobject[feature! value]object[feature) type ] �) value :type:ii. OSF assumes a sort/type11 hierarchy completely speci�ed at the syntax level (whileCFT doesn't use sorts at all). However, it is often the case that the sort hierarchy we areinvolved with | and this is especially the case in NLP | is not a priori entirely known, or atleast that a combined syntax{semantics (\run-time") completion approach is suitable fromthe user point of view. DF accomplishes this aim just by using the above mentioned well-typing principle. To get an idea of how things work, let's take the following DF de�nite12program, that was inspired to us by [33].Example 1.1.2(C1) X [happy] :� X :person[friend! ]:(C2) person[friend) person]:(C3) Z[F !W ] :�W [F :symmetric! Z]:(C4) friend :symmetric:(C5) albert :person:(C6) albert[friend! lucy]:(G0) ?- lucy[happy]: 2The clause (C1) declares that a person is happy if he/she has a friend, while (C2) saysthat any person's friend is a person. Then, in the case of a symmetric function, the valuecommute with the respective invoking argument (C3). The facts (C4) { (C6) are declaringthat friend is a symmetric function, albert is a person, and lucy is the friend of albert.We informally show how the predicative feature happy is true for lucy.The �rst approach:Following in mind a bottom-up strategy, albert inherits the typing of the friend featurefrom the person class (C2), since he is a person (C5). In a simpli�ed form, the typeinheritance principle can be expressed asclass[feature) type]object :class �) object[feature) type]:One could visualize the type inheritance e�ect by explicitly writing11All along this work we will not distinguish between sorts and types. They both are considered references(to be introduced formally in the next section). Feature values and arguments are references too. Just as alanguage convention, when referring to nodes (objects and classes) in a hierarchy, we will call them sorts,while referring to the class(es) to which values of one feature belong, we will call them types.12In the well-known sense in logic programming. 12
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XFigure 1.3: The run-time e�ect of principle-based completion of a sort signature.(C7) albert[friend) person].Now, due to the the well-typing conditions that link feature values and types, it follows from(C6) and (C7) that lucy is a person:13(C8) lucy : person.The e�ect of the run-time signature completion for this speci�c case is shown in Figure 1.3.Furthermore, applying the clause (C1) to X = lucy, we will get that's enough for our goalto prove that lucy has a friend:(C9) lucy[friend! Y ].She has a friend indeed due to (C3), since friend is a symmetric function (C4) and there issomeone whose friend is she, namely albert (C6). So, �nally(C10) lucy[happy].The reader should note how DF o�ers a �rst-class citizen status to features, for instance inthe clause (C3). That clause says that any symmetric function commutes his argument withits caller.The second approach:What's really happening in DF is that we have adopted a combined strategy, namelytop-down goal solving synchronized with bottom-up sort hierarchy completion. When ask-ing to solve the goal(G0) ?� lucy[happy]a resolution process (RP) is started, that (following up the sort hierarchy) infers, using theclause (C1), the goal list(G1) lucy :person; lucy[friend! Y ].The �rst goal atom in (G1), which is a derivation constraint, is not solvable in the initialstate of the sort hierarchy. Therefore, the resolution process (RP) suspends, raising upinstead as a query just that derivation:(E1) ?� lucy :personwhich is immediately solved by a \completion" process (EP) that does bottom-up entailment,via well-typing conditioning. Using (C6) and (C2), it infers that lucy : person is true. Thissuccess resumes the resolution process (RP), so it continues with13Note that OSF, and therefore the programming languages LOGIN and LIFE that emerged from OSF,are not capable of doing such an inference. (If it was not explicitly declared that lucy is a person, then thegiven goal could not be solved.) 13



(G2) ?� lucy[friend! Y ].This goal is solvable due to (C3).14 Thus we get(G3) W [friend! lucy].which is reduced to the empty clause using (C6).Obviously, in more realistic examples, things get more complicated: a \completion" pro-cess can raise a resolution process which in turn can suspend raising up another completionprocess, etc. If a completion process is not successful, then it may cancel the resolution pro-cess that generated him. Di�erent heuristics for the sort hierarchy completion are possible.Example 1.1.3 Here is another example, simply showing the use of set-valued features inDF: (S1) int[+int) int].(S2) posint : int[stream!! 0;1 + posint:stream].Assuming that + has the semantics of the well-known arithmetic operator, the goal?� posint:stream!! Xwill generate the natural numbers' stream. The DF syntax in this example is a sugared one,with respect to that introduced in the next section. This example was inspired to us by [6].2To summarize, but also to introduce the next sections, essential in DF is that:| uni�cation is achieved by the so-called relative simpli�cation rules (w.r.t. to the condi-tional sort hierarchy associated to the program);| completion of that hierarchy is done by bottom-up de�nite normalization rules; and| DF-resolution is SLD-like, improved with a suspension and resumption mechanism (whichis quite di�erent from that used in OSF; see explanations in Section 1.4).The last section of this chapter will introduce the concurrent tell in DF; the ask operationis implicit as DF-constraint goal solving.1.2 DF ConstraintsThis section presents the DF system's syntax and its underlying (constraint) semantics.1.2.1 DF Logic recordsThe logic data structures described by the DF system are based upon three types of elemen-tary relations: derivations, equations and methods. These relations lead naturally to de�nethe DF elementary terms: derivation s : t 1:equation s = t 2:functional method s[u@w1; :::; wn ! v] 3:1set-valued method s[u@w1; :::; wn !! v] 3:2function-typing method s[u@w1; :::; wn ) t] 3:10set-typing method s[u@w1; :::; wn )) t] 3:20boolean method s[u@w1; :::; wn] 3:314With sorted uni�cation on friend, using (C4). 14



The intended meaning for these relations is:1: s is an object of the type t (or: s is a sort derived from t);2: s is equal to t;3.1: The value of the functional feature u for the object/class s is v for (the contextmade of) the w1; :::; wn arguments;3.2: One of the values taken by the set-valued feature u for s is v when taking thearguments w1; :::; wn;3.10 and 3:20 : The value(s) of the function-typing, respectively set-typing feature ufor s in the context w1; :::; wn should belong to the sort t;(The typing arrow) corresponds to the functional arrow!, and similarly))corresponds to !!.)3.3: The feature u is true for s in the context w1; ::; wn.The elements s; t; u; v; wi in the above relations are called references . They belong toa set R = C [ V , where C = fa; b; c; :::g is a set of constants,15 and V = fX;Y; :::g is acountably in�nite set of variables.We individualize among constants a special one noted > and read \top", that will befurther de�ned as the greatest element in the sort hierarchy.The reference s in a method term is called its root. Methods having a same root s arecommonly built together into a single frame structure, namely a �-term. (They will beequally referred in the sequel as DF-terms.)By syntax convenience, the special character @ is omitted when the feature takes noarguments.Example 1.2.1 The well-known meaning for the Prolog denotation for lists [ ]; [H j T ] ismade explicitly typed by the following DF-terms that de�ne also the type for the appendoperation on lists:(T1) nil : list(T2) list[ tail) list;append@list) list].(T1) is a derivation term and declares that nil is a list. (T2) is a �-term saying thatthe tail of any list is also of the list type, and that appending a list to another list returnsalways a list.By convenience, derivation terms will be allowed to enhance the �-terms' writing. Forinstance:(T3) nil[append@L:list! L]:The �-term de�nition can be extended also recursively to allow | by means of logicalconjunction | that v and t (values and types) in the methods' de�nition be �-terms, as in(T4) L0 : list[ head! H ;tail! T [append@L:list! Z];append@L! Y [ head! H ;tail! Z]]:15C is assumed to be in�nite in order to ensure the existential prenex s-equivalent form for each DF-formula.15



s := t equation constraints : t derivation constraints[uqt�v]t non-booleanmethod constraint (qt is either !;);!!; or )))s[u�b�v] booleanmethod constraintFigure 1.4: Atomic DF-constraints 2One should easily recognize that  -terms | logic records in the OSF theory | are �-termscontaining only functional methods without arguments, with constant features names andwhose feature values are always sorted variables X : s.16 As  -terms generalize �rst-orderterms, it follows that �rst-order terms can be seen as a particular case of �-terms.DF-logic formulae are built on top of �-terms using quanti�ers and logical connectives.1.2.2 DF Logic semanticsWe introduce now the DF constraint logic semantics. This is an intensional one, meaningthat relations that de�ne predicates are assigned to symbol denotations in the domain ofinterpretation, not to the symbol names themselves, as used in �rst-order predicate logic.The elementary relations introduced in the precedent subsection translate naturally intoDF atomic constraints which are shown in Figure 1.4. There the �v symbol denotes a �nite(possibly empty) sequence v1; :::; vk. These constraints are built upon :, :=, and uqt�v asbinary predicates (for qt one of !;);!!;))), and u�b�v as unary predicate.Note that we can think uqt�v and u�b�v as second-order HiLog predicates [21], namelyqt(u; �v)( : ) and �b(u; �v)( : ). Translation into �rst-order predicate logic with equality is imme-diate. The reader could alternatively consider : [ : ::: ] : as a multi-arity predicate de�ned inthe contextual �rst-order predicate calculus.De�nition 1.2.1 Let C be a set of constants. A DF-algebra over C is a tupleA =< DA;�A; IAC ; (IAp! �q)p;�q ; (IAp)�q)p;�q ; (IAp!!�q)p;�q ; (IAp))�q)p;�q; (IAp�b �q)p;�q >whereDA is the domain of the DF-algebra A,�A is a binary relation on DA,IAC : C ! DA is the interpretation of constants,IAp!�q, IAp)�q, IAp!!�q, IAp))�q, indexed on p 2 DA and �q 2 (DA)� = Sn�0 (DA)n arebinary relations on DA, andIAp�b �q are unary relations on DA.Let A be a DF-algebra, �A the re
exive and transitive closure of �A on DA, and� : V ! DA a variable assignment in A extended as usually to constants from C. Thesatis�ability of DF-atomic constraints is de�ned as follows:16These restrictions lead to the fact that  -terms are de�ned upon a sort signature (C,:,^) which organizeC as lower semi-lattice, ^ denoting here the sort intersection. As [4] shows, such a signature can always beconstructed provided that `:' is a computable partial order relation on C.16



A; � j= s := t i� �(s) = �(t)A; � j= s : t i� �(s) �A �(t)A; � j= s[uqt�v]t i� (�(s); �(t)) 2 IA�(u)qt�(�v) for qt 6=�bA; � j= s[u�b�v] i� �(s) 2 IA�(u)�b�(�v)Satis�ability of complex DF formulae (obtained via logical connectives and quanti�erapplication) is de�ned as usually.Boolean methods are seen as a special kind of functional methods. By convention, whenwriting s[u�b�v]t we will assume that t is the special symbol >, denoting (in this context) thetruth value true. So, from now on, for the sake of uniformity, whenever not otherwise said,the index qt (read: \quasi-type") will denote !;);!!;)) and �b (read: \blank").Every �-term is interpreted as the logical conjunction of the elementary constraints it isbuilt on.De�nition 1.2.2 A DF-clause is a �nite conjunction of atomic DF-constraints.Example 1.2.2 For the �-term (T2) in the precedent example we get the DF-clauselist[tail)]list ^ list[append) list]listwhile the �-term (T4) goes intoL0 : list ^ L0[head!]H ^ L0[tail!]T ^ T [append!L]Z ^ L : list^L0[append!L]Y ^ Y [head!]H ^ Y [tail!]Z. 2Conjunction will be seen as an idempotent and commutative operation having > asneuter element. Thus DF-clauses can be seen equivalently as sets of atomic DF-constraints.The empty DF-clause, denoted >, is always true.It's useful to note clearly that any DF-clause � has three main components: the equationpart � :=, the derivation part �:, and the frame part �[ ]. These partitions of � are de�ned asone would expect:�: = fs : t j s : t 2 �g� := = fs := t j s := t 2 �g�[ ] = �� (�: [ � :=):Now we introduce a particular form for DF-clauses to characterize their satis�ability.The next section will give an operational way to get such a form for every DF-clause.De�nition 1.2.3 A DF-clause � is in solved form (or, simply: is solved) if1. there are no derivation cycles s :t1; t1 :t2; :::; tn :s in �;2. if s := t 2 �, then s occurs only once in �;3. if 8<: s1[u1!�v1]t1 2 �s2[u2!�v2]t2 2 �, ands1 := s2; u1 := u2; �v1 := �v2 2 � 9=; then t1 := t2 2 �,17



(G) ~8(X : > ^ :> : X)(AS) ~8(X:Y ^ Y :X ! X := Y )(F) ~8(X [u!�v]Y ^X [u!�v]Z ! Y := Z)(WT) ~8(X [u!�v]Y ^X [F)�v]Z ! Y :Z)~8(X [u!!�v]Y ^X [u))�v]Z ! Y :Z)(T) ~8(X [u)�v]Y ^X 0:X ^ �v0:�v ^ Y :Y 0 ! X 0[u)�v0]Y 0)~8(X [u))�v]Y ^X 0:X ^ �v0:�v ^ Y :Y 0 ! X 0[u))�v0]Y 0)(C) ~8(��! 9C(�)�) for every � solved clause.�� is the set f:(u := u0&�v := �v0) j s[u!�v]t; s[u0!�v0]t 2 �g, andC(�) is the set of all constrained variables in �.Figure 1.5: Axiom schemes for DF-algebras4. if 8>><>>: s1[u1!�v1]t1 2 �s2[u2)�v2]t2 2 �u1 := u2 2 �;s1 : s2 and �v1 : �v2 2 � 9>>=>>; then t1 : t2 2 �, andsimilarly for !! in correspondence with )).The axiom schemes all DF-algebras must satisfy are given in Figure 1.5. There the ~8�formula denotes as usually the universal closure of �.The (G) axiom expresses the fact that > is assumed to be the greatest element inthe domain of interpretation. The (AS) axiom corresponds to the antisymmetry of thederivation relation. The (F) axiom states the functionality of single-valued methods. The(WT) axiom gives the well-typing correspondence between values and types for single-valued,and respectively set-valued methods. The typing axiom (T) expresses in a compact formthe type inheritance, argument subtyping, and range supertyping principles from the object-orientation paradigm. (One could see the distinct cases by alternatively choosing two of theequalities X = X 0; v = v0; and Y = Y 0 and pushing them into (T). For instance, if X = X 0,and Y = Y 0 then the (T) formula states the argument subtyping principle.)Finally, the (C) axiom is added (as [99] pointed out) in order to avoid empty relationinterpretations for DF method constraints.17De�nition 1.2.4 Let � be a DF-formula, and A a DF-algebra. A valuation � in A is asolution of � if A; � j= �.The de�nitions for DF-equivalence, DF-entailment and DF-disentailment relations be-tween DF-formulae are given as expected:17X is constrained in � if there is a constraint X : s, X[uqt�v]t, or X := t in �.18



De�nition 1.2.5 Let A be a DF-algebra, and � and  DF-formulae.� and  are equivalent in A if A j= ~8(�$  ).� entails  in A if A j= ~8(�!  ). Notation: � j=A  .� disentails  in A if A j= ~8(�! : ). Notation: � j=A : .� determines  in A if either � j=A  or � j=A : .De�nition 1.2.6 Let � and  be DF-formulae.� is DF-equivalent to  if � and  are equivalent in every DF-algebra A.� DF-entails/disentails  if � DF-entails/disentails  in every DF-algebra A.Proposition 1.2.1 Every solved DF-clause � is satis�able.Proof: Let R(�) be the set of all references occuring in �. Obviously, � := determines anequivalence relation �� on R(�). Let � be a functional mapping � : R(�)! R(�) such that�(s) = �(t) i� s �� t. (Such a function can be immediately constructed by choosing onerepresentative for each class in R(�)=�� .)Let A� be a DF-algebra A� =<D�; <�; I�C ; I�!; I�); I�!!; I�)); I��b ;> such thatD� = �(R(�));s <� t i� s : t 2 �;IC(a) = �(a), for every a 2 C;I�uqt�v contains (s; t) if s[uqt�v]t 2 �, for qt 6=�b, while I�u�b�v contains s if s[uqt�v] 2 �,if I�u)�v contains (s; t), and s0 �� s; �v0 �� �v; t �� t0 then I�u)�v contains (s0; t0),and similarly for )).Then the A�-valuation � which assigns every X in R(�) to �(X) in D� is a solution of� in A�. 2The DF-algebra A� constructed in the proof of the above statement, assuming eachI�qt minimal wrt the speci�ed properties, is called in the sequel the canonical DF-algebraassociated to �. It can be easily converted by isomorphism to a canonical DF-graph algebra18corresponding to �. We show that it generates via DF-homomorphisms all solutions of �.18A DF-graph is a tuple G =<N;E = E0 [ E00; �; r0>whereN is a �nite set of nodes r; s; t; ::: 2 R;E � N �N is the set of derivation edges (making the subset E0), and method edges (making E00, whichis disjoint from E0);� : E00 ! 2C�QT�C� , where QT = f!;!!;);));�bg, associates labels to method edges; andr0 is the root of G.Every DF-graph G has to satisfy the following conditions:(G.AS): there are no derivation cycles in G, i.e., if (s1; s2); (s2; s3); :::; (sn�1; sn) 2 E0 then sn 6= s1;(G.F): functional method edges are determinate, i.e., if (s; v); (s; v0) 2 E00 and �(s; t) \ �(s; t0) contains(u;!; �w), then v = v0;(G.WT): \value" and \type" method edges commute through derivation chains, i.e., if (s; v) and (s; t) 2E00, �(s; v) contains (u;!; �w), and �(s; t) contains (u;); �w), then there is a derivation chain from v to t inE0;(G.T): method-typing edges emerge through derivation edges, i.e., if (s; t) 2 E00, (u;); �w) 2 �(s; t), andthere are derivation chains in E0 from s0 to s, from t to t0 and from �w0 to �w (obviously, on correspondingcomponents), then (s0; t0) 2 E00 and (u;); �w0) 2 �(s0; t0). Similarly for ));(G.P): boolean methods edges lead only to >, which represents the truth value true: if (s; t) 2 E00 and(u;�b; �w) 2 �(s; t), then t = >.From the implementation point of view, it's conveniently to work with DF-graph generators: graphs whichsatisfy the conditions (G.AS), (G.F) and (G.P). They are further \lazily" closed through (G.WT) and (G.T).19



De�nition 1.2.7 Given A and B two DF-algebras, a DF-homomorphism from A to B is anapplication 
 : DA ! DB such that:
(u) <B 
(v), for every u and v in DA such that u <A v;
(IAC (a)) = IBC (a), for every a 2 C;IB
(u)!
(�v) = f(
(s); 
(t)) j (s; t) 2 IAu!�vg, for every u 2 DA, and �v 2 (DA)�;IB
(u)!!
(�v) � f(
(s); 
(t)) j (s; t) 2 IAu!!�vg, for every u 2 DA, and �v 2 (DA)�;and similarly for ), and )); andIB
(u)�b
(�v) � f(
(s) j s 2 IAu�b�vg, for every u 2 DA, and �v 2 (DA)�.The following results justify for the canonicity of the algebra A� relative to the satis�a-bility of �.Proposition 1.2.2 Let 
 : A ! B be a DF-homomorphism, � and � valuations in A,respectively B, and � a DF-constraint. If A; � j= �, then B; 
(�) j= �.Proof: Immediately, due to the de�nitions of DF-homomorphism and satis�ability ofDF-constraints. 2In fact, the above property is true for � any DF-formula. (To show this it is su�cientto consider the disjunctive normal form of �.)Proposition 1.2.3 If � is a solved DF-clause, A� is the canonical DF-algebra associatedto �, � is a solution of � in A�, and � is a solution of � in a DF-algebra B, then there is aDF-homomorphism 
 : A� ! B such that � = 
 � �.Proof: Let � be the application de�ned in the proof of Proposition 1.2.1. Then 
 : DA� =R(�) ! DB by 
(s) = �(�(s)) satis�es the above stated claim. 2The next section will show how we can operationally assign to every DF-clause � aDF-clause in solved form. Then we will do the same for the more general case of de�niteDF-clauses.1.3 DF NormalizationSolving a DF-clause � means to �nd out a DF-clause �0 in solved form, such that � and�0 are semantically equivalent. This section gives the operational counterpart for solvingDF-clauses. This aim is achieved by de�ning basic normalization rules.Then the notions of de�nite DF-constraint and de�nite DF-clause are introduced. De�-nite normalization rules naturally extend the basic ones, in order to compute a solved formfor a given de�nite DF-theory. Thus the way is prepared for doing the relative simpli�ca-tion/entailment test of a positive DF-clause w.r.t. a set of de�nite DF-clauses (seen as aconditional hierarchy of de�nite �-atoms). This task is carried out by relative simpli�cationrules.One subsection is dedicated to each one of these three issues. An intermediate subsectionintroduces an enhanced syntax for DF-constraints { using multi-sorted variables { togetherwith its operational semantic counterpart, since it is useful in writing down in a compactmanner the rewriting rules used in the sequel for both positive and de�nite DF-clauses.20



1.3.1 DF Basic normalizationNow we start the presentation of basic DF-normalization rules. Given a DF-clause �, theDF-normalization rules put it under an equivalent solved form.There are two groups of DF basic normalization rules. Those in the �rst group, the so-called equational rules concern the equational part of the clause to be normalized, and aregiven in Figure 1.6. They eliminate trivial equations (EquE), reverse equations (EquR) inorder to propagate the value of a variable into the whole clause (VarE), and also rewrite theclause with respect to the congruence relation induced on the alphabet C by the equationalpart of � (CoRW).In writing these rules we have used notational conventions for references introduced inthe precedent section,19 and we denoted by �(s=t) the formula obtained from � replacing alloccurrences of s by t. All along this section it is assumed that equations are seen oriented,i.e., in (syntactic) rewriting a := b is distinct from b := a, even they have the same logicsemantics. This assumption is needed to ensure the termination of normalization process.(EquE) t := t ^ ��(VarE) V := t ^ �V := t ^ �(V=t) if V occurs in �(EquR) a := V ^ �V := a ^ �(CoRW) a := b ^ �a := b ^ �(a=b) if a 6= b and a occurs in �Figure 1.6: Equational Basic Normalization Rules.The second group of basic normalization rules are the so-called core rules, shown inFigure 1.7. They provide for new entries to the equational part of the clause, via antisym-metry (AS) and functionality (F), or to the derivational part of the clause, via well-typingconditioning (WT).Important remark: In writing the core normalization rules, for the sake of simplicity wehave assumed that the derivation operator `:' has been �rstly overwritten by its re
exiveand transitive closure, and then naturally extended to �nite sequences of references.One can see that normalization rules act like communication processes between the threedistinct parts of the clause �, namely �=, �: and �[ ]. Using the terminology that appears forinstance in [45], each normalization rule can be seen as an agent/communication process thatreads information from one part's \blackboard",20 and then consistently write information19X;Y;Z; V; ::: are variables, a; b; c; ::: are constants, and s; t; u; v; w; ::: are references. Remember that areference is either variable or constant.20Except for (F) and (WT) that read from two blackboards.21



(AS) t :s ^ s :t ^ �s := t ^ �(F) s[u!�v]t ^ s0[u0!�v0]t0 ^ �t := t0 ^ s[u!�v]t ^ s0[u0!�v0]t0 ^ �if s := s0; u := u0; �v := �v0 2 � and t := t0 62 �(WT) s[u!�v]t ^ s0[u0)�v0]t0 ^ �t : t0 ^ s[u!�v]t ^ s0[u0)�v0]t ^ �if u := u0; s :s0; �v : �v0 2 �, and t :t0 62 �Similarly for !! in correspondence with )).Figure 1.7: Core Basic Normalization Rules.on another part's blackboard.21 This idea of basic normalization as communication processis suggested in Figure 1.8.Basic normalization rules apply as many times as possible on a given DF-clause �, with-out assuming any preferential application order. The �nal result is the same (up to thecongruence relation induced on references by :=). So, basic normalization can indeed bedone concurrently.A sequentialized normalization strategy is the following one:Step 1: Eliminate all equations. (Use EquE, VarE, EquR, CoRW.)Step 2: Form all possible equations, using (AS), (F). Go to Step 1.Step 3: Form all possible derivations, using (WT). Go to Step 1.A concurrent normalization strategy would be: a process of type 2 triggers a process oftype 1; similarly, 3 triggers 2; and 1 triggers 2 and 3.Proposition 1.3.1 Basic DF-normalization rules are �nite terminating.Proof: Only the derivational and the equational sub-parts of � can increase in cardinality(number of atomic constraints) during the normalization process, but this increasing islimited due to the fact that there is only a �nite number of derivations and equations thatcan be added to � (via (WT), respectively (AS) and (F)) since there is a �nite number ofconstraints in �, and so only a �nite number of references. 2Proposition 1.3.2 Every DF-clause � normalizes into an equivalent solved clause �0.Proof: It's easy to see that equational rewriting preserve logical equivalence. Then, upto equational rewriting and, due to the natural correspondence between DF-normalizationrules and DF-axioms (to be satis�ed by any DF-algebra), normalization can be seen as a�nite sequence of expanding steps of the following form:21Except for (VarE) and (CoRW) that write on all blackboards.22
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Figure 1.8: Basic normalization rules as communication processes.��0 = � ^X :Y where � j= X :Y; and X :Y 62 �, and��0 = � ^X := Y where � j= X := Y , and X := Y 62 �.So, � j= �0. The reverse implication is immediate by means of the well-known tautology� ^  ! �.That �0 is in solved form is immediate. 2As a consequence of the above proof, the link between a DF-clause � and its solved form�0 is: �0 = � [ fX :Y j � j= X :Y g [ fX := Y j � j= X := Y g:From the concurrent constraint theory perspective, it means that �0 (in the beginningequated to �) is told all derivations and equations entailed by �, i.e. all those elementaryconstraints that are positively answered when ask ing � about.Example 1.3.1 The conjunction of the DF-clauses corresponding to the DF-terms (T2)and (T4) in Example 1.2.2 will produce by normalization the sort derivationsT : list ^ Z : list ^ Y : list:The dynamics of sort characterization of variables through the normalization process isshown in Figure 1.9. It is important to note that the DF system allows in this way therun-time, principle-based type checking of variables.The DF-graph corresponding to the normal form of T = (T1)^(T2)^(T3)^(T4) is shownin Figure 1.10. (Dashed arrows correspond to methods while plain arrows denote the deriva-tion relation.) The set of all its DF-subgraphs generates the canonical DF-graph algebraassociated to T . 23
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YFigure 1.10: The DF-graph corresponding to the solved form of T (Ex. 1.2.2).1.3.2 Reference signaturesThis rather technical subsection aims to ensure a compact formulation of de�nite normal-ization and relative simpli�cation rules to be presented in the following subsections. If thereader assumes an intuitive understanding of the just mentioned notion of (conditional) uni-�cation w.r.t. a sort/reference signature, he may skip this subsection at a �rst reading ofthis chapter, eventually returning to it. Anyway, we hope he will not get lost into technicaldetails given here.From now on we will use an enhanced syntax for DF-constraints, imposing in their writingthe use of multi-sorted variables.22Let C = fa; b; :::g be a set of constants, and V = fX;Y; :::g a countably in�nite set ofvariables. We assume that C contains the special symbol > read \top".A sort mapping � : V ! C�, where C� = S1n=1 Cn, associates to each variable X a �nitenon-empty set of constants fa1; :::; ang. The pair (X; �(X)) is called sorted variable and22In fact, this syntax was already allowed in writing enhanced �-terms.24



it is written simply Xa1;:::;an . We assume that for each �nite set of constants S there arein�nite many variables X such that �(X) = S. The variables whom the sorting mapping �associates the top sort > are called simple variables and are commonly written X insteadof X>.In the sequel a reference is either a constant or a sorted variable.Obviously, every DF-clause can be equivalently rewritten in the enhanced DF-syntax,using sorted variables. The basic normalization rules presented in the precedent subsectionpreserve their formulation when the clause under normalization is written using the presentenhanced syntax.We should note that from the operational point of view, the sort characterization ofvariables in DF will act like guards, during the application of normalization rules.Non-conditional reference signaturesDe�nition 1.3.1 Let R = C [ SV . A relation � on R is a subset of R�R.The preorder relation determined by � on R is �, the re
exive and transitive closure of� on R. If s � t, then s is called descendent of t, which in turn is called an ancestor of s.The notion of admissible instantiation of a reference with respect to � is de�ned infollowing way:De�nition 1.3.2 Let � be a relation on R.i. Every a 2 C is admissible instance of itself w.r.t. �, andii. s is an admissible instance of Xa1;:::;an w.r.t. � , if s � ai; for i = 1; :::; n.Usually, when speaking about admissible instances of a reference, we will no more men-tion the relation � to which we refer if it is clear enough from the context.If s is an admissible instance of Xa1;:::;an , then Xa1;:::;an is called meta-reference of s.The idea behind is that Xa1;:::;an is more general than s. In fact a sorted variable is thoughtof as a recipient / deposit of general properties of all common descendents of a1; :::; and an.It should be noted however that in the DF system a descendent inherits by default fromits ancestors only the typing methods. Inheritance of all (typing and non-typing) methodsfrom one class to another is allowed via admissible instantiation.De�nition 1.3.3 A reference signature is a relation � on R that satis�es the followingconditions:i. Xa1;:::;an � ai, for i = 1; :::; n, for every Xa1;:::;an 2 SV;ii. > is the greatest element of R w.r.t. �, that means s � > for every s 2 R, and6 9t 2 R, such that > � t.iii. The relation � is closed under admissible instantiation on R, i.e., for all s � t, if s0is admissible instance of s, and t0 admissible instance of t, it follows that s0 � t0.It's easy to see that any reference is an admissible instance of itself.We can naturally de�ne the reference signature generated by a subset S of R � R theminimal signature containing S. Indeed, there is a \total" signature on R, namely R�R,and the intersection operation preserves the de�ning conditions for reference signatures.We say that a reference signature � is �nite if it is generated by a �nite subset of R�R.Example 1.3.2 The relation f(Y b; a)g becomes closed to admissible instantiation by addingthe pair (b; a), and generates the reference signature that contains also (Xa; a), (Y b; b), (a;>)and (b;>). A graphical representation of this signature is given in the Figure 1.11.With respect to the above signature, Xa is a meta-reference of Y b since Y b � a.25
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Figure 1.11: A reference signature 2Now we arrive naturally to the de�ne the notion of admissible substitution with respectto a given reference signature on R.De�nition 1.3.4 Let � be a signature on R. A mapping � : SV ! R is an admissiblesubstitution with respect to � ifi. �(V ) is an admissible instance of V for every V 2 SV ;ii. For every V 2 SV such that V 6= �(V ) there is a ground admissible instance of �(V )in R.We have to say that the second condition in the above de�nition is added only fromreasons of practical convenience. All the results reported in the sequel remain true if weeliminate it. While its computational cost is not insigni�cant, it's role is to not allow thegeneration of unsatis�able constraints during the normalization process on DF-clauses (thatcould be worse).As usually, an admissible substitution � is considered �nite if its domain D(�) = fV 2SV j V 6= �(V )g is �nite. In the sequel we will work only with �nite admissible substitutions.The notation used for �nite substitutions will be that of set of pairs having the form V=�(V ).Given �, a relation on R, one can naturally associate it the equivalence relation �determined by cycles in �, namely s � t if and only if s � t and t � s.It's easy to see that due to the point iii. in the de�nition given for reference signatures,it follows that any admissible substitution � preserves the equivalence relation betweenreferences, i.e. if s � t, then �(s) � �(s).Obviously, it's desirable that the reference signature to be processed come with no cycles.But this is not always the case (in the F-logic semantic settings, so in DF too).De�nition 1.3.5 A normal signature is one for which the determined equivalence relationis the identity on R.We will de�ne now the notion of reference uni�cation in the present settings. This notionis a generalization for domain variable uni�cation [63] in that1. it involves a hierarchy � over domains and2. it is an equational uni�cation with respect to �, the equivalence relation determinedby �. 26



De�nition 1.3.6 Let � be a reference signature on R, and s and t two references. We saythat s uni�es with t with respect to � or, simply: s and t are relatively uni�able, if there isan admissible substitution � such that �(s) � �(t), that is �(s) = �(t) or there is a cycle in� to which both �(s) and �(t) belong.In the virtue of the above de�nition two references equivalent w.r.t. � are always uni�-able.Given �, a relation on R, then � is naturally rewritten for R=�. (We take [a] � [b] i�a � b and [a] 6= [b].) Given S � R, and � a relation on R, we de�ne min(S=�) the set ofleast elements of S=� w.r.t. �.Remark: For every Xa1;:::;an, and Y b1;:::;bm 2 SV there is Zc1;:::;ck 2 SV such thatZc1;:::;ck is meta-reference for bothXa1;:::;an and Y b1;:::;bm . This claim is true for any Zc1;:::;cksuch that f[c1]; :::; [ck]g = min((fa1; :::; ang [ fb1; :::; bmg)=�), and then for every W d1;:::;dqsuch that for every i from 1 to k there is j 2 f1; :::; qg, with dj � ci.Let's prove that Zc1;:::;ck chosen as above is a most general (admissible) uni�er ofXa1;:::;an and Y b1;:::;bm w.r.t. �. If V e1;:::;eq is an admissible instance for both Xa1;:::;an andY b1;:::;bm , then V e1;:::;eq � Xa1;:::;an and V e1;:::;eq � Y b1;:::;bm . It follows, due to the wayc1; :::; ck were chosen, that V e1;:::;eq � ci for i = 1; :::; k. Thus V e1;:::;eq is proven to be anadmissible instance of Zc1;:::;ck .The above remark, in connection with the condition ii: in the de�nition of admissiblesubstitution, will limit the search of reference uni�ers to \e�ective" candidates23 with respectto the given reference signature.The de�nitions for a more general uni�er and most general uni�er for two referencesare given as usually. Also, these notions extend naturally for �nite sequences of references,DF-constraints and DF-formulae.Figure 1.12 presents an algorithm for relative uni�cation of (multi-sorted) references withrespect to to a given signature on R. The correctness of this algorithm is immediate, in thevirtue of the above remark.Example 1.3.3 With respect to the reference signature in the previous example, Xa andY b unify, and one of their most general uni�er is Y b.Let's take now a little more complicated signature:The reference signature generated by fb :a; Y b := Zcg, i.e. f(b; a); (Y b; Zc); (Zc; Y b)g, isshown in Figure 1.13. With respect to it, � = fXa=Y bg is a most general uni�er of Xa andY b. There are also other uni�ers of them, like � = fXa=Zc; Y b=Zcg and �0 = fXa=c; Y b=cg,but the last one is not most general. Also, b is congruent with c (and therefore they areuni�able), while a and b are uni�able, though not congruent. 2Before ending this subsection, we add some useful notions for the DF system, coming byanalogy with the theory of CFT systems:Note that every signature � can be seen as a (maybe in�nite) conjunction of DF deriva-tion constraints. Conversely, given � a DF-clause, the reference signature de�ned by � is thesignature generated by ��= f(s; t) j s :t; s := t or t := s 2 �g:In the sequel we will deliberately use the same denotation for both �� and the signatureit generates.23I.e., those having ground instances. 27



Input: s; t 2 R, and�, a �nite reference signature (su�ciently: a �nite generator of it)Output: �, a most general uni�er of s and t, if s and t are uni�able w.r.t. �, and`Fail', otherwise.Procedure:if s � treturn � = " (the empty substitution);elseif s = a; t = breturn `Fail';elseif s = a; t = Y b1;:::;bm (or vice-versa)if a � b1; :::; bmreturn � = ft=Y b1;:::;bmg;else return `Fail';else (s = Xa1;:::;an ; t = Y b1;:::;bm)fcompute f[c1]; :::; [ck]g = min((fa1; :::; ang [ fb1; :::; bmg)=�);if 9d 2 C such that d � ci, for i = 1; :::; kif f[c1]; :::; [ck]g = f[a1]; :::; [an]greturn � = fY b1;:::;bm=Xa1;:::;angelseif f[c1]; :::; [ck]g = f[b1]; :::; [bm]greturn � = fXa1;:::;an=Y b1;:::;bmgelsereturn � = fs=Zc1;:::;ck ; t=Zc1;:::;ckg; (Zc1;:::;ck is a new variable)elsereturn `Fail';gFigure 1.12: Algorithm for relative uni�cation of (multi-sorted) references
28
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Figure 1.13: Another reference signature.De�nition 1.3.7 Let � be a DF-clause, R(�) the set of all references occuring in �, and�� the equivalence relation determined by �� on R(�).A normalizer of � is a mapping � : R(�) ! R(�) such that �(s) = �(t) i� s �� t.Obviously, we can see every normalizer � of � as an equational DF-clause (i.e., madeonly of equations), and also as an admissible substitution (with respect to ��).If � is a solved DF-clause, and � is a normalizer of �, let �0 be the formula obtainedfrom � by eliminating all its equations, and replacing every reference s from R(�) with �(s).Then � j=jDF � ^ �0We have thus obtained a DF correspondent for the normalizer notion introduced in [93]for CFT. To see it directly, one can rewrite the precedent formula by abuse of notation, as� j=jDF � ^ ��.Obviously, the normalization rules presented in the precedent subsection compute forevery DF-clause � | together with a solved form | one of its normalizers.Conditional reference signaturesNow we extend the de�nitions given in the precedent subsection to conditional referencesignatures. We denote a DF-formula in disjunctive normal form as a set of positive DF-clauses. The empty positive DF-clause is considered always true (>), while the empty setof DF-clauses is considered always false (?).De�nition 1.3.8 A conditional reference signature (�;�) is a reference signature on Rtogether with a conditioning mapping � :�! 2D, where D is the set of all positive DF-clauses over R, such thati. �(Xa1;:::;an ; ai) = >, for i = 1; :::; n and every Xa1;:::;an 2 SV ;ii. �(s;>) = >, for every s � >, andiii. For all s � t and every � admissible substitution w.r.t. �, it follows that �(�(s); �(t)) ���(s; t).Intuitively, a DF-clause � 2 �(s; t) denotes the condition under which the derivation s : tis true. The condition i: says that sorting variables is unconditional, and the same is truefor derivation from the \top" element (condition ii:); �nally, the condition iii: states thatde�ning conditions on pairs in � are propagated under under admissible instantiation.29



Note that the pair (�(s); �(t)) at the point iii. in the above de�nition belongs to thereference signature � due to the de�nition given to the notion of admissible substitutiontogether with the point iii. in the de�nition of (non-conditional) reference signature.Now, the previous introduced notions for a (non-conditional) reference signature gener-alize naturally to the conditional case:De�nition 1.3.9 Let (�;�) be a conditional reference signature over R. A reference s isa descendent of the reference t under the condition �, and this fact is denoted by s �� t, if9r1; :::; rk 2 R such that s = r1 � r2 � ::: � rk = t and9�i 2 �(ri; ri+1), for i = 1; :::; k � 1 such that � = �1 ^ ::: ^ �k�1.Similarly, s 2 R is an admissible instance of Xa1;:::;an with respect to � under thecondition � if s ��i ai for i = 1; :::; n, and � = �1 ^ ::: ^ �k�1.Now we de�ne the \normality" of conditional reference signatures:De�nition 1.3.10 A conditional signature (�;�) is normal if the its unconditional maxi-mal subset is normal, that is: if s �> t, and t �> s, then s = t, for any references s andt. Usually, the fact s �> t will be written in the sequel simply as s � t, and in thegraphical representation associated to a conditional signature, only the non-> conditionswill be explicitly mentioned (as labels on the corresponding edges).1.3.3 DF De�nite normalizationThis subsection extends DF normalization presented in subsection 1.3.1 to de�nite DF-clauses.De�nition 1.3.11 A de�nite DF-constraint is a disjunction A _ :B1 _ ::: _ :Bn, whereA;B1; ::: and Bn are elementary DF-constraints.A de�nite DF-clause � is the universal closure of a de�nite DF-constraint.A negative DF-clause is a formula :B1 _ ::: _ :Bn, where Bi for i = 1; :::; n have thesame meaning as above.Obviously, an enhanced �-term, as introduced in the beginning of this chapter can benaturally written as a �nite conjunction of de�nite DF-constraints.As usually in logic programming, A will be named the head, and B1; :::; Bn the body(or: de�nition, condition) of the given de�nite DF-constraint/clause. From now on, we willfollow the convention that ~8, the universal closure quanti�er in front of a de�nite DF-clause,well-understood from the context, will not be anymore written, so we will simply use thenotation: A :- B1; :::; Bn:We use the notion of de�nite feature constraint following H. Abramson in [2]. Ofcourse, de�nite DF-clauses are a generalization of (positive) DF-clauses introduced in Sub-section 1.2.2.Remark: The reader should see that negation of a negative DF-clause is not a positiveDF-clause; it is the existential closure of such a clause. We also worn the reader aboutthe fact that naming a conjunction of elementary constraints a clause is common in thefeature constraint theory, and it should be associated in DF to the level of uni�cation onlogic records (�-terms), while the notion of de�nite DF-clause is used in the sense properto logic programming, and it will serve on the level of logic inferences.30



A de�nite DF-constraint/clause � can be naturally rewritten using the enhanced syntaxformally introduced in the precedent section. So, every variable X occuring in � will berewritten to Xa1;a2;:::;ak , if X : ai, for i = 1; :::; n are all the derivation constraints in thebody of � which have X as the �rst term and a constant ai as the second term. (Obviously,these derivations will be eliminated from the body of de�nite constraints.)Example 1.3.4 The de�nite clauses (C1) and (C3) in Example 1.1.2 are rewritten as:(C1') Xperson[happy] :� Xperson[friend!]Y(C3') Z[F symmetric!]W :�W [F symmetric!]Z: 2De�nition 1.3.12 A de�nite DF-theory � is a �nite conjunction of de�nite DF-clauses.For any de�nite DF-theory in the sequel we assume the separate renaming of variablesthat occur in di�erent de�nite clauses.We assume also that the notion of conditional reference signature determined by a de�niteDF theory is de�ned in a similar way to that introduced for positive DF-clauses.In the de�nition to be given for the solved form of a de�nite DF theory �, and also inthe rewriting rules to be given afterwards we will use the following notations:s ��� t : s is an admissible instance of t w.r.t. �� under the condition �;unify���(s; t; �) : � is an admissible uni�er of s and t w.r.t. �� under �; and� = mgu���(s; t) : � is a most general admissible uni�er of s and t w.r.t. �� under �.De�nition 1.3.13 A de�nite DF-theory � is in solved form if1. the conditional reference signature �� determined by � is normal;2. if s := t 2 � then s have no other occurrence in �;3. if 8<: s1[u1!�v1]t1 :- �1 2 �s2[u2!�v2]t2 :- �2 2 �, and� = mgu���(<s1; u1; �v1 >;< s2; u2; �v2>) 9=; then �(t1 := t2 :- � ^ �1 ^ �2) 2 �,4. if 8>>>><>>>>: s1[u1!�v1]t1 :- �1 2 �s2[u2)�v2]t2 :- �2 2 �unify���(u1; u2; �);�s1 ��0� �s2; ��v1 ��00� ��v2; and� is most general with these properties 9>>>>=>>>>; then �(t2 :t1 :- � ^ �0 ^ �00) 2 �, andsimilarly for !! in correspondence with )).De�nite normalization process involves equational normalization rules and core normal-ization rules, shown in Figure 1.14, respectively in Figure 1.15. These rules are slightlydi�erent versions of their base counterparts. The di�erences that had to be covered are dueto admission of the conditional body and the universal closure quanti�er inside the de�niteDF-clause. Remeber that the symbol > used in writing the (D.VarE) and (D.AS) rules de-notes the DF formula always true. Similarly, the symbol ? denotes the DF formula alwaysfalse.Note that de�nite antisymmetry dissociates into two rules, (D.AS) and (D.CC), corre-sponding to the derivational and respectively the equational part of �. The \congruence31



(D.EquE) t := t : �� ^ ��(D.VarE) Xa1;:::;an := Y b1;:::;bm ^ �X = Za1;:::;an;b1;:::;bm ^ Y = Za1;:::;an;b1;:::;bm ^ �(X=Z; Y=Z)if X occurs in � (Z is a new variable),and 9c such that c �>� ai, for i = 1; :::; n, and c �>� bj , for j = 1; :::;m.Xa1;:::;an := a ^ �Xa1;:::;an := a ^ a : a1 ^ ::: ^ a : an ^ �(Xa1;:::;an=a)if Xa1;:::;an occurs in �.(D.EquR) a := V ^ �V := a ^ �(D.CoRW) a := b ^ �a := b ^ �(a=b) if a 6= b, and a occurs in �Figure 1.14: Equational De�nite Normalization Rules(D.AS) t :s ^ �s := t ^ � if s �>� t(D.CC) s := t ^ �s0 := t0 :- � ^ s := t ^ � if <s0; t0>���<s; t>(D.F) s1[u1!�v1]t1 :- �1 ^ s2[u2!�v2]t2 :- �2 ^ ��(t1 := t2 :- � ^ �1 ^ �2) ^ s1[u1!�v1]t1 :- �1 ^ s2[u2!�v2]t2 :- �2 ^ �if � = mgu���(<s1; u1; �v1>;<s2; u2; �v2>), and�(t1 := t2 :- � ^ �1 ^ �2) 62 �(D.WT) s1[u1!�v1]t1 :- �1 ^ s2[u2)�v2]t2 :- �2 ^ ��(t1 : t2 :- � ^ �0 ^ �00 ^ �1 ^ �2) ^ s1[u1!�v1]t1 :- �1 ^ s2[u2)�v2]t2 :- �2 ^ �if unify���(u1; u2; �); �s1 ��0� �s2; ��v1 ��00� ��v2;� is most general with these properties, and�(t1 : t2 :- � ^ �0 ^ �00 ^ �1 ^ �2) 62 �.Similarly for !! in correspondence with )).Figure 1.15: De�nite Core Normalization Rules32
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Figure 1.16: The de�nite normalization result for Example 1.1.2.closure" rule (D.CC) carries an equation between two references over all their admissibleinstances in �.Important Note: For readability reasons, in writing the (D.F) and (D.WT) rules, wehave not explicitely stated that the infered de�nite DF-constraints have to be both renamedapart from � before joining it and occur-checked up to variable renaming in �. The lastcondition is assumed also in the De�nition 1.3.13.Example 1.3.5 The de�nite normalization of the DF logic program in Example 1.1.2 pro-duces the following three new clauses:(D1) lucy : person (C2)+(C6)+(C5)(D2) W 0:person :�W 0[friend!]person (C3)+(C2)+(C4)(D3) W 00 := lucy :�W 00[friend!]albert (C3)+(C6)+(C4)Figure 1.16 shows the associated conditional reference signature. The dashed edgescorrespond to the newly synthesized de�nite DF-clauses. The conditions are written aslabels on these edges. 2Proposition 1.3.3 The DF-normalization is always �nite terminating on �nite de�nite DFtheories.Proof: This result is due to the following facts:{ there is only a �nite number of constants in �, the theory to be normalized, since it isassumed to be �nite; and{ introduction of new de�nite clauses in � (only derivations and equations can be added) islimited by the applied occur check on de�nite clauses.The maximum number of derivations that could be added to � is bound ton�m� 2k � pr2rwhere 33



n is the number of functional (de�nite) methods in �,m is the number of function typing methods,k is the number of atomic DF-constraints in the \bodies" of de�nite constraints in �,p is the number of variables initially in �, andr is the number of constant symbols in �.A similar evaluation can be done for equation constraints.Proposition 1.3.4 Every de�nite DF-theory � normalizes to a logically equivalent de�niteDF-theory �0 in solved form.Proof: Similar to that given in the case of positive DF-clauses.Proposition 1.3.5 Every de�nite DF-theory � is satis�able if it is satis�able in the DF-graph algebra G.Proof: First, due to the precedent proposition, � can be considered as already being insolved form. Then, the proof proceeds classically, since there is a DF-homomorphism fromG to every DF-algebra A and vice-versa. 2Remark: The following problem in doing de�nite normalization of DF theories stillremains open: checking for consistency of sort intersection, in the rewriting rule (D.VarE)might be very expensive for large clauses. We make for now the following suggestions:1. normally, sort hierarchies (even large ones) are not very \dense", and 2. (we estimatethat) once initially computed, concurrent updating of the non-conditional subset of � asa lower semi-lattice can be done at relatively low level computing. This remark extendsalso to conditional uni�cation, computing the most general uni�er w.r.t. a conditional sorthierarchy, and of course to the occur check. Here further work { formal evaluation { mustbe done.1.3.4 DF-Theory relative simpli�cationDF relative simpli�cation rules test the satis�ability of a positive DF-clause with respect toa given de�nite DF-theory. In other words, they check whether the existential closure of thepositive DF-clause, in particular a �-term, is entailed by the DF theory. In the a�rmativecase, a substitution � will carry out the computational result.24The theory relative simpli�cation technique was suggested to us by the work of H. A��t-Kaci, A. Podelski and S.C. Goldstein on OSF [7]. However, while the theory involved inorder-sorted feature uni�cation is not conditional, and it serves (only) for relative uni�cationof sorted terms,25 here we work with conditional (de�nite) DF-theories, and instead ofmatching terms, by checking out the consistency of their conjunction (as OSF does), we willtest for the entailment of the existential closure of a positive DF-clause �, w.r.t. a givende�nite DF-theory �. This work is done by unifying elementary DF-constraints in � againstheads of di�erent de�nite constraints in �, recursively reporting the matching conditions;in case of success an answer substitution is returned.Remarks:1. Of course, we could formulate DF-relative simpli�cation for non-conditional DF theo-ries | serving only for uni�cation purposes | but we prefered to use directly the conditional24As a (global distributed) matching of the clause against the theory.25Via rewriting rules that replace the algorithmic approach initially proposed in [4].34



(de�nite) form; also, through recursion we already entered into the subject of DF-resolutionin a way that facilitates the introduction of concurrency in DF (see the next subsection).2. Following the remark done after the De�nition 1.3.11, the relative simpli�cation couldbe formulated in terms of reduction of a negative DF-clause.26 However, in order to enhanceunderstandability, we prefered to use the simplest and { in an indirect way { more generalterminology, that of positive DF-clause simpli�cation with respect to a de�nite DF-theory.So, in a restricted, particular sense, DF relative simpli�cation serves for uni�cation oftwo �-terms, when the theory is represented by (the universal closure of) one term, whilein a larger sense it does resolution-based entailment in de�nite DF-theories.We assume in the sequel that{ both the de�nite DF-theory �, which \controls" the simpli�cation, and the positive DF-clause � that must be \relatively simpli�ed", do not have variables in common prior torelative simpli�cation, and{ � is already normalized, using the de�nite normalization rules given in the precedentsubsection.As previously shown for basic normalization, a speci�c concurrent communication pro-cess can be thought of as underlying the application of relative simpli�cation rules. (SeeFigure 1.17.) Now the rules acting as communication agents� �rst rewrite up to the equational congruence of references from � the information on the� clause's blackboards,� then try to erase elementary DF-constraints in � according to the informations read onthe � clause's blackboards, (replacing them eventually with logically su�cient conditions)and� produce instead the unifying substitution(s).The idea is that after the de�nite normalization of � was done, relative simpli�cationtries to match DF-constraints in � with (heads of) corresponding constraints | derivations,equations, methods | in �. During the relative simpli�cation process, the condition partof each constraint that served for matching is adjoint/conjuncted to �. The simpli�cationprocess is recursively reentered if the new form of �, the clause that has to be simpli�ed, isnon-empty, and it is blocked if the matching did not succeeded. Success is reported when �gets exhausted.Di�erent concurrent \variations" on this resolution theme are proposed in the next sub-section.As already suggested, the relative simpli�cation process starts with the group of equa-tional relative simpli�cation rules given in Figure 1.18. These rules form a slightly adaptedversion of those given for equational base normalization. New is the rule (R.CoWR0) whichmakes uniform the use of equated constants in � and �.The equational relative simpli�cation rules are applied as many times as possible withoutany preferential order. Then the DF-clause matching process is done by relative reductionrules shown in Figure 1.19.27 These rules try to \view" | maybe under certain conditions26Remember that a negative DF-clause is the universal closure of a �nite disjunction of negated elementaryDF-constraints: ~8(:A1 _ ::: _ :Ak), that is the negation of the existential closure of a positive DF-clause::~9(A1 ^ ::: ^Ak).27The ren(�) notation used in writing reduction rules denotes a renamed copy of �. In fact it's enoughto consider only renaming all variables in the clause extracted for matching.35
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(R.EquE) � � ` t := t ^ �� ` �(R.VarE) � � ` Xa1;:::;an := Y b1;:::;bm ^ �fX=Za1;:::;an;b1;:::;bm ; Y=Za1;:::;an;b1;:::;bmg � � ` �(X=Z; Y=Z)where Z is new variable� � ` Xa1;:::;an := a ^ �fXa1;:::;an=ag � � ` a : a1 ^ ::: ^ a : an ^ �(Xa1;:::;an=a)(R.EquR) � � ` a := V ^ �� ` V := a ^ � if V is sorted variable(R.CoRW) � � ` a := b ^ �� ` �(a=b) if a 6= b and a occurs in �(R.CoRW0) � � ` �� ` �(a=b) if a occurs in � and a := b 2 �Figure 1.18: Equational Relative Simpli�cation RulesIn a direct manner, the claim of our theorem can be proved by considering M, theminimal DF-model of �! �:| the equational relative simpli�cation rules put � into an M-equivalent form, and| the application of any reduction rule is based on the fact that� j=M ~9(' ^ �) if and only if � j=M ~9�(� ^ �0 ^ �)where ' is an atomic DF-constraint, and there is '0 : � �0 2 � such that � = mgu���('; '0).28The \if" implication is immediate, while the \only if" part is due to the solved form of� and the minimalty of M. 2Proposition 1.3.6 Deciding the satis�ability of a DF-clause w.r.t. a solved de�nite DF-theory is at least NP-di�cult.Proof: Let's take the simple case of relatively simplifying two positive DF-clauses �1 and�2 representing �-terms. (This covers operationally the frame \into" uni�cation as de�nedby M. Kifer for frame terms in F-logic.) We have to �nd a mapping � : �1 ! �2, whereeach �i is seen as set of elementary DF-constraints, such that �' = ��(');8' 2 �1. Sucha mapping can be found in NP-time w.r.t. the length of �1 and �2. That makes relativesimpli�cation be at least NP-di�cult. 2Example 1.3.6 Let consider again the DF program in Example 1.1.2, The clauses (D2)and (D3) added by the de�nite normalization (done in Example 1.3.3) can be eliminated28Note that the fact that ' uni�es with '0 implies that the two constraints belong to a same category:derivation, equality, or a certain subcategory of method constraints.37



(NT.Red) � � ` � ^ '�� ` �(� ^ � ^ �0)if ' is an elementary non-typing DF-constraint in �,'0 :- �0 2 ren(�), � = mgu���('; '0), and�; �0 do not rename DF-constraints in �.(T.Red) � � ` � ^ s[uqt�v]t�� ` �(� ^ � ^ �1 ^ �2 ^ �3 ^ �0)if qt is );)), and there is s0[u0qt�v0]t0 :- �0 in ren(�) such that� = mgu���(�u; u0), �s ��1� �s0; ��v ��2� ��v0; �t ��3� �t0, and�; �1; �2; �3; �0 do not rename DF-constraints in �.Figure 1.19: Relative Simpli�cation Rules: Reduction(R.Val) � � ` �: ` ?if � is not empty clause, and no more reduction rule can be applied on �.Figure 1.20: Relative Simpli�cation Rules: Validationsince relative simpli�cation proves that the condition of (D2) is never satis�ed, respectivelythe head of (D3) is detected by the occur check, after two successive reduction steps.The reference signature �nally obtained, extended with object/class functional speci�ca-tions is shown in Figure 1.21. It gives a compact image on the DF-graph canonical algebraassociated to the program. The solutions of a query are found on such a graph via admissibleinstantiations, homomorphisms of DF-algebra and relative simpli�cation.The goal ?� lucy[happy] is solved { by relative normalization { as follows:(G0) lucy[happy] (C1) �0 = fX=lucyg(G1) lucy[friend!]Y 0 (C3) �1 = fZ=lucy; F=friendg(G2) W 000[friend!]lucy (C6) �2 = fW 000=albertg(G3) 2 21.4 DF-resolution and ConcurrencyThe CFT feature constraint system supports the concurrent constraint multi-paradigm lan-guage Oz. Also, it was said that the OSF system that supports LIFE makes it concurrently
avored. So, a natural question arises:Could DF be made concurrent?We will give three answers to this question, each building upon the precedent one.38
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Figure 1.21: Compact representation of a DF logic program.First, think about de�nite normalization | henceforth called respectively (DF-program)completion | and (goal) relative simpli�cation as� concurrently run processes;A concurrent implementation of DF acting just in this way was done in Oz 1.1.1.(See Chapter 2.) There the input DF-logic program is stored of as a list of de�niteDF-clauses C1j C2j:::j Cnj � , where the last place (that of the dummy variable `� ')is \open" to register further constraints/clauses synthesized during the DF-program'scompletion.And now, for the input DF-program...� run simpli�cation �rst and completion afterwards.It works well!, even this is the reverse order when comparing it with the theoreticalapproach (�rst complete, then simplify) presented so far. Why does it work?For instance, in our preferred example (1.1.2),� the goal ?- lucy[ friend -> Y ] is not solved on the given clauses (C1) ... (C6), so� the relative simpli�cation process suspends, but� completion is run, with the result of adding the de�nite constraintlucy : person j �in the place of the precedent dummy variable, then� relative simpli�cation automatically resumes remaking sorted uni�cation, and�nally it reports success!In conclusion, we can concurrently synchronize DF-program completion with goal relativesimpli�cation.Second, we must be more more speci�c about the synchronization price and its e�ect.Synchronizing DF-program completion and goal simpli�cation roughly means: let theDF system do logic inferences/simpli�cation while the de�nite theory you are involved withgets its normal form. Or, �ner tuning this idea: do equational de�nite normalization,2929Automatically triggered by the presence of non-conditional equation constraints inside the theory.39



and let core de�nite normalization be done (only) by need/request from inside the relativesimpli�cation process.For instance, let's analyze the same example 1.1.2, now referring to the second (thereinformally exposed) solving strategy. Relative simpli�cation of the goal ?- lucy[ friend -> Y ]was asked (before any completion action was done). When failure was reported, caused bythe insu�ciently constrained sort lucy, what the DF system does is:� step backwards30 andask, and eventually tell the program about the entailment of the derivation con-straint lucy : person. That technically means:�nd two clauses � [ � -> lucy ] and � [ � => person ], or � [ � ->> lucy ] and� [ � =>> person ] in �, such that the well-typing rule (D.WT) could work onthem;31 andthis is the case of the clauses (C6) and (C2) in our program, therefore the con-straint lucy : person is entailed and we can go further, and� resume simpli�cation,32 remaking sorted uni�cation on the (C1) clause's head and thegoal lucy[ friend -> Y ]. Soon after, our work is �nished!To summarize, doing constraint concurrent inferences in DF would mean| let relative reduction rules work on maybe uncompleted (stages of) �, and| on failure, suspend, ask the program about a more \complete" form of �, and thenresume reduction.The problem that remains to be solved, however, is how to formulate completion-by-needheuristics. Obviously, things are not usually as simple as the above example is! We willreturn later on to this problem.Third, let the de�nite DF-theory / logic program be open not only to its own concurrentcompletion, but also to programmer's explicit concurrent tell instructions. We can introducetell in DF as a meta-predicate ftell 'g, where ' is an atomic DF-constraint or a �niteconjunction of atomic constraints (in particular a �-term). The semantics of tell in DF isgoverned by a \closed type universe" assumption:if (� ^ ' j= X :Y )! (� j= X :Y ) then ftell 'gwith the practical e�ect of adding ' to �, if the type-control on ' has succeeded.33Note that this semantics implies that you cannot `tell' more on the derivation part of theprogram,34 so tell-ing derivation or equation constraints to � is without (logical) e�ect. Thesame is true when tell-ing typing method constraints. The above given semantics of tell wasindeed designed to allow concurrent \run-time" completion of the data frames (�-terms)with functional uni- or set-valued nonconditional features/methods.30Instead of the opposite \step forwards" technique practiced by OSF (and LIFE).31More general, we could use L and P, meta-references (see subsection 1.3.2) of lucy and person, insteadof lucy and person themselves.32Or: better step forwards.33A weakened form of this semantics would useif (�� ^ ' j= X :Y )! (�� j= X :Y ) then ftell 'gwhere �� denotes the non-conditional subset of �.34This e�ect is reserved to de�nite normalization.40



An \open type universe" semantics for tell is considered too much permissive for thepresent stage in the development of DF. Telling no-matter which DF-constraint ' to �would let the concurrent completion process de�nitively open. We do not deal now withthis issue.We have used the concurrent tell in DF when writing a head-driven generator that usesthe ideas of Gertjan van Noord in [102].35To summarize again, in the present approach on DF's concurrency| �: and � := are open to self-concurrent completion (by �'s de�nite normalization), and| �[ ] is open to concurrent tell operations.Remark: An implicit ask is self-understood in DF under the form of any goal.36Now, coming back to the subject of designing concurrent completion heuristics for aDF-theory, we can register a \na��ve" one, as already implemented by us in Oz 1.9.13 (seeChapter 2), and a \sort-sensitive" one, as proposed at the second answer/point given above,whose implementation is to be soon released. The former heuristic is based on an all-to-allvalue-type correspondence between functional and typing methods, while the last one isbased on applying a meta-rule likeftell s :tg :� fask s :tg:35Here is the head-driven bottom-up generator program written in DF:S[gen] :- S[lf.label -> W], ftell S[head -> W]g, W[connect@S].S[connect@S].Small[connect@Big] :- Small[subcat ->> LDs#RDs],LDs[gen ds], RDs[gen ds].nil[gen ds].HjT[gen ds] :- H[gen], T[gen ds].S[phon -> P] :- S[head -> H], S[compDs ->> LDs#RDs],P = LDs.rPhon + H.phon + RDs.rPhon.For example, asking for generation (?- X[gen].) the phraseX:s[vform = indPreslf = merge(ion)]in the context of the constraint (store)merge:inTransV[lr@3s,indPres = merge1[phon = \merge"]subcat = <Y[lf = Z]>#nillf = merge(Z)].inTransV:inTrans.inTransV:verb.intrans[subcat =>> <np>#nil].will tell to the program the constraint X[head = merge1] and thus leads to generate the intermediary structureY:np[�lf = ion].Given the lexical entryion[phon = \ion"lf = ionsubcat = nil# <nom>]generation will produce Y[headD = ion]. So, �nally the phonetic output \ion merge" is obtained.The `label' feature in the �rst clause of our program is a built-in. It has the signi�cance of the fLabel Tgconstraint in Oz, selecting the root of the tree constructor term T.36However, we think of introducing a local ask in DF, in order to imperatively limit the search spacewithin the reference hierarchy. 41



where (the explicit) ask is a meta-predicate addressing (maybe local) application of de�niteDF-normalization rules.Now we go on to formalize the threefold response we gave to the question stated in thebeginning of this section.De�nition 1.4.1 (concurrent DF-resolution)Let � be a DF de�nite theory / logic program, � { a positive DF-clause, and A an elementaryconstraint in � (selected following the DF selection strategy given bellow). The clause � isreduced w.r.t. � to a new positive DF-clause  by one of the following possibilities:goal relative simpli�cation:if � = A ^ �0, there is a clause C in �, having the form H : �B1; :::; Bn, and anadmissible substitution � = mgu���0 (A;H), where �0 is a maybe partially completedform of � (computed by using de�nite DF-normalization rules), then return  =�(�0 ^ � ^ B1 ^ ::: ^ Bn);else if A 6= ftell 'gthen suspend simpli�cation, do completion and resume simpli�cation;program's hierarchy completion:ask the DF system for �00, a more completed form of �, appealing a heuristic forDF-completion;tell-ing new constraints:else, i.e. when A = ftell 'g,if 8s8t(�0 ^ ' j= s :t)! (�0 j= s :t), meaning that ' is already well-typed w.r.t. �0,then add ' to �0, the current (maybe partially) completed form of �;else fail (or suspend, do completion and then resume tell-ing).The right point to resume goal simpli�cation, after obtaining a more completed form of�, as asked for instance in case of failed uni�cation, may depend on the chosen completionheuristic. Normally uni�cation is remade, but selecting another clause is another possibility,to be considered also for parallel DF goal solving (see Chapter 2).Automate resumption of suspended tasks (relative simpli�cation and constraint tell-ing),and also obtaining other (maybe better, i.e. more general) answer substitutions can besimply deviced if we introduce the concept of local suspension. Local suspension is enabledwhen suspended goals are tagged to certain nodes in the derivation hierarchy (�0:), so thatresumption is enabled (only) if a derivation/functional constraint was added/told at thatnode. This is what we call local reactive resumption.The idea is the simple: for instance, starting to solve the DF-program in Example 1.1.2without prior de�nite normalization, it fails and locally suspends at the node lucy. Everyderivation further added at this node must resume the lucy[ friend -> � ] goal solving.In fact local suspension in this example subsumes not only the node lucy but the nodeperson too,37 and even all ascendents of the node lucy, and the descendents of the nodeperson. Conversely, every derivation added to the DF-program's hierarchy must wake upthe goal(s) suspended within the surrounding local space(s). A chain of suspended goalstogether with the local associated spaces can be maintained similarly to Oz 1.1.1 strategyfor a fair execution of suspended processes.37Since that goal failed because at that time lucy : person was not in the derivation part of the program.42



Also, when a goal get failure (but not only in this case) we can proceed backwards onthe sequence of goal lists, and ask | by resuming the de�nite normalization | for moregeneral uni�ers w.r.t. �.Now, formally:De�nition 1.4.2 A local suspension space � in a de�nite DF-theory � is a subset of ��:��:,where �� is the closure of � and `-' is the set di�erence operator.According to our approach, such a local suspension space is to be generated by a sub-theory � of �, suitable de�ned. In the settings of the above example, the local space� = f(lucy; person)g is by-produced at the failure of the goal ?� lucy[happy], and it issubsequently covered/generated by the subprogram � = f(C2); (C6)g. Putting it in anotherway, � = fC 2 � j value(C) = lucy; ortype(C) = persong, where C denotes a de�niteclause, functional or set-valued method, whose value is given by value(C), and one of whosetypes is type(C).38It's clear thus that all the heuristics we have spoken about are applications that associateto a local space � a sub-theory � of � such that � generates �.39 In particular, the naiveheuristic works as:�(�) = fC 2 � j value(C) = s; type(C) = t; for some (s; t) 2 �g:The other heuristics can be de�ned as:�(�) = fC 2 � j 9(s; t) 2 � : value(C) and type(C) are instances of s, resp. tg
(�) = �(� [ f(s; u); (u; t)g); where (s; t) 2 � and u is a reference in �:Obviously, � is more general than � (since any reference is a meta-reference of itself), and 
and � can be applied both recursively, as 
(
(:::(�):::)) or �(�(:::(�):::)), and one to another,
(�(�)) or �(
(�)), thus allowing one to derive new heuristics.De�nition 1.4.3 The DF goal selection strategy: pick up the �rst goal in � and (optionally)form the maximal �-term merging it with all method constraints in � that have the sameidenti�cation term.40De�nition 1.4.4 The DF clause simpli�cation strategy: try clauses associated to referencesin the derivation hierarchy �: from bottom to up and from left to right. At each node selectclauses in the order they were registered, from �rst to last.De�nition 1.4.5 A DF-deduction of � relative to � is a �nite sequence �1; :::; �m, where�1 = � and each �i is either from � or it is obtained by reduction of � relative to �.Remarks:1. The above de�nition (in conjunction with De�nition 1.4.1) implies that the conditionalderivation hierarchy associated to � is monotonic constrained, that is: for every 1 � i �j � m, the partially completed forms of � involved at the respective steps are such that�j j= �i.2. It can be naturally shown that if �m in the above de�nition is equal to the emptypositive DF-clause >, then � j= ~9�.4138More exactly: one of the corresponding typing methods for C has the value type(C).39That is, the closure of � w.r.t. � contains �.40That means to move them in front of the goal list.41Equivalent: � ^ :~8� j= 2, where 2 is the empty de�nite DF-clause.43



3. Obviously, DF-resolution looses the logic completeness property as formulated in theTheorem 1.3.4, if the completion of theory � (by de�nite normalization) is not ensured tobe exhaustively performed.Conclusion:A feature constraint system inspired from both OSF and CFT systems is put to work as aconcurrent core of a logic programming language in the F-logic's settings. Complex objectsde�ned in DF (the so-called �-terms) unify with respect to a conditional sort hierarchythat could be left open to automate completion/synthesis based on object-oriented typeinferences. DF-completion, uni�cation and resolution, all carried out by rewriting rules, getconcurrently synchronized. AND- and OR-parallel deductions will come in DF almost freelyon behalf of a concurrent environment that supports the implementation of DF, and this isthe subject of the next chapter.
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Chapter 2DF { ConcurrentImplementation
AbstractThis chapter presents a concurrent implementation for DF, our feature con-straint system. We accomplish this task by using Oz, a higher-order functionalconcurrent-constraint object-oriented language.After a brief synthesis on Oz, an interpreter for DF is presented. Concurrent-constraint programming constructs and techniques developed and implementedduring this work | like concurrency-based parallel goal solving using lazy trees,stateful concurrent synchronizing variables, concurrent uni�cation on statefuldata, and concurrent synthesis (\completion") of DF-logic programs | areequally presented here.Finally, a preliminary study for compiling DF logic programs into the object-oriented subset of Oz is outlined, and a demonstrative DF program doing Ma-chine Translation from English into French and Romanian, based on binaryHPSG rules, is presented. 1

1This work was completed during the author's one month visiting at the Programming System Lab ofDFKI, University of Saarbr�ucken, Germany, in March 1996.45



2.1 IntroductionThis chapter presents a concurrent implementation of DF, the feature constraint systemintroduced in the previous chapter of the present work.There are three sections in this chapter. The �rst one presents our motivation for havingchosen Oz, a concurrent framework to implement DF, and then gives a general overview ofOz. It aims to be a synthesis on the theoretical background, formal speci�cations and pro-gramming methodology for Oz, this almost unique multi-paradigm programming language.2It is intended also to make this chapter self-documented enough and to constitute a ba-sis for the next section, where we present a top-down interpreter for DF, while going intodetails to exemplify di�erent concurrent techniques involved in its construction. Finally,the third section contains an introductory study for compiling DF-logic programs into Ozobject-oriented programs, and then a Machine Translation demo written in DF is presented.The ideas underlying the present work came from a study on object-oriented logicalinferences [25], along with the development of our object-oriented LOGOS system for thesequential implementation of logic programming languages [30]. Starting with [27], we movedto study the area of concurrent implementations.Obviously, in the beginning we have to answer the following question:2.1.1 Why do we choose concurrency to implement DF?We give three answers to this question:1. OSF and especially the CFT feature constraint systems have been proven considerablyfruitful for doing concurrent programming.Why?To answer this simple question is in itself half of an answer to our main question! Just tohave/reconstruct the (full) answer we have chosen Oz | the concurrent language based onCFT | as the implementation support for DF, which is a more specialized feature constraintsystem.2. Concurrency is an (incomplete) answer to complex/hard problems. It is good enoughwhen one is interested in getting not necessarily all solutions, but only one/some solution(s)to such a problem.Now, DF is based on M. Kifer, G. Lausen and J. Wu' F-logic, as \a logical foundationfor object-oriented and frame-based languages" [61], that while being suitable for bottom-up inferences, is di�cult to be implemented as a logic programming language, due to thecomplex description of objects and the large number of inference rules involved. Said itdirectly, the F-logic inherent complexity suggests a concurrent implementation for DF!Even after reconstructing F-logic operational semantics in terms of the feature constrainttheory | that is done by DF | one would like to use concurrency to �ne tune the synchro-nization of di�erent tasks like the sort hierarchy completion and (partial) goal solving, or torun in a parallel-like manner certain goals.2Di�erent synthesis on Oz have been elaborated by its developers: [95], [71], [97]. A �rst programmingguide for Oz learners is [96]. The work [47] particularly tries to highlight the major di�culties in learning thisprogramming language. We think it's clear enough that a personal synthesis { of these di�erent synthesis {is somehow needed! Due to inherent limitation of this work, formal aspects on the Oz programming modelare given in Appendix B. 46



3. It is interesting to �nd out in which manner the techniques latterly developed in logicconcurrency in
uence Natural Language Processing.3 NLP is indeed our �eld of interestbehind the DF feature constraint system. So what we would like to see is: how (much)concurrence is needed/useful in doing NLP? Which concepts, missing to other programmingparadigms serve it better along symbolic computation?For instance, in the particular case of Oz, one would like to \pick up" into his own pro-grams/language the powerful solve =distribute & search strategies of Oz and the specialized�nite domain constraints already built in, or to program more specialized constraints tosolve the particular problems in his/her domain.2.1.2 Oz essentials\Oz is a high-level programming language designed for concurrent symbolic com-putation. It is based on a new computation model providing a uniform and sim-ple foundation for several programming paradigms, including higher-order func-tional, constraint logic, and concurrent object-oriented programming."This is the consecrated generic presentation given to Oz by its `father', professor GertSmolka from DFKI { The German Research Center for Arti�cial Intelligence at Universityof Saarbr�ucken, Germany. It appears for example in [95], and we thought that's good tostart our presentation of Oz just by putting it in the �rst row. Now, we try to reformulatingit in a more compact characterization:Oz is a high-level language that proceeds constraint-concurrently to provide forhigher-order functional, object-oriented and logic programming.Oz is the �rst programming language aiming (and succeeding!) to combine into a unitaryhigh-level4 computational model the precedent outstanding paradigms in the programmingscience. All this is due to a smart extension of the Saraswat's cc model [85] for concurrentconstraint programming.5The next paragraphs will lead into (still general) details the above pointed main featuresof Oz. (More on Oz essentials can be found in Appendix A.2.)The concurrent-constraint feature of Oz addresses the way memory is managed:Saraswat [85] [86] replaced the Von Neumann's algebraic conception on computational mem-ory | memory as an array of addressable locations/variables | to a logical conception:memory as a monotonically constraint logic formula.6Computational constraint-concurrent processes address memory by means of two logicaloperations: entailment (technically corresponding to \ask") in the place of classical read,3NLP in fact has much inspired researches in the feature constraint theory, and so indirectly concurrentconstraint programming.4That means also, in our opinion: not easily manageable!5Outstanding works on concurrency are Milner's Calculus for Communicating Systems [69], and Hoare'sCSP theory. Concurrency in logic programming was pioneered by E. Shapiro [87]. The use of constraintsin logic programming was introduced in Prolog II, by Colmerauer [32]. Then Ja�ar and Lassez' work [50]was much in
uenced the scienti�c research in the �eld. (See [51] for a state of the art.) Saraswat has themerit of being the �rst who had put together in a powerful unifying model the paradigms of concurrent logicprogramming and constraint logic programming.6We can see the constraints in the new model as basic notions, just as variables/locations were in theclassical model. Obviously, variables are still used, but now at a deeper level, always inside constraintconstruction and manipulation. 47



and consistency of conjunction of two formulae (\tell") instead of write.7These computational processes have concurrent access to the memory, i.e. they mayinterleave in a non-deterministic order, without a�ecting the �nal computational result. Thiscon
uency is supported by the logical monotonicity in constraining the memory.8 Processsynchronization can be achieved by logical means too: when the constraint store accumulatesenough information to start a process | i.e. the logic formula representing the memory statewas su�ciently elaborated/constrained to entail the process's constraint guard | then thisprocess is automatically launched. This idea, of logically synchronizing processes is due toMaher [64].DFKI Oz �rst release used local computation spaces (only) for the guard's elaboration; itssecond release o�ers the programmer the possibility to de�ne (local) computation spaces as�rst-class citizens, to re�ne them (somehow) hierarchically and to control therein constraintinconsistency i.e., the failure of computational processes.The functional feature addresses the Oz computational model:Oz is supported mainly by a functional concurrent calculus, called 
-calculus. The 
-calculus is in fact an instance | �(x = y) | of a more general calculus, the �-calculusdeveloped by G. Smolka and J. Niehren [78][74]. This last one subsumes the well-known�-calculus in both its eager and lazy variants [77]. The �-calculus is related to Milner's �-calculus in several respects which are analyzed in [76], but it is higher-ordered, using namesa special class of unfakable constants for procedures' identi�cation. The �-calculus has thenice property to be con
uent outside constructs with mutable states (objects).The main characteristic of the �-calculus is that it is a constraint-free (i.e. parameteri-zable) concurrent calculus. Oz's actual calculus is parameterized by CFT, the Smolka andTreinen' feature constraint system for logic records de�nition. Open logic records constrainsand �nite-domain constraints have been latter added to Oz [73].Oz has a strong logic background.In fact Oz aimed �rstly to extend the use of 
at guards (elementary constraints) in theSaraswat's cc model on constraint concurrent logic programming to deep guards, which are�rst-order logic formulae de�ned on top of constraints. From logic programming logic Ozhas retained logic variables and the logic semantics of procedures.9 Then it generalized theProlog search strategy to encapsulated search, a technique introduced by Seif Haridi for 
atguards in AKL [52], extending it to deep guards.Logic variables in Oz can be existentially quanti�ed,10 and uni�ed { maybe in parallel {against a given pattern. Variables in Oz can be always addressed even before having beenassigned a value, due to a suspension mechanism included, fairly managed.The second release of DFKI Oz has switched o� the automate suspension & resumemechanism \as sequential as possible, as concurrent as needed", by imposing the programmerthe responsibility to declare threads for every suspending process.117Entailment is logic implication, universally closed. The two formulae involved in the concurrent con-straint tell's logical de�nition represents the actual store state and respectively the constraint to be addedto the store. Consistency addresses the existence of a logical model for a given logic formula.8If some constraint formula is implied by (i.e., readable from) the constraint store, then it will be foreverimplied since, saying it simply, ((C ^ D) ! E) ! (C ! E)) is a valid formula. Also, di�erent consistentconstraints can be written into the store in no matter which order, since logical conjunction (i.e., writing)is commutative and independent of read operations.9�x=E, i.e., proc f$ �x g E end, corresponds to 8�xE(�x).10By using the local... in ... end construct.11While this decision enables better debugging techniques for Oz programs and eliminate the \mystery"around the functionality of the previous automate mechanism, our feeling is that it is a too embarrassingrestriction addressed to the user, and that a mixed rule-based strategy would be more convenient.48



A variable in Oz can have at most one value during all its life-time. The solve = dis-tribute & search subcalculus of Oz is (the single one) allowing for variable (apparent) re-use.This subcalculus eliminated backtracking, providing instead multiple choice for di�erentprogrammable search strategies:12{ one (depth-�rst, or bread-�rst) solution,{ all (eager, and respectively lazy) solutions, and{ best (branch and bound) solution.The object-oriented capacity of Oz is based on1. extending the memory model with 'states', as non-monotonic relationships between(variables representing) cell names and the values stored therein,13 and2. de�ning objects and classes as procedures(!) receiving messages as arguments, andtreating them concurrently according to associated methods.Oz provides for encapsulation (for data security), multiple inheritance, and methodoverriding.14Using a multi-paradigm concurrent-constraint programming language like Oz allows youto do each particular task by choosing the best suitable programming style for that task. Saidit in another way, it leads the programmer to ask himself while doing his job: Why do we usestateful variables when computation proceeds monotonically? Concurrent constraint logicvariables model it in the best way! Is it really needed to encapsulate stateless non-inheritabledata? Using open logic records could do enough for you! Even when the object-orientedprogramming style seems to be required by reasons of mutable states, it's still possible toget a better solution if you ask yourself: \Why not concurrent abstractions?"The following subsections will make concrete the above points while presenting a DFinterpreter, a preliminary study for a DF compiler into Oz and a demonstrative programfor doing Machine Translation in DF, using HPSG binary rules. We hope we address alsosome complementary/nevralgic issues of Oz as multi-paradigm concurrent-constraint pro-gramming language.152.2 Interpreting DFThis section presents the implementation of the DF's inference engine on de�nite clausesbuilt on top of �-terms. This implementation is done in Oz. It is in fact an enhanced Prologengine, that works on clauses of frame atoms (instead of classical atoms) and maintainsconcurrently a sort hierarchy using the object-oriented principles of well-typing conditioning,type inheritance, argument subtyping and range supertyping. Parallel running of multipleinference processes is enabled on behalf of concurrency.The work of David Maier and David Warren [65] has much inspired us in the begin-ning of the present implementation. While their work leads the reader into deep enoughdetails, it lacks the advantage of object-oriented conception, especially for code reusing and12In contrast with cc(FD), which provides such strategies only as primitives [36].13Cells are primitive data structures in Oz.14Its dynamic control does not provide for argument sub-typing and range super-typing, features mainlyaddressed in our DF-constraint system, whose implementation is the subject of this chapter.15At the end of the 1st International Workshop on Oz Programming, Gert Smolka summarized the mainpoints in the future development of Oz: distributed implementation, sequentializing threads, debugging,adding new constraint systems, static type-checking, and the elaboration of a methodology for concurrentobject-oriented programming. The last two are mainly not (yet) addressed by Oz developers. We will tryto meet them by the present work. 49



re�ning. Starting from this critics we have proposed an object-oriented approach for imple-menting logic programming languages in [25]. This approach was applied for a sequentialimplementation of F-logic in C++. The new approach we introduce here is a concurrentconstraint-based one. Obviously, it is not \best e�ciency" concerned. It aimed instead toprovide the author with a conceptual \best understanding" level in the area of concurrentimplementation of logic engines.The full source code for the current implementation of DF is found in Appendix B.2.2.1 Higher-order functionality,and writing a syntax analyzer in OzBuilding up logic programming environments | this is the area to which the implementationof the DF constraint system belongs | often requires abstracting over di�erent types of datastructures. One has for instance to analyze lists of terms, atoms, clauses, etc., since a logicprogram is a list of clauses, a clause tail is a list of atoms and an atom is made of a predicatesymbol and a list of terms.Imperative object-oriented languages like C++ allows one to parameterize such an ab-stract data with the corresponding template:List<term>, List<atom>, List<clause>, etc.Unfortunately such languages proceed by doing syntactically pattern code expanding, in-stead to do a pure logical analysis of templates. In Oz we could implement this analysis,making use of its higher-order functionality. Oz's functions are transparently `named' andreferred via variable constraining. Therefore they can occur in any place variables are al-lowed, including functional arguments.So, writing a higher-order function for recognizing templated lists of data structures isquite easy.proc fHiList Template T1 T0 Sepgif T1 = nil then T0 = T1elseT2 incase fTemplate T1 T2g thenif Sep = nil thenfHiList Template T2 T0 Sepgelseif fCons T2g T2.1 = Sep thenfHiList Template T2.2 T0 Sepgelse T0 = T2 �else T0 = T1 end �end Figure 2.1: Recognizing templated lists in Oz.The HiList procedure given in Figure 2.1 uses di�erence lists (T1 for input, T0 for output).Template is a variable constrained to the name (of the function parsing) the desired parameterstructure, for instance: Clause, Atom, Term. The variable Sep is instantiated to the tokenintervening between items of the same type, for example the semicolon (;) between methods,the comma (,) between the subterms of a Prolog term, and the empty string between clauses.Note the procedure HiList as given before, does in fact only recognition. True parsing,50



that produces as output the e�ective representation of the templated list, is done by theimplementation of HiList as a function (and no more as a procedure), like in Figure 2.2.fun fHiList Template T1 T0 SepgT2 R1 = fTemplate T1 T2g inif R1 n= nil thenif Sep n= nil thenif fCons T2g T2.1 = Sep thenR1jfHiList Template T2.2 T0 Sepgelse T0 = T2 [R1] �else R1jfHiList Template T2 T0 Sepg �else T0 = T1 nil �end Figure 2.2: Parsing templated lists in Oz.This new version of the HiList function constraints successively its output to a list a1ja2j:::j � , where ai are data structures of the Template type. The dummy place (� ) is�nally constrained to nil | thus closing the representation list | when the input is eitherexhausted (R1 = nil) or the Separation token is no longer present after a Template token.HiList is a recursive function. A variant introducing a new argument to store the accu-mulated results of partial computations, as suggested in [48], can be found in the programparser.oz in Appendix B. Here we give in Figure 2.3 a distributable disjunction-based variantfor this function also with accumulated result.localfun DoHiList Template T1 T0 Sep RT2 R1 = fTemplate T1 T2g inor R1 n= nil thenor Sep n= nil thenor fCons T2g T2.1 = Sep thenfDoHiList Template T2.2 T0 Sep R1jRg[] OR T2 = nil [] fCons T2g T2.1 n= Sep RO thenT0 = T2 R1jRro[] Sep = nil thenfDoHiList Template T2 T0 Sep R1jRgro[] R1 = nil then T0 = T1 Rroendin fun fHiList Template T1 T0 SepgfReverse fDoHiList Template T1 T0 Sep nilggendendFigure 2.3: The distributed disjunction-based version of HiList, with accumulated result.51



From that version on, we get for free (on Oz's behalf!) di�erent strategies in parsingthe input: either depth-�rst, or breadth-�rst, or ... our own, a \dedicated" strategy thatwe would like to program ourselves. Using for instance the breadth-�rst strategy in parsingtemplated lists is achieved by the following Oz code:local S =proc f$ Rg fHiList Clause R [f(a) when f(b) dot f(c) dot f(d) dot] nil nilg endin fSearch [query(S) next]gffSolve.one.breadth Sg.1gendExtending this code to a full analyzer of DF-logic programs is not di�cult.16 But nowwe put aside this task and go on to present a way to abstract stateful variables over datastructures (like the above one) in Oz.2.2.2 Abstracting variables over data structures in Oz, andwriting open record constraintsSyntactic analysis of logic programs must go into abstract representation of data structures.However, one should avoid the fallacy of reasoning that Oz has variables and therefore hecan use them in a direct manner to represent abstract data. For instance, translating theclauseX[happy] :- X:person, Y[friend -> X].into local X Y in [bool(X happy) isA(X person) function(Y friend X)] endcannot serve to carry out logical inferences if X and Y are instantiated to stateless Ozconstructs, since unifying the head of the above clause for instance with bool(lucy happy)will bind X to lucy, but will not allow for further unbinding (like Prolog does) and uni�cationwith, let's say bool(albert happy). This fact is due to the constraint status of logic variablesin Oz: any variable can have at most one value during all its lifetime.The solution however is straightforward in Oz: since it is a functional language, thatclause could be abstracted into a procedure:proc fClause X Yg [bool(X happy) isA(X person) function(Y friend X)]g end.Then, using it in the declarationlocal X Y in fFirst fClause X Ygg = bool(lucy happy) endlocal X Y in fFirst fClause X Ygg = bool(albert happy) endwill be all right to carry out uni�cation.However, one task still remains to be done in order to produce such an abstraction: wehave to \collect" out the variables occurring in the external/syntactic form of the givenclause/data structure. We do this by indexing them inside the associated procedure. So, itis in fact the procedure16The interested reader could see it in the parser.oz and DFparser.oz programs in the Appendix B. Thissplitting up in two di�erent levels | one general level, and one DF speci�c level | corresponds to theenhancement of the Prolog-like engine we implement.52



procfClauseglocal S = [� � ] inS # [bool(1 happy) isA(1 person) function(2 friend 1)] endendendthat we have to produce as the result of parsing the DF-clause given in the beginning. Inthe de�nition of the Oz procedure Clause given above, the numbers index DF variables: 1corresponds to X, and 2 to Y. Further on, S will work as an instance substitution inside thedata structure newly created by the application of the procedure Clause.Now, collecting variables from the input syntactic form and putting them into the internalrepresentation of the data structure, can be easily done in Oz by using logic records:R = instSub('X':1 'Y':2)Then the applicationfRecord.map funf$ Zg � end fArity Rggwill create the list [� � ] needed in the procedure Clause given above. So, our task is nowreduced to produce the record R. This problem is solved using open record constraints:Oz 2.0 comes equipped with a module of `open record features'. Said simply, theyare \softened" constraints that characterize logic records. Using them, one can manageinformation on partially known records, for instance to use one record's label without (ever)knowing/instantiating its arity: fLabelC R Lg, or to constraint/use a feature before othershave been set up: R^F = V. Moreover, a quasi-global knowledge of such a record can beassumed, by constraining its width: fWidthC R Ng. This last constraint is also a propagator.It \closes" the record once its arity (i.e. list of features) has attained the length N.So, coming back to our problem, we will simply write R^'X' = each time a variable 'X'is recognized in the input text/stream, and �nally, when the parsing will get done we willclose our record. In order to do it, we have to know its width, which unfortunately requiresthe record's actual arity, and that needs maintaining a list of encountered features.As the 2.0 release of Oz was not available at the time of writing the �rst version of theinterpreter (reported in [27]), we have implemented our own open record module, directlyin the �rst release of Oz. As this is a good exercise for constraint programming in Oz, andalso because the future version of DF implementation in Oz will be centered on open records(that we plan to extend with types and type-inheritance), we have decided to present hereour implementation of open records in Oz 1.1.1, as shown in Figure 2.4.We see thus that implementing such constraints is not di�cult, and also that a meta-logiccontrol/command for closing open records is desirable.17Now, returning to the analysis of DF logic programs, we note that abstracting variablesover data structures needs one more argument in the parsing procedure, to build up theinstance substitution. (See Figure 2.5.)We give in Figure 2.6 the procedure doing analysis of de�nite clauses, in particular casefor DF clauses. Atom, Term and the other required functions for parsing DF logic programsare implemented just in a similar manner.
17This control is indeed provided in Oz 2.0, by the monitorArity constraint.53



MyRecordC =myRecordC( newRecordC:funf$g myRecordC(label:arity: fNew Stack initgwidth:count: fNew Counter nilgthis : )endlabelC:fun f$ Sg S.label endhasSubtreeAtCB:fun f$ S Fg fMemberB F fList.map fRelease S.arityg funf$ Xg X.1 endgg endsubtreeC:proc f$ S F Xgcase fForSomeB fRelease S.aritygfun f$ Yg if Y.1 == F then X = Y.2 True else False � endgthen trueelsefS.arity push(F#X)g fS.count incgcase S.width == fRelease S.countg thenT = fSort fRelease S.arityg procf$ A Bg A.1 < B.1 endg inS.this = fRecord S.label fList.map T funf$ Xg X.1 endggfForAll T procf$ Fg S.this.(F.1) = F.2 endgfS.arity closeg fS.count closegelse true endendendwidthC:fun f$ Sg if S.width = 0 then S.this = S.label else true � S.width end... ) Figure 2.4: Implementing open record constraints in Oz 1.1.1.2.2.3 Providing concurrent stateful variables, andparallel uni�cation on data structures in OzOz variables are stateless only. Objects are the main stateful constructs o�ered in Oz. Whileassigning values to stateless variables is subject to monotonically maintain a \constraint"store, objects in Oz break (orthogonally) this monotonicity using instead a \cell" store.They make the concurrent functional calculus underlying Oz loose its overall con
uencyproperty. However, these things must be understood in a holistic view, i.e. one aspect beingcomplementary to the other, as they form together a powerful computational model. Now,as a matter of comment, there is no choice in this respect. Either you program imperatively,and if you do it correctly, you get almost everything on your own e�ort, or you act on alogical (or logically constraint) basis and you get instead logical inference assistance!Oz variables are instantiated to Oz values. Informally, we can say that they act liketags: one cannot move one tag from a given value to a di�erent value. Prolog variablesinstead act like placeholders; they can \hide" anything, since backtracking allows them tobe unbounded from old values and make them available for further bindings.54



fun fHiList Template Subst T1 T0 SepgT2R1 = if Subst = nil then fTemplate T1 T2g else fTemplate Subst T1 T2g � inif (if fVStringCons R1g then R1.2 else R1 �) n= NoValue thenif Sep n= nil thenif fCons T2g T2.1 = Sep thenR1jfHiList Template Subst T2.2 T0 Sepgelse T0 = T2 [R1] �else R1jfHiList Template Subst T2 T0 Sepg �else T0 = T1 nil �end Figure 2.5: HiList: �nal version.fun fClause T1 T0gT2 R Subst = fNewRecordCg H = fAtom Subst T1 T2g inif H n= NoValue thenif fCons T2g thenOR T2.1 = when thenR = HjfHiList Atom Subst T2.2 dotjT0 commag[] T2.1 = dot thenT0 = T2.2 R = [H][] T2.1 n= when T2.1 dot thenT0 = T1 R = NoValueROelse fBrowse 'Clause: :- or dot expected'g T0 = T2 R = [H]�else T0 = T1 R = NoValue �fMyLabelC Subst sharedSubg fCloseC SubstgSubst#Rend Figure 2.6: Parsing de�nite clauses in Oz.As it has been shown in the precedent subsection, DF constructs like clauses, atoms etc.,in the interpretation process are treated as abstract data. Successive trials to match themrequire mutable states for variables. This is why we have to wire stateful variables in Oz.We distinguish between three possible solutions:The �rst one, of attribute variables, authored by T. M�uller [72], needs a lower leverprogramming using the Oz/C++ interface, and at the time of writing this paper is not (yet)available as a language extension.The second one, that of object variables, has a straightforward implementation, usingthe object-oriented sublanguage of Oz. The interested reader can �nd it in the programvar.oz contained in Appendix B. This solution works well but leads one who has a signi�cantexperience in imperative object-oriented programming feel somehow frustrated: things mustgo somehow more simply and direct! And this is the case indeed, at least for specializedtasks (like unifying the abstract data introduced in the preceding subsections):55



The third solution, somehow in between with respect to the other two18 is that of vari-ables modeled as concurrent agents. Therefore we speak about agent variables. In factone has no reason to be surprised: Oz objects are de�ned as (functional) agents receivingmessages and maintaining a state in the cell store. If we drop out the second part of thisde�nition, we have just concurrent agents that can be specialized for doing uni�cation sim-ply by mastering message passing. The corresponding code is partially given in Figure 2.7.(The interested reader can �nd the whole program, newVar.oz, in the Appendix B.)fun fNewVargvar(id: fNewNameg port: fNew Stack initg)endfun fUnify X Ygcase fIsVarB Xg thenfX.port push(unify(Y))g Trueelsecase fIsVarB Yg thenfY.port push(unify(X))g Trueelse X == Y endendfun fVarDynamics Ms Xgcase Msof nil then X[] MjMr thencase Mof unify(Y) thencase fIsVarB Yg thenif X = Y.id then XelsefForAll Mr procf$ Mg fY.port push(M)g endg Y�elsecase fIsNameB Xg then fVarDynamics Mr Ygelseif X = Y then fVarD Mr Xgelse False �endend[] saveTo(Y) then Y = X fVarDynamics Mr Xg[] restoreFrom(Y) thencase fIsVarB Yg thenfForAll Mr procf$ Mg fY.port push(M)g endg Yelse fVarDynamics Mr Yg end[] print then fBrowse Xg fVarDynamics Mr Xgendendend Figure 2.7: Implementing stateful variables as concurrent agents in Oz.Here is a short explanation of this code:18Or rather between Oz stateless variables and Oz stateful \object" variables.56



An agent NewVariable is assigned an unfakable name (provided by the Oz primitive New-Name), and a port as a single way to receive the incoming messages. This port storesmessages onto a stack. The Unify function actually (only) directs messages to the portsof NewVariables. The \interpretation" of these messages is done inside the VarDynam-ics function. When uni�cation is asked, the VarDynamics function simply checks for theidentity/value of the two terms (constants or agent variables) and if they are uni�able, itredirects the subsequent messages addressed to (the port of) the NewVariable that asked foruni�cation, by forwarding them to the NewVariable/value it asked to be uni�ed with. Var-Dynamics eventually returns the identity/value of the last agent involved in the \uni�cationas communication" process. Otherwise, the reserved value False is returned.Messages get distributed in a parallel manner (using the case ... of ... [] ... end con-struct). Aside uni�cation, VarDynamics makes it possible also variable saving and restoring.Uni�cation on abstract data using agent stateful variables is locally sequentialized in thesense that a variable receives (and proceeds) further messages only if the previously receivedones have no blocked uni�cation. We have written also (see the Appendix B, programsvar.oz and newVar.oz) \plug and play" interfaces for both implementations, so they can beequally fed to the programs that need them.The advantage of using agent variables is not only subjective (i.e., simplicity, and feel-ing at home in a concurrent language, especially for someone with a strong imperativebackground in the past) but also objective and pragmatic: agent variables enable paralleluni�cation on abstract data. Unifying abstract data over agent variables can be seen asa global concurrent process: uni�cation messages are sent to each pair of correspondingsubcomponents, and failure is detected when the �rst unmatching message is reported. Ofcourse this is based on the fact that the order of message sending in �rst-order uni�cationdoesn't matter. And that allows true concurrency! (So, why do not having put it herein?!)2.2.4 Concurrent synthesis of DF-logic programs, and ...starting the inference engineA DF-logic program is an object whose functionality is described by the class Oz Program,given in Figure 2.8. A Program object has two features, clauses and responseSub, and twoattributes: goal and last. The signi�cation of all these identi�er names but the last one istransparent.The attribute last is the \open door" to complete the program with new clauses. ADF-program is registered (by the init method) as a list of clauses produced by the parserpresented in the precedent subsections. The last component in this list is a dummy, un-constrained variable, to which the last attribute is assigned. Successive constraining of thisvariable is in direct link with the principle-based synthesis of new clauses into our program.Synthesis of new clauses into a DF-logic program is based mainly on the well-typingconditioning principle given in the precedent chapter, and it is achieved by the methodcomplete contained in the Program class.19 When appealed, the complete method asks for anall-to-all application of the method wellTyping found in the CI (standing for Clause Instance)class.A clause instance is from the implementation point of view a pair of one clause and oneinstance substitution, both being encapsulated as attributes in an Oz object belonging to19In fact, in the current implementation of DF, the method complete was thrown away from the Programclass (that is associated to general logic programs), and encapsulated into the class DFProgram, associatedto DF-logic programs. The class DFProgram is derived from Program.57



class Program from UrObjectfeat clauses responseSubattr last goalmeth init(L G)last = � self.clauses = fAppend L @lastggoal <- G self.responseSub = fGetSub fGetFirstCI @goalggendmeth query(?B)@last = nil <<complete>>case fQuery self.clauses @goalg thenif self.responseSub.list n= nil thenfMap self.responseSub.list RDerefg = fBrowsegelse true �B = Trueelse B = False endendmeth add(E) X in @last = EjX last <- X endmeth completefForAll self.clausesproc f$ CI1gfForAll self.clausesproc f$ CI2gCI3 = fWellTyping CI1 CI2 self.clausesg incase CI3 nil then fself add(CI3)gelse true endendgendgendend Figure 2.8: The DF Program class.the CI class. The interested reader can �nd its implementation in the program prog.oz inAppendix B. Here we give only the code for the wellTyping method, in Figure 2.9.Concerning the implementation of DF-resolution, we have decided to use the techniqueof lazy lists presented in [65].Lazy lists constitute a convenient way to implement logic goal proving. They work wellin the \Procrastination Principle" approach20 exploited for sequential implementation oflogic programming languages. This subsection not only will present lazy lists but also willshow that this kind of data structure is suitable for doing parallel top-down inferences inDF, when supported by a concurrent environment like Oz.The idea behind lazy lists' construction is quite simple: due to the fact that solving alist of atomic goals proceeds by successively replacing the �rst goal atom with a (possiblyempty) tail of a program clause whose head is uni�able with that goal, we do store the goallist in fact as a list of goal lists! Every component (sub)list in the lazy list is accompanied bya substitution that �rstly renames the clause that provided it and further stores the resultof unifying its �rst atom against a clause head. This is the way we use shared representationof clause instances.20The Procrastination Principle says: \Never do now what you can put o� until latter".58



class CI from UrObject: : :meth wellTyping(CI2 ?CI3 Prog)CI1 = selfCl1 = fGetClause CI1g Cl2 = fGetClause CI2gS1 = fNew Sub copy(fGetSub CI1g)gS2 = fNew Sub copy(fGetSub CI2g)gH1 = fFirst Cl1g H2 = fFirst Cl2gin casefQT H1g == funArrow andthen fQT H2g == funTypeArrow andthenfIsA fObject fIDeref H1 S1ggfObject fIDeref H2 S2gg Progg andthenfIUnify fFeature H1g#(S1.list) fFeature H2g#(S2.list)g andthenfLIsA fLIDeref fArgs H1g S1g fLIDeref fArgs H2g S2g Progg thenCI3 = fNew CI init(fIDeref fVal H1g S2g#fIDeref fVal H2g S2gjfAppend fTail Cl1g fTail Cl2gg)gelse CI3 = nil endendend Figure 2.9: The wellTyping method in the CI (Clause Instance) class.Initially, the lazy list associated to a logic program is made of a single sublist, namelythe program's goal list. A new sublist in the lazy list is added (in front of the lazy list) whenuni�cation succeeded on the �rst atom in the �rst sublist of the lazy list. Here the `�rst'quali�er associated to goal atoms in the lazy list should be understood (not in the physical,representational sense but) in the logical sense: every sublist in the lazy list is \pointed in"atom by atom, each atom being consumed when its descending sublist is exhausted. Finally,the exhaustion of the list is provided by the unit clauses in the DF program.Figure 2.2.4 presents the lazy list corresponding to solving the goal lucy[happy] for theDF-logic program given in Figure 2.13 (reproduced from the previous chapter). In Fig-ure 2.2.4, Hi and Li identify respectively the head of the clause Ci and respectively theinstance substitution associated to that clause.The reader can �nd in the program prog.oz in Appendix B the implementation of lazylists as the Oz LazyList class.Now, parallel goal solving on lazy lists can be obtained in a straightforward manner: Weenable the `�rst' atom in the lazy list to have not (exactly) one descendent (sub)list, but onefor each program clause whose head matches it. Of course, a copy of the instance substitutioncorresponding to the `�rst' atom is made for each newly added sublist. Obviously, the senseof the `�rst' atom in the lazy list is now a \distributed" one: each newly added sublistwill provide/have its `�rst' goal atom. And this is in fact a lazy tree, providing for OR-parallelism in solving logic goals. Note that AND-parallelism in this implementation of DFcan be achieved directly via concurrent stateful variables presented so far, by simply runningtwo (or more) resolution (Query) processes in a same Oz thread.Figure 2.11 shows the essential on implementing lazy trees in Oz. (Full details can befound in the prog.oz program in Appendix B.)59
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G6Figure 2.10: The lazy list created during solving the DF program in Fig. 2.13.An e�cient21 version of the logic inference engine used in DF, working concurrently onlazy trees is shown in Figure 2.12. Concurrency here comes with the fair (selection and)treatment of clauses selected (for and) after goal matching inside the Oz thread ... [] ... endconstruction, in the inner-called function CRes.2.3 Beyond interpreting DFThis section presents a preliminary study for compiling DF logic programs into object-oriented Oz programs, and then introduces a DF demonstrative program applied to the areaof Machine Translation. This demo translates simple sentences from English into Frenchand Romanian, using HPSG binary rules.21With respect to the Oz implementation point of view.60



2.3.1 How could DF be compiled into Oz?We will show how compiled DF programs would look like when translated into the Oz'sobject-oriented sublanguage.Let us consider the simple DF-logic program given in Figure 2.13 (reproduced fromChapter 1), and its presumptive translation into Oz, the program shown in Figure 2.14.We can set up the following main points guiding the compilation conception/process:i. Ground terms on identi�cation (a[: : :]) or value (� [� @ � ! v]) positions in theDF-logic program translate into Oz classes. See for example the Oz classes Person andAlbert in Figure 2.14, corresponding respectively to the references person and albert in theDF program from Figure 2.13. This point applies also for Top, the highest class in the is-ahierarchy associated to a DF-logic program.ii. The ground terms that appear only in the (super)class position of is-a terms (� : c)translate into Oz atoms. This is the case of the symmetric and friend constants in theDF-program in Figure 2.13.iii. Is-a relationships between \class"-i�able terms in DF correspond to object-orientedclass derivations in Oz. The Top class is derived from UrObject; the other compiled classesare derived directly from Top. The so-compiled derivation relationships together with theremaining others (for instance friend:symmetric) are stored in the global sort signature rep-resented by the list IsA.22iv. Ground features in DF translate into Oz features if they appear in functional (uni- orset-valued) constraints.23 The \translated" features are Oz functions. They will be appliedto the objects sending messages via the Query&High protocol given in Figure 2.15. Thisprotocol receives a message and try to apply to the sender object a corresponding (possiblehigh-order) method, starting to search it within the appealing class/object and continuing(upwards in the hierarchy) with its meta-references,24 eventually applying the occur-checkat each possible message destination. This protocol makes DF-resolution be \re
ective" inthe sense of [33].v. Higher-order functional features in DF translate into high methods, one for eachclass containing at least such a higher-order feature. (See for example the high method inthe Top class.) The high method in a class C is a case construct selecting one functionfor each higher-order feature of C. The needed occur-check is implemented via the couplecheckIn/checkOut methods in the Top class, by adequately testing the attribute check. Thisattribute is present in each class derived (directly or not) from Top.vi: Goal evaluation (or: entailment test for existentially closed constraints in DF) ismanaged by the Query function. If no homonymous feature can be found (via the inheritancemechanism of Oz), then explicit access to a higher-order function appropriate for that featureis demanded. This access is got by invoking the High function.Remark: Dynamic/concurrent completion of the hierarchy associated to a compiled DF-program cannot be supported in the object-oriented sublanguage of Oz, in which the deriva-tional mechanism of classes is only static and nonconditional. However, upon our knowledgeit is possible to transform this mechanism into a dynamic, derivational one, and this is sub-ject to further research. This (somehow inherent) limit in compiling dynamically-derivedopen objects of DF into the object-oriented sublanguage of Oz leads us to consider an al-ternative, that of translating DF in the open-records' subsystem of Oz. The problem to besolved in this case is to build up a type-inheritance mechanism on top of that subsystem.22The fSubType Xg and fTypeB O Cg functions return respectively the list of all descendents of X, andTrue (respectively False) if O is (is not) derived from C with respect to the IsA sort hierarchy.23Typing constraints in the DF program are object of precompilation.24See the Section 1.3.2 in Chapter 1 for the formal de�nition we have given to meta-references.61



Note that in this approach, the need for an inference mechanism proper to DF becomessuper
uous. This newly proposed solution for compiling DF into Oz is also subject to ourfurther work.2.3.2 A �rst running example in DF:A Machine Translation demo with binary HPSG rulesThe aim of this last subsection is to show how DF can \take o�" as a programming toolon its own power. We present an MT demo that, working on HPSG (Head-driven PhraseStructure Grammar) binary phrases, translates simple sentences from English into Frenchand Romanian. The application here presented was reported in [27]. Our interest forMachine Translation goes back to CHALLENGER 1.0, the �rst automate system translatingEnglish into Romanian that we implemented [28].DFKI Oz comes with a consistent collection of demonstrative programs. Among them,one written by Gert Smolka, does bottom-up syntax analysis on sentences like \The girl isnice" by using the HPSG grammar rules in Figure 2.16 and the principles in Figure 2.17.25It demonstrates the Oz high capability to do natural language processing. That program,easily understandable, is found commented in [73].We wrote a DF-logic program | in an easily understandable enhanced sugared syntax,that will be formally introduced in the beginning of the next chapter | doing the samework as Gert Smolka's program and even more: While that Oz program does not obtain alogical representation for its input, neither supports text generation nor makes agreementchecking, our program uses what we call \automate Skolemization" that enables a simpleform of representation, and starting from the translated form does text generation (viaadditional clauses and lexical descriptions). Included in the generation/translation task willbe gender agreement.There follows a detailed description of this DF program.First of all, we use a very simple form of the HPSG sign hierarchy:word:sign. phrase:sign.Descendents of the word and phrase signs may be conditionally derived, as shown in thenext two clauses. The �rst one serves to \decompact" lexical entries, while the secondone expresses in DF the HPSG principles of Subcategorization and Saturated Complementsgiven in Figure 2.17.W:word[phon = Pcat = Csubcat = S] :- W[word@P,C,S].P:phrase :- P[headDtr = H[subcat = Y1jY2]subcat = Y2compDtr= C[cat = Y1subcat = nil]].As shown above, phrases are assumed to be always binary ones, i.e. they have (the daughterslist26 made of) a head daughter and a complement daughter, provided that the complementis saturated, meaning that its subcat feature is the empty list (cf. Saturated ComplementsPrinciple). Note �nally the link between complement daughter's category and the subcat25The n marks are identi�cation tags, the operator + denotes string concatenation, the f g bracketsenclose di�erent values for multiple-valued features, is the anonymous tag/variable, <> enclose (maybeempty) ordered sequences/lists, and nil is the empty list.26That is the list of immediate descendents. Simply said, this corresponds to the context-free rule P !H C. Constraints underlying such a rule have to be further added.62



list of the mother phrase: their cons (in the well-known sense from list processing) is theheader's subcat list, cf. to the Subcategorization Principle.Further on, in the present DF program we use (only) one typing rule:sign[rule@sign =>> phrase].It says that rules build up phrases always starting from two signs: a left sign and a rightsign. Also it marks the fact that this is (not a functional dependency but) a set-valuedrelation. (This is why the double angle arrow =>> is used.) It should be noted that dueto this typing rule, when the system is asked for the application of a rule L[rule@R = P],for instance in the de�nition of move function given below, the system will query aboutthe satisfaction of the condition associated to the derivation P:phrase, and only then willproceed to the rule application.Left-headed and right-headed phrases are identi�ed by �rst-order terms: r(L,R), respec-tively l(L,R).27 These identi�cation terms will play (indirectly) the role of logic representationform associated to the signs. Right-headed phrases are saturated, while left-headed ones arenot. r(L,R)[phon = Xsubcat = nilheadDtr = RcompDtr= L] :- L[phon = X1], R[phon = X2], X1[appendX2 = X].l(L,R)[phon = Xsubcat = < >headDtr = LcompDtr= R] :- L[phon = X1], R[phon = X2], X1[appendX2 = X].The category feature of the phrase is inherited along the headDtr feature (cf. Head-FeaturePrinciple). In fact, this is true also for other (\indexed") features. For instance the genderof a noun phrase is that of its noun head:P[cat = Y :- P[headDtr = H], H[cat = Y];gender = P.headDtr.gender].The DF clauses carrying out the parsing task are given in Figure 2.18.The map function does lexical analysis. Then binary composition of signs is fold recursivelyupwards to a single sign, whose phonetic realization is just the whole input sentence. Lexicalentries are given as follows:the[wordthe,determiner,nil].girl[word@girl,noun,<determiner>gender = fem].is[word@is,verb,<adjective, noun>].nice[word@nice,adjective,nil].mary[word@mary,noun,nilgender = femproperName].thinks:vIntrans[word@thinks,verb,<verb,noun>].john[word@john,noun,nilproperNamegender = male].embarrasses:vTrans[word@embarrasses,verb,<noun, noun>].27Note that beyond DF theoretical settings, the DF system's implementation allows for the use of Prolog(instead of Datalog) terms as identifying values (i.e., objects, feature arguments and values; features namesand types are excepted. In particular, lists are used under the constructor j or the sugared syntax < ... >.The empty list <> is identi�ed also by the reserved constant nil.63



Let's see now how the result of syntactic analysis looks like:Solving the goal28 ?- "the girl is nice"[ parse = Z ] generates the successive goal lists:29G0: 'the'j'girl'j'is'j'nice'jnil [parse = Z].(+C1) G1: 'the'j'girl'j'is'j'nice'jnil [map@f = Z1], Z1[parse1 = Z].(+C2) G2: thejgirljisjnicejnil [parse1 = Z].(+C4) G3: thejgirljisjnicejnil [move = Z2], Z2[parse1 = Z].(+C5) G4: g(the,girl)jisjnicejnil [parse1 = Z].(+C4) G5: g(the,girl)jisjnicejnil [move = Z3], Z3[parse1 = Z].(+C6) G6: g(the,girl)jh(is,nice)jnil [parse1 = Z].(+C4) G7: g(the,girl)jh(is,nice)jnil [move = Z4], Z4[parse1 = Z].(+C5) G8: g(g(the,girl),h(is,nice))jnil [parse1 = Z].(+C3) G9: 2Note that when solving the G3 goal, the program is associating the phrase "the girl" withthe following sign description:g(the,girl)[ phon = <`the',`girl'>subcat = nilheadDtr = girl[ cat = noungender= fem]compDtr = the].Similarly for "is nice", at G5, we obtain:h(is,nice)[ phon = <`is',`nice'>subcat = < >headDtr = is[cat = verb]compDtr= nice].And �nally, for the whole sentence "the girl is nice", the associated structure is:g(g(the,girl),h(is,nice))[ phon = (`the',`girl',`is',`nice')subcat = nilheadDtr = is[ cat = verbgender= fem]compDtr = g(the,girl)].Translation of a sentence from one source language into another, target language, isachieved starting from the parsing result, that is an HPSG phrase phonetically subsumingthe whole input. Its logic representation is equally its identi�cation term. Several trans-formations on this representation are done,30 and then the corresponding new structure isgenerated, using dictionary correspondences. The translation and generation rules we usedare given in Figure 2.19, respectively Figure 2.20.Finally, dictionary links are requested (and also some phonetic simple rules that we donot list here) so that this demonstrative machine translation program could start. Herebellow are some dictionary entries we have used.det[dict@fr = le].prepComplDir[dict@fr = que dict@ro = ca].pronPers3sAc[dict@ro = el].prepPe[dict@ro = pe].is[dict@ro = este dict@fr = est].nice[dict@ro = frumos dict@fr = joli].28Here and in the sequel, a string "a b c" will be assimilated with the list of constant symbols 'a'j'b'j'c'jnil.29This list is selective. Failed steps are omitted. It should be also understood that applying, for instance,the clause (C4), the corresponding conditional dynamic type-checking is performed.30These transformations correspond to structural di�erences between the source language and the targetlanguage. 64



girl[dict@ro = fata dict@fr = �lle].thinks[dict@ro = crede dict@fr = pense].embarrasses[dict@ro = imbratiseaza dict@fr = embrasse].Examples of sentences translated by this demo are:The girl is nice. = Fata este frumoas�a = La �lle est jolie.John embarrasses Mary. =John nec�aje�ste fata. = John embarrasse la �lle.John thinks the girl is nice. =John crede c�a fata este frumoas�a. = John pense que la �lle est jolie.The girl thinks Mary embarrasses John. =Fata crede c�a Mary �̂l nec�aje�ste pe John. =La �lle pense que Mary embarrasse John.Mary thinks John thinks John thinks John thinks John thinks John thinks Johnthinks John thinks John thinks John thinks John thinks John thinks John thinksthe girl is nice. =Mary crede c�a John crede c�a ... John crede c�a fata este frumoas�a. =Mary pense que John croit que ... John pense que la �lle est jolie.The average translation speed for such sentences (except the last one) is about one wordper second on a SUN Sparc 20 station.Explaining (not necessarily directly) why the previously given translation rules werewritten the way they were | and not only that, but also showing how concurrency cancontribute to NLP in the speci�c settings of the HPSG theory | is in the subject of nextchapter.Conclusion:The DF constraint system is implemented in the concurrent environment provided byDFKI Oz. Several technical points are commented, so carrying the reader along the DF con-current interpreter's construction process. Finally an MT demo written in DF is presented.This demo processes English sentences based on an HPSG grammar written by S. Shieber,that builds up binary phrases. Translation is done in both French and Romanian.
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class CLazyList from LazyListmeth init(F N<=nil P<=nil)�rst <- Fnext <- Npointer <- Pendmeth toEnd(?Y)case fGetClause @�rstg n= nil orelse @pointer n= nil thenY = Falseelse Y = True endendmeth car(?Y)case fGetClause @�rstg n= nil thenY = fFirst fGetClause @�rstggelsecase @next n= nil andthen @pointer n= nil thenY = fFirst @pointergelse fBrowse 'CLazyList.car: empty list'g endendmeth cdrcase fGetClause @�rstg n= nil then trueelsecase @pointer n= nil thenpointer <- fTail @pointergcase @pointer == nil then <<cdr>>else true endelse <<pop>> endendendmeth push(Y Goal)case fGetClause fGetFirst Goalgg == nil thenfGoal cdrgPointer = fGetPointer Goalg in<<init(Y fGetNext Goalg Pointer)>>else <<init(Y Goal fGetClause fGetFirstCI Goalgg)>> endendmeth popcase fGetClause @�rstg n= nil orelse @pointer n= nil then trueelsecase @next n= nil thenpointer <- fGetPointer @nextgnext <- fGetNext @nextg<<cdr>>else true endendendend Figure 2.11: Lazy trees implemented in Oz.66



fun fEfQuery Prog Goalgcase fToEnd Goalg then TrueelseHG = fCar GoalgFC = fGetFirstCI GoalgLC = fGetLC Prog Goalg infCRes EfQuery LC Prog Goalgendendfun fCTry Q ClauseI Prog Goal#FC#HGgFC = fGetFirstCI GoalgHG = fCar GoalgHC = fFirst fGetClause ClauseIggAS = fNew Sub copy(fGetSub FCg)gNS = fNew Sub copy(fGetSub ClauseIg)g incase fIUnify HG#AS.list HC#NS.listg thenNewClauseI = fNew CI init(fTail fGetClause ClauseIgg NS)gNewGoal = fNew CLazyList push(NewClauseI Goal)g infQ Prog NewGoalgelse False endendfun fCRes Q LC Prog Goalgcase LC of nil then FalseelseFT TT inthreadFT = fCTry Q fFirst LCg Prog GoalgTT = fCRes Q fTail LCg Prog Goalgendor FT = True then True[] TT = True then true[] FT = False andthen TT = =False then Falseendendend Figure 2.12: The DF concurrent inference engine.(C1) X [happy] :�X : person[friend �> Y ]:(C2) person[friend => person]:(C3) Z[F �> W ] :�W [F : symmetric �> Z]:(C4) friend : symmetric:(C5) albert : person:(C6) albert[friend �> lucy]:(C7) lucy : person:Figure 2.13: A simple DF logic program.67



create Top from UrObject% general attributes + methodsattr check: nilmeth checkIn(X ?B)case fMemberB X @checkg then<<checkOut(X)>> B = Falseelse check <- Xj@check B = True endendmeth checkOut(X)check <- fFilterB @check fun f$ Yg Xn=Y endgendmeth high(HOF ?F)% speci�c (compiled) methodscase fTypeB HOF symmetricg thenF=fun f$ XgY incase fForSomeB fFilterB fSubType TopgIsInheritableBgfun f$ Wgcase fQuery W HOFg == X then Y = W Trueelse False endendgthen Yelse NoValue endendelse F = NoValue endendendcreate Person from Topfeat happy:fun f$ XgY = fQuery X friendg inif Y n= NoValue then Trueelse False �endendcreate Albert from Personfeat friend: fun f$ Xg Lucy endendcreate Lucy from Personend% the IsA signatureIsA = [Person#Top Albert#Person Lucy#Personsymmetric#Top friend#symmetric]Figure 2.14: The DF-logic program in Figure 2.13, pseudo-compiled into Oz.
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NoValue = fNewNamegfun fHigh Object FeaturegF in fObject high(Feature F)g Fendfun fCheckIn Object FeaturegB in fObject checkIn(Feature B)gB == Trueendfun fQuery Object Featuregcase fMemberB FeaturefMap fRecord.toListInd Objectg fun f$ Y# g Y endggthen fObject.Feature ObjectgelseG = fHigh Object Featureg incase G n= NoValue andthen fCheckIn Object Featuregthen fG Objectgelse NoValue endendendFigure 2.15: The Query&High Protocol for execution of compiled DF programs.
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(C1) Phon[parse = X] :- Phon[mapf.parse1 = X].(C2) W[f = F] :- F:word[phon = Wjnil].(C3) Fjnil[parse1 = F].(C4) Fs[parse1 = X] :- Fs[move.parse1 = X].(C5) FjGjFr[move = RjFr] :- F[rule@G = R].(C6) FjT[move = FjX] :- T[move = X].Figure 2.18: Parsing rules.
X[translateFR = Y] :- X[parse = S[trans@FR = T[generate@FR = W[phon = Y]]]].r(the,R)[trans@fr = r(s(det,R),R)trans@ro = t(det,R)].r(L,l(is,R))[trans@FR = r(X,l(is,s(Y,X)))] :- L[trans@FR = X],R[trans@FR = Y].l(L,R)[trans@FR = l(X,l(prepComplDir,Y))] :- L:vIntrans[trans@FR = X],R[trans@FR = Y].l(L,R)[trans@ro = r(s(pronPers3sAc,R),l(L,l(prepPe,R)))] :- L:vTrans,R[properName].r(L,R)[trans@FR = r(X,Y)] :- L[trans@FR = X], R[trans@FR = Y].l(L,R)[trans@FR = l(X,Y)] :- L[trans@FR = X], R[trans@FR = Y].X[trans@FR = X]. Figure 2.19: Structural transformation rules.
s(Ded,DER)[generate@FR = s(X,Y)] :- Ded[generate@FR = X],DER[generate@FR = Y].t(det,R)[generate@FR = t(det,X)] :- R[generate@FR = X].l(L,R)[generate@FR = l(X,Y)] :- L[generate@FR = X], R[generate@FR = Y].r(L,R)[generate@FR = r(X,Y)] :- L[generate@FR = X], R[generate@FR = Y].X[generate@FR = Y] :- X[dict@FR = Y].X[generate@FR = X]. Figure 2.20: Generation rules.70



Chapter 3DF | Application to NLP:An HPSG Kernel for Romanian
Abstract:This chapter opens the door for the application of DF, our concurrent constraintsystem, to Natural Language Processing. We design a grammar kernel for Roma-nian in framework of the HPSG theory [82], [83]. The de�niteness of noun-headedNP is studied thus accounting for the high order-freedom in the NP's topic, andfurther on the status of clitic pronouns is explained in a combined syntactic-lexical rule-based approach, connected to the linearization of transitive VPs.Some useful extensions in the general theory of HPSG are proposed: a gener-alized form of the ID rule schemata allowing for \free" adjunction, and two IDmeta-rule schemata, one extending the ID schema 1 for subcategorizing multiplesubjects (like multiple determiners in Romanian NP), the other combining theID schemata 2 and 6 to concurrently rule over locally ordered UDCs (as it is thecase of clitic pronouns in Romanian).A concurrent head-corner parser kernel for Romanian is �nally implemented inOz and DF, using ideas from [103]. 1

1This work was completed during the author's one month visiting at the Computational Linguistics Labof DFKI, University of Saarbr�ucken, Germany, in September 1996.71



3.1 Introduction3.1.1 BackgroundThe theory of Head-driven Phrase Structure Grammar (henceforth HPSG) is the recentmature stage in the development of the modern theory of grammars for natural language,that started with the seminal work of Noam Chomsky on generative grammars [22].The HPSG model founded by Carl Pollard and Ivan Sag [82] [83] is a highly declarativeformalism built up as a smart reconstruction of the theories of Lexical-Function Grammars[56], Generalized Structure Grammar [46] and Categorial Grammars [100], closely linked tothe recent development of feature constraint typed logics [19], [88], and newly adapting mainissues from Chomsky's Government and Binding theory [23].The HPSG theory builds one language grammar based on� strong lexicalized items (signs), and� a small number of{ universal grammar principles,2 and{ language speci�c rules.Key notions for the understanding of the HPSG theory are:| type-feature-structures (or: attribute-value matrix, or simply: sign), wherein severalfeatures are of dominant conceptual importance:� the head-daughter feature, whose role is central for the whole sign, and� the complement-daughters feature, related to the head via its subcat feature, underthe application of the Subcategorization Principle; constraints in establishing head{complement relationships can be speci�ed using the spec feature;� the adjunct-daughter feature, that uses its value's mod feature to extend the semanticsof the head sign it combines with, and� the marker-daughter feature, using marking tags and serving further in combinatorialconstraints on signs (possibly involving also the spec feature);| the subsumption relation on signs, satis�ed when a sign is a subpart of another sign;3and| sign uni�cation, that starting from two signs, builds up a new one that subsumes themboth.4Most implementations of HPSG involve logic programming. They evolved from relativelysimple systems like [84] to full-
edged programming environments: ALE [20], ProFIT [41],CL-ONE5, Hdrug6, and Pleuk.7 TDL [62] is a notable exception: it was implemented in Lisp,at the Computational Linguistics Lab of DFKI at the University of Saarbr�ucken, Germany.(A comprehensive survey on the mentioned systems is provided in [16].) Demonstrative2Like the Head-Feature Principle, the Subcategorization Principle, and so on. A selective list of themcan be found in the Appendix A.3, slightly adapted from [83].3Subsumption is achieved in DF by �-uni�cation via relative simpli�cation rules. M. Kifer, the authorof F-logic [61], uses the name of \into" uni�cation for F-terms subsumption; it should not be confused with\onto" uni�cation, which in NLP is usually called simply uni�cation.4H. A��t-Kaci called it matching, in the OSF system. It is achieved in DF via derivation constraints andthe type-inheritance principle.5See http://coli.uni-sb.de/claus/claus62.html.6See http://www.let.rug.nl/~vannoord/Hdrug.7See ftp://ftp.cogsci.ed.ac.uk:/pub/pleuk. 72



concurrent implementations of small HPSGs were made in Oz. DF, our concurrent constrainttype-feature system applied to HPSG processing uses Oz support [27].The structure of this chapter is the following:The next subsection will introduce the notation used in the sequel. Then there follows twomain sections, one dealing with the de�niteness, topic and modi�cation of the noun-headedNP, the other with the relationship between transitive VP linearization and clitics func-tionality in Romanian. A closing section will contribute with some special, complementaryissues to build up a concurrent parser for a subset of Romanian, based on HPSG.Upon our knowledge, this is the �rst HPSG applied study for Romanian.3.1.2 Meta-languageWe propose a simple meta language for (both DF and Oz) logic records that will be used inthe formal description of lexical entries and HPSG rules.� a frame is a feature structure a[f1 = v1:::fk = vk],where f1; :::; fk are functional features, standing for f1(a) = v1; :::; fk(a) = vk;� a derivation a : bis a declarative way to express type feature inheritance.The symbols a; b and fi in the above syntax are references, namely either variables orconstant symbols. Extensionally, a and b can be �rst-order terms like in Prolog (tuples,in Oz). The symbols vi are either references or frames, and each fi can be a feature pathfi1:fi2: ::: :fini ,8 and a feature fi can take arguments: fi(ai1; ai2; :::; aimi). Elementaryframes like a[f = v] can be also denoted simply as equations: a.f = v.Types and conditions associated to features can be given like in:det[spec => noun].toti[spec = X] :- X[marking = de�nite].Equality can be naturally assumed as being overridden to the 3 relation in the case ofset-valued features.9 That means that for instance X.subcat = Y does not excludes X.subcat= Z for Y and Z having di�erent values. The notation => is reserved for typing single-valuedfeatures, while =>> does the same for set-valued features.10The semicolon `;' operator used for typing and set-valued features separates di�erentassociated types, respectively values.For a smooth correlation between typing and functionality, at the notational meta-language level we use the resolution operator `::' like in det[spec => np[::index = X]] thatgets \compiled" into:det[spec => np]Y[index = X] :- det[spec = Y].Also, as used in [103] for operational reasons, we will split the representation value ofthe well-known subcat feature that determines the valency composition of a sign in left- andright- sublists, with respect to the head daughter's position. For example: transVerb[subcat=>> <np> # <np>]. As an approximation, thorough this chapter, these left- and right8Such a feature path will be \compiled" into a[fi1 = Xi1[fi2 = Xi2[ ::: Xin[fini = vi] ::: ]]], withX11; :::;Xini fresh variables.9So, [X.subcat = Y] stands for X[subcat ->> Y] in DF, respectively fSubcat X Yg in Oz.10The reader should be aware of the fact that the term set-valued is used in F-logic and DF too in a slightlydi�erent acceptation than in the HPSG theory exposed in [83]. There set-valued features are functions takingas value sets completely speci�ed. In DF, set-valued methods/features specify possibles values from a set,not the set itself. The HPSG theory sees features only as functions, while DF admits also non-functionalrelations, in the interpretation of set-valued features and the typing of all (uni- or set-valued) features. Herewe use the term set-valued in the DF acceptation, which is more general.73



lists can be assimilated respectively to the subject's and complements' lists; theoreticalarguments for using such a splitting of the subcat list were given for instance in [17].The virtual string operator `#' (borrowed from Oz) is similar to the functor `j' used forlist construction. We use it (only) for pairing. It is left associative and his precedence orderis lower then that of `j'. The two constituents of a virtual pair will be addressed by thereserved features left and right. For lists we similarly use the features �rst and tail.The fact that one HPSG sign a has the category feature value b will be declared in thesequel by means of derivation: a : b.The dummy variable `�' used in feature descriptions stays for any value in the (maybe�nite) domain of that feature. For instance, nr = � means nr = sing _ pl. In a functionalimplementation of the lexicon, such a construction can be thought as being abstracted overthe contained dummy variables, so X [ case = � ] corresponds to local Y::[sing pl] in X^nr =Y end in Oz programming.11Finally we have to make precise the fact that in the lexical descriptions given in the sequelwe will not detail the content feature as used in [83]. We use instead the feature lf to storea weakened logic form associated to the HPSG sign, simple enough to support generationin demonstrative machine translation. Neither will be detailed the paths of HPSG features,as almost generally done in [83].3.2 On Romanian noun-headed NP:de�niteness, topic and modi�cationThis section presents an HPSG approach for the noun phrase (abbreviated: NP) in Ro-manian. We will limit our investigation mostly to noun-headed NPs. While focusing onNP's de�niteness, we will account for Romanian NP's topic and order-freedom, with specialattention paid to modi�cation (\adjunction" in [83]).As related work, we mention �rst that there is an elaborated account on NP in Romanianin Melania Florea's Ph.D. thesis [44], using the traditional derivational approach. She listsover 360 examples of many di�erent structures for the Romanian NP. Here we will (partially)recover this exemplifying corpus from the considerably more powerful perspective of theHPSG theory.Other studies on Romanian NP are due to Dobrovie-Sorin [37], Cornilescu [35], andFarkas [43]. Among di�erent HPSG studies on NP in other Romance languages are thosedone for French [1] and Italian [9].The principal characteristics of the Romanian NP are given below:� The Romanian NP can be headed by nouns and pronouns, as universally known, butalso by numerals, qualitative adjectives and demonstrative adjectives, that usually are nounmodi�ers or determiners. For instance:Al doilea [b�aiat] a pierdut [jocul]. = The second one/boy had lost [the game].Negrul [juc�ator] ĉ��stig�a. = The black one/player wins.Cel negru ĉ��stig�a. = The black one wins.These \second-class" potential nominal headers can carry themselves phonologically thedefinite characteristic for the whole NP, when occurring in leading pre-nominal position:11DF does not include (yet) special support �nite domain variables, but they can already be simply man-aged by means of typing and derivation. We have presented in [24] the possibility to introduce FD variablesin the theoretical background of F-logic, following the mainlines established by Pascal van Hentenrick in[101]. 74



[al doilea(def+) r�azboi(def�)](def+) = the second war = [r�azboiul(def+) al doilea](def+)[fostul(def+) prim-ministru(def�)](def+) = the former prime-minister[aceast�a(def+) t�ar�a(def�)](def+) = this country = [t�ara(def+) aceasta](def+).� There are many possible determiners and modi�ers for Romanian noun-headed NPs:demonstrative adjectives: acest, acel, celalalt = this, that, the otherpossessive adjectives: (al/a/ai/ale) meu, t�au, ... = my, your,...numerals (either cardinal or ordinal): unu, primul, al treilea = 1, 1st, 3rdNPs in genintive case: mo�sului, t��arii = old men's, of the countryrespectivelyqualitative adjectives: frumos, perfect, ro�su = beautiful, perfect, redprepositional phrases: de aici, pe mas�a = here, on the tableverbal non-�nite phrases: arẑ�nd, de v̂�nzare = �ring, on salerelative sentences: care trebuie f�acut�a = which must be done.And there is a great order freedom in combining the NP's head with its determiners andmodi�ers, and sometimes changes in the surface order triggers changes of the associatedmorphological roles:ace�stidet;def+ b�arbat�inoun;def� curajo�siadj = these brave men= b�arbat�iinoun;def+ ace�stiademAdj curajo�siadj= ace�stidet;def+ curajo�siadj b�arbat�inoun;def�bravuladj;def+ nostrupossAdj domnitornoun = our great king/lord= domnitorulnoun;def+ nostrupossAdj bravadj= [al nostru]det;def+ bravadj domnitornoun;def�= [al nostru]det;def+ domnitornoun;def� bravadj[al doilea]det;def+ juc�atornoun;def� = the second player= juc�atorulnoun;def+ [al doilea]adj.� There are not only def+/def� in
ections, as`-ul' in `b�aiatul' = the boy, `-a' in `fata' = the girl (def+), and", the phonetically null morpheme, in `b�aiat' = boy and `fat�a' = girl (def�),but also case in
ections , and that's equally true for for both NP's head and its determinersand modi�ers:" in`b�aiat', `acest', and `fat�a', `aceast�a' (nom/acc), respectively`-ui' in `b�aiatului', `acestui', and `-ei' in `fetei', `acestei' (gen/dat),and there are of course number in
ections, for instance:`-i' in `b�aiet�i' = boys (plural, def�), and `-e' in `fete' = girls (plural, def�).`-ii' in `b�aiet�ii' = boys (plural, def+), and `-ele' in `fete' = girls (plural, def+).The aim of this section is to give a rigorous account on this great diversity in the Ro-manian NP construction. Our central focus will be �rst on NP's de�niteness. We will showthat the classical view of de�niteness as predicative feature for determiners' category is un-productive in the case of Romanian. De�niteness as marking is stronger but not enough toentail the explanation of Romanian noun-headed NP's topic. We prove that a rule-governedcombination of de�niteness as feature and de�niteness as marking is what explain in fulldetails the topic of the Romanian NP. This is the subject of the next �rst subsection.The second subsection deals with NP modi�cation. The focus here is on lexicality. Di�er-ent categories of modi�ers are analyzed. A special point is dedicated to the modi�cation ofNPs of verbal nature (the traditionally so-called \long in�nitives"). We give the lexical rulesthat govern their syntactic combinatorial capacity, starting from the lexical descriptions ofthe associated verbs. 75



3.2.1 On NP de�niteness and topicTraditionally, the proclitic article `un/o' (singular, masc./fem., nom/acc) has been consid-ered the \unde�nite" tag for Romanian nouns, and it was almost always put in contrastwith the enclitic \de�nite" article.12 This limited view on de�niteness in Romanian, whileo�ering some pragmatic support in learning Romanian grammar, is obviously insu�cient ina rigorous formalism aiming to explain the Romanian NP's great diversity.The following points justify our position with respect to de�niteness in Romanian:1. De�niteness is a NP holistic characteristic, with both phonetic realization and semanticrole assigned. But analyzing the previous examples, we can clearly see that de�niteness inthe Romanian NP is lexically related in many cases not to the noun head itself, nor to itsdeterminer, but to one of its modi�ers.So, we are naturally led to move from the traditional view on de�niteness as predicativefeature (def+/def�) towards de�niteness as marking.2. The proclitic and enclitic articles in Romanian, like their correspondents in English, areexclusive but not complementary. This is explained semantically, from the perspective ofquanti�ers' logic: the two articles have logic quanti�ers associated with, 9 and respectively9�. The �rst is within the de�nite case, and the other within the unde�nite case, butneither one cover entirely its case, simply because the de�nite case is characterized by aquanti�er sequence ::: 9�::: , while the unde�nite case takes the rest (including for instancethe universal quanti�er 8, which is never associated to articles).We will use de�niteness as a boolean feature (only) for determiners, seeing the def-/def+values as function of the determiner's semantically associated quanti�er, as speci�ed above.3. There are di�erent levels of possible quanti�cations inside the NP, and they can bedi�erently marked with respect to de�niteness.13That's why we are led to search for a combined rule-based approach to de�niteness.Indeed, we will see that �rstly, the definite/undefinite marks are (lexically) associated thenoun head, then we can mark as definite an undefinite a (possibly modi�ed) noun head, and�nally the de�niteness mark can be overridden at the (saturated) NP level by a rule thatinvolves def+/def- features on determiners.To sum up, the key point in our approach to explain/order the diversity of RomanianNP construction from the HPSG perspective, is that we usedef , an HPSG marker sign that is in general phonetically not null, marking for de�nite,def , an HPSG predicative feature, hence valued + or -, associated to determiners only, andDEF, the de�niteness rule in Romanian, to govern the relationship between def as markerand def as feature.Remark: From now on we will take care to disambiguate from the context between defas marker and def as feature, so that boldface in writing the �rst one will no longer be used.Once considering def as a sign on its own, we can assume that all nouns come from thelexicon marked as undef. Their de�nite form will be the def-marking result.We use the following de�nition for the noun's subcategory list:noun.subcat =>> < (det) > # nil12The in
ective forms of the enclitic article are: `-ul', `-a', `-i', `-le' for singular/plural�masculine/feminine� nom/acc.13Otherwise said: the definite and undefinite marks are not mutually exclusive between di�erent levelsinside the NP structure. 76



where parenthesis mean optionality. As used in [83], np will denote always a saturated noun.The acronym NP refers formally to np but also to its (and also to the noun's) modi�ed andmarked forms.Figure 3.1 presents an overview of the Romanian NP's topic, involving noun's sub-categories, the definite marker and possible adjuncts (modi�ers). There the solid lines cor-respond to constituent relationships: header (H), and complement-daughter (C). Dottedlines denote speci�cation constraints; dotted curves refer to marking. Dashed lines identifymodi�cation relationships. The solid arc between def+ and def stands for the DEF rule'se�ect.
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Figure 3.1: Romanian NP's topic at a glance.We think that is good to describe now more formally the concepts we were alreadydealing with.14 So:{ a determiner is the (semantically quanti�ed) subcategory of a noun;{ a de�ner15 is a determiner whose logic form contains the uniqueness quanti�er;{ a modi�er is an HPSG sign constraining the semantics of the head to which it is adjoined;{ a marker is an HPSG sign that changes the marking feature value of the head it combineswith.Figure 3.2 o�ers an overview of de�ners in Romanian, together with (unde�nite) deter-miners and NP modi�ers. There,�9 quanti�er addresses a tuple �x 2 R� = S1i=1Rn, while9n takes its argument from Rn, and9� speci�es the unique existence of its argument. (R is the quanti�ed relation.)Derived forms of 9 are �9� and (9n)�. The is-a hierarchy of Romanian de�ners is presented inFigure 3.3. The insertion of this hierarchy in the HPSG sign hierarchy is shown in Figure 3.4.The lexical description associated to the de�nite marker in Romanian is:def:de�ner[phon = phonFun(self.spec.index)marking = de�nitespec =>> noun ; npsubcat = nil # nil].14We do this at least for local \working" purposes. Also, we are preparing thus the way for further work,in which we plan to analyze de�niteness in Romanian much closely to the theory of quanti�ers' logic.15Or: de�nite determiner. 77



Romanian determiners and NP modi�ersUndef. Determinersunde�nite pronouns:�ecare 8oricare/orice 8cevaunii/unele �9unde�nite article:un/o: 9cardinal numerals 9npronominal adjectives:nici un/o 6 9vreun/vreo 9ni�ste �9

De�nersdem. pronouns/adj.:ace�sti[a] �9�acei[a] �9�possessive adjectives:meu 9�mei �9�de�nite pronouns:TOT�I 8�9�possessive article:AL + poss.pronoun/gen.NP 9�ordinal article:AL + ord. numeral 9n9�demonstrative articles:CEL + ord.numeral 9n9�CEI + card.numeral (9n)�CEL/CEI+qual.adjective 9�

NP Modi�ersqualitative adjectivesgeninitive NPspossessive articleprepositional phrasesnon-�nite VPsrelative sentences

Figure 3.2: A synoptic HPSG view on Romanian noun's complements and modi�ers.Note that the definer's phon feature value is subject of applying a rule (phonFun) on indexof the marked noun or noun phrase.We state now the DEF rule, whose introduction was argued before:(DEF) The Romanian De�niteness RuleThe def+ featured determiners transfer their de�niteness onto the whole NP.Said it in another way: if a noun subcategorizes for a def+ featured determiner, then, aftersaturation, it has to be def-marked. Formally, the new, def-marked phrase is described by:m(X)[ marking = de�nitemarking daughter = defhead daughter = X] :- X.subcat.left.�rst[def+]where m is, by convention, a Skolem functor replacing the existential quanti�er on X in thelogical formula underlying this de�nite clause.The constituent structures of di�erent simple examples of Romanian NPs are illustratedin Figure 3.5. The translation of those phrases is given bellow:A: rege[le] = [the] kingB: mare[le] rege = [the] great kingC: un rege = a kingD: [acest] mare rege = [this] great kingE: [tot�i] regii = [all] the kingsF: [tot�i] marii regi = [all] the great kings.78
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Figure 3.4: Romanian de�ners in the HPSG sign hierarchy.Note in Figure 3.5.D the application of the DEF rule. More complicated NP examples, likeG: cei trei regi = those three kingsH: cel mai mare rege = the greatest kingI: al doilea rege = the second kingJ: al nostru rege = our kingand K: trei regi = three kingsL: ace�sti trei regi = these three kingsM: tot�i cei trei mari regi = all those three great kingsN: un al doilea rege = a second kingwill be analyzed in the remaining part of this section, when we deal with phrase determinersin Romanian (examples G{J from above), and respectively in the last section of this chapter,where an approach for the treatment of multiple determiners (examples L{N) based onconcurrent-constraint variables will be introduced.79
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Phrase determinersPhrase determiners in Romanian are headed by:AL { the ordinal and possessive articles, subcategorizing respectively for an ordinal numeraland a possessive adjective. (The possessive adjective can be a noun determiner on itsown in post-nominal position). AL globally denotes the singular{plural � masculine{feminine forms: `al', `a', `ai', `ale', and corresponds (when subcategorizing for ordinalnumerals) to the English determiner `the'.CEL { the singular demonstrative pronoun subcategorizing for the preposition particle `de-'and a phrase headed by the ordinal article. CEL stands for the masculine{feminineforms: `cel', `cea', roughly corresponding to the English determiner `that'.CEI { the plural demonstrative pronoun subcategorizing for a cardinal numeral or an adjec-tive phrase. CEL stands for the masculine{feminine forms: `cei', `cele', correspondingto the English `those'.The content/lf feature values to be associated to these determiners raise no problem:AL: nth(N, X), respectively poss(Y, X),CEL: nth(N, X),CEL/CEI: the(N, X), respectively the most(Z, X),where X is the index of the heading noun, Y is the possessor, N is the number associatedas expected with the numeral, and Z is the (name of) the modifying relation introduced bythe adjective.Phrase determiners in Romanian are analyzed just naturally via the ID rule schemata, asshown by the examples in Figure 3.6. However, this is not the case for NPs with multiple (or:stacking) determiners. An interesting \recursive" extension of one ID schema, introduced inthe remaining part of this subsection, allows nicely for their concurrent constraint analysis.Now, as we are ready to move to the subject of NP modi�cation, note that we assignto the possessive article a double role: one as noun determiner, the other as NP modi�er(always in post-nominal position). Here we give the corresponding lexical descriptions:al:det[spec =>> noun[::index.case = gen:: subcat = nil#nil:: index = X::lf = Y]subcat =>> nil#possAdj[::lf = Z]index = Xlf = of(Y, Z)].al':possArt[subcat =>> nil#possAdj[::lf = Y]mod =>> np[::index = X lf = Z] ; possPron[::index = X]index = Xlf = of(Y, Z)].3.2.2 On NP modi�ersWe will refer here in depth to some modi�ers of the noun-headed NPs. Then we will analyzemodi�cation for NPs headed by nouns of verbal nature, the traditionally so-called longin�nitives.1616We are not dealing here with qualitative adjectives as NP modi�ers, since in Romanian they are treatedjust in a similar way to the English HPSG [83]. 81
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Figure 3.6: Examples of phrase-determined Romanian NPs.Nominative NPsIt is possible that nominative NPs modify (not necessarily noun-headed) NPs like in:Ion, b�at�au�sul = John, the �ghterEl, unul ... � He, himself ...We will treat these constructions as co-indexed conjuncted NPs.Genitive PhrasesGenitive NPs modifying nouns are probably the most simple example in the subject ofRomanian NP modi�ers:numele mamei [sale] = [his/her] mother's name.We treat the possessive adjective (`sale' = his/her) as a determiner of the noun `mamei', asthe HPSG for English in [83] does. After adjunction, the above NP will have associated thelogic relation nume(X) ^mama(Y ) ^ of(Y; 3s) ^ of(Y;X).We use the lexical descriptions:mamei:noun[phon = \mamei"index = [nr= sing gen=fem pers=3case=gen] 82



mod =>> np[::lf = X]subcat = nil # nillf = of(mama,X)]sale:possAdj[phon = \sale"index = [gen=fem nr=sing pers=3case = gen] = Yspec =>> np[::index = Y::lf = X]subcat = nil # nillf = of(X, 3sf)].Coindexation with the possessor NP in the description of the possessive adjective is to benoted.A particular NP modi�er is the genitival preposition `de-' (roughly corresponding to theEnglish particle 's), that links a possessed NP and a genitival phrase headed by the articleAL and complemented by a possessor NP.Non-predicative Prepositional PhrasesThe English NP in the nominative case, that modi�es another NP usually corresponds inRomanian to an accusative NP complementing a prepositional phrase (PP) headed by thenon-predicative preposition `de':the gold ring = inelul de aurThe logical form lf corresponding to such a PP { namely, inel(X) ^ de(aur,X) { willbe naturally associated to the NP by the classical modi�er mechanism in the theory ofHPSG. (See the Semantics principle in the Appendix A.3.) The lexical entry associated topreposition `de' isde:nonPredPrep[phon = \de"subcat => : nil # < np[::index.nr = sing::lf = Y] >mod =>> np[::lf = X]lf = de(X,Y)].The order in which di�erent modi�ers can a�ect an NP in Romanian seems to be con-trolled by the following constraint:(MC) Romanian NP Modi�ers ConstraintModi�ers that a�ect a same NP can occur freely up to the following conditions:i. the words come before the phrasal modi�ers;ii. modi�ers headed by non-predicative prepositions come before the predicative ones.It should be added also that the possessive article in post-nominal position cannot becontiguous with the noun it determines. The following modi�ed NPs exemplify the pointsstated above:casa mea [cea] nou�a = my new househouse my that newcasa nou�a [� a mea] = the new house [of mine]the house new of minecasa aceasta [nou�a,] a mea = this new house of minethe house this new of mine 83



o cas�a nou�a de-a noastr�a = a new house of usa house new of uso cas�a nou�a din p�adure [� de lemn] = a new house in the foresta house new in forest of woodcasa nou�a [de lemn] din p�adure = the new [wooden] house in the forestthe house new of wood in foresto cas�a de lemn [� nou�a] = a [new] wooden housea house of wood newcasa nou�a [de lemn] = the new [wooden] housethe house new of woodLong in�nitive NPsThe focus in the sequel will be on those Romanian nouns that traditionally were called longin�nitives. These are words that{ lexically are in
ected like nouns,{ semantically express a verb action's result, and{ syntactically inherit | under certain constraints17 the correlated verb's subcat feature,therefore resulting in a quite distinct class of NPs. For instance, in the example:intentarea (unui proces) (fostului ministru) =bringing (a trial) (against the former minister)the noun `intentarea' is the long in�nitive of the verb `(a) intenta', and its modi�ers | `unuiproces' and 'ministrului' | correspond respectively the direct and the indirect objects in thesubcat feature of the verb `(a) intenta'. Obviously, the content/lf feature of the (whole)NP will be constrained similarly to the verb.We will examine in the sequel the case correspondence, trace possibilities and relativeposition changes that could while passing from the verb's subcat to the subcat of its longin�nitive.Intransitive verbs (but also transitive ones with traced objects) that possess long in�nitiveforms | henceforth assigned to the longInf feature | allow their modi�cation by a genitiveNP acting as the verb's subject:trecereanom timpuluigen = time 
yingSo, assuming a congruence relation on NPs' set up to di�erent case forms, we couldformulate the following lexical rule:18X:verb[ longInf = Ysubcat = Z:npnom j # ] ! Zgen[ mod = Ylf = subject of(Z, Y)]The case indices (nom, gen, dat) denote the corresponding case form of the NPs theysubscribe for.Transitive verbs in Romanian also enable their long in�nitives to subcategorize for theverb's direct and/or indirect objects:1917See for instance the Strict Indirect Object Constraint introduced bellow.18Or, taking longInf as noun's predicative feature (of one argument):Y:noun[longInf@X:verb[subcat = Z:npnom j # ]] ! Zgen[ mod = Ylf = subject of(Z, Y)].19But only for \full" objects, not also for clitic objects!84



X:transV[longInf = Ysubcat = < Subj:npnom > # < DObj:npacc (, IObj:npdat) >]!Y.subcat = nil # < (`de c�atre' Subjnom) �;� `de' DObjnomDObjgen �� (, IObjdat) >.Here above, the parenthesis express optionality. Examples:predarea j limbii române j student�ilor str�ainipredarea j limbii române j de c�atre noi ...cump�ararea j de c�atre trust j a uzineiintrarea j sportivilor ...trecerea j lui Eminescu j ... [̂�n postul de revizor]Obviously, verb modi�ers, like adverbs and prepositional phrases can intervene. Detailsare given in the next section. The following constraint that is related to the modi�ca-tion of long in�nitives reinforces the OFP principle (on Order Freeness and Preferentiality)formulated in the following section.(SIO) The Strict Indirect Object ConstraintIf the indirect object IObj is present in the long in�nitive's subcat list, then it has to bepreceded by one of the other two complements, Subj and DObj. The last two can be inverted.Non-�nite verbal modi�ers of the Romanian NPHere we simply list the following possibilities that can occur for non-�nite verbal modi�ersof the Romanian NPs:1. NP + `de'+in�nitive f(+ DObjacc) (+ IObjdat)g:pl�acerea de a �̂nv�at�a = the pleasure of learning2. NP + supine:lect�ia de inv�at�at = the lesson to be learned3. NP + gerund f(+ DObjacc) (+ IObjdat)g:un glas ĉ�nt̂�nd un ĉ�ntec = a voice singing a songHere the brackets denote that the order of the surrounded components is free.3.3 On transitive VP linearization andclitic pronouns in RomanianHere we present a fragment of HPSG for Romanian that, dealing with syntactic linearizationof transitive verbs, makes a special reference to clitic pronouns.This topic addresses the subject of word-order freedom in Romanian verbal phrases, andis linked to some important issues in the general theory of HPSG like unbounded dependencyconstituents (UDC), relative and interrogative constructions, and expletive pronouns.Precedent studies on the nature of Romanian clitics are [34] and [42]. HPSG studies onclitics in other Romance languages are well represented; we cite those for French [67] [68]and Italian [70].Several inferred linear precedence rules and speci�c ordering constraints are stated forthe Romanian transitive VP that. Together with the universal HPSG principles presented85



in [83], and using adequate lexical descriptions, they will serve to explain a signi�cant frag-ment of the Romanian language.20 A concurrent kernel system for parsing this fragment ofRomanian, implemented in both Oz and DF, our feature constraint system, will be reportedat the end of this chapter.213.3.1 Speci�c backgroundLet us start the presentation of our subject by making �rstly the general observation aboutRomanian that | as a primary support for its high order freedom | it is a very in
ectedlanguage. For instance, a Romanian verb normally has 30 in
ections = 2� 3� 4+6, wherethe ciphers stand respectively for number, person, time and mode22 in
ections. Also, a nounhas 12 = 2 � 2 � 3 in
ections, counting respectively the de�nite and unde�nite form, thenumber and case in
ections.Just following down the 
ow of this thought, we have to say also that there are threein
ected cases for Romanian: nominative/accusative, genitive/dative and vocative.23 Toget disambiguation between nominative and accusative, respectively genitive and dativecases, syntactic rules plus lexical speci�cations are used, such asi. complementing the di�erent subcategories of a verb, orii. saturating a (predicative or non-predicative) preposition, and respectively a possessivearticle or a nominative noun.For nom/acc dissociation see (i.) the example of the noun phrases `Ion' and `fata', andrespectively (ii.) the prepositional phrases `pe fat�a' and `̂�n parc' in the examples:(1) John kisses the girl. =a. Ion(nom) s�arut�a fata(acc). =b. Ion(nom) o s�arut�a pe fat�a(acc).The girl is in the park. = Fata(nom) este �̂n parc(acc)Here above, `̂�n' is a predicative preposition, while `pe' is a non-predicative one.24Examples of dat/gen case dissociation are:(2) a. John gives Mary the book = Ion(nom) �̂i d�a Mariei(dat) cartea(acc).b. a ora�sului(gen) = of the cityc fata(nom=acc) Mariei(gen) = Mary's daughter.Now, concerning the double translation (1) from English into Romanian, we emphasizethat the two Romanian versions are semantically perfect equivalent.25 In the example (1b),compared with (1a), the clitic pronoun `o' was introduced, and the noun phrase \fata"20The rules and constraints to be presented are:(NPA) Non-Predicative Accusative Rule(CP) Clitic Pronouns Rule(OFP) Order-Freedom and Preferentiality Rule(CN) Copy-Negation Rule(SO) Strict Obliqueness Constraint(DT) De�nite Trace Constraint(SIO) Strict Indirect Object Constraint(SSC) Wh-Strict Subcategorization Constraint21The present formal speci�cations are equally intended to improve/replace the generation module in ourMT system CHALLENGER 2.0 [27] that translates English into Romanian.22Romanian in
ected modes for verbs are: indicative, participle, gerund, subjunctive (traditionally called\conjunctiv"), imperative (singular), and supine (in Romanian: \supin").23We will not be concerned extensively with this last case in this work.24There is also predicative preposition `pe' in Romanian, corresponding to the English preposition `on'.25And also with: 86



saturates now (in unde�nite form) the the non-predicative preposition `pe'. The mentionedclitic is the unstregthen form of the third person singular feminine pronoun in the accusativecase. It is linked to the `pe'-headed PP in that the clitic index-copies the utterace of thedirect object's head, and it could even substitute/�ll the whole PP, like in:Ion o1 s�arut�a |1 = John kisses her.John her kissesNow, how to put these phenomena into the HPSG perspective, having also in mind tobuild up a concurrent processing strategy?While from the HPSG theory's declarative perspective, clitics can be generally accountedfor as unbounded dependency constituents, by using the ID Schema 6 (Head-Filler) to bindlinks open during during the application of other ID schemata, from a concurrent perspectivethese facts will be managed mainly by making the ID Schema 2 (Head-Complement) andSchema 6 combine in a suitable manner. The \superviser" control that's synchronizing thatcombination is provided by a complex of language speci�c rules and ordering constraints.These rules and constraints justify for� syntactic generation of Romanian clitics by object duplication� the controlled/limited order-freeness in Romanian predicative constructs.3.3.2 Immediate dominance andlinear precedence in the Romanian transitive VPWe came to the point where we could start the presentation of some Romanian speci�cHPSG rules for transitive verbal pharses. The �rst rule to be introduced presently triggerso� the possibility of (semantically) equivalent sentences like those given in example (1), byintroducing the direct object as a non-predicative `pe'-headed PP saturated by an NP inthe accusative case.(NPA) The Non-Predicative Accusative RuleThe accusative case for a Romanian de�nite26 NPs headed byi. animate featured common nounsii. proper names of animate beingspronouns, or relative pronomial adjectivescan be, respectivelyhave to be non-predicatively `pe'-subcategorized.The non-predicative preposition `pe' has associated the lexical description:pe:npredPrep[ phon = \pe"subcat =>> nil#<np[ ::index.case = acc::lf = Y]>lf = Y].Since for the cases i: and ii: the �rst part we have already given examples, here belloware some other examples for the second part of the ii: case in the (NPA) rule:S�arut�a Ion fata. = O s�arut�a Ion pe fat�a.Ion, fata o s�arut�a. = Ion, pe fat�a o s�arut�a.Fata, Ion o s�arut�a. = Pe fat�a Ion o s�arut�a.Fata, o s�arut�a Ion. = Pe fat�a o s�arut�a Ion.S�arut�a fata Ion. = O s�arut�a pe fat�a Ion.up to a certain contextual strengthening.26I.e. definite marked. See explanantion on Romanian noun-headed NP's de�niteness in the precedentsection of this chapter. 87



El o s�arut�a pe ea. = He kisses her.Pe cine o s�arut�a [el]? = Who is he kissing?El va �̂nt̂�lni fata pe care a s�arutat-o. = He will meet the girl he has kissed.(DT) The Romanian De�nite Trace ConstraintTraced (direct or indirect) semantically de�nite objects can be subcategorized by transitiveverbs.Said it in a somehow reverse way: (only) de�nite objects in Romanian may be traced,and if so, by e�ect of the (CP) rule given bellow, they are cliticized. We use the followingdescription of the Romanian noun object trace:traceObj[phon = \"index[ person = � number = � gender = �case = � ]marking = de�nitelf = �subcat = nil # nil].Now we come to the rule that governs the Romanian clitics' functionality.(CP) The Clitic Pronouns Rule (preliminary version)Romanian NPs which arei. `pe'-subcategorized, or traced objectsii. indirect objectshave to be, respectivelycan be copy-cliticized, i.e. duplicated by unstrenghten27 pronouns coindexed w.r.t. number,person, gender and case.This rule accounts for the occurrence of clitics in Romanian sentences, like `o' in (1b).The lexical entry for the clitic `o' is:28o:cliticPro[ phon = \o"index = [nr = sing pers = 3 gender = femcase = acc] = Xspec =>> = transVlf = spec.subcat.right.�rst.lfto-bind.slash = X]Procedurally, the (CP) rule is responsable for the correlation of nonlocal inherited featuresfor the indirect and direct objects that satisfy it, with to-bind features of the generated clitics.The two rules introduced so far, (NPA) and (CP), explain the occurrence of clitic pro-nouns as either direct or indirect objects. So, starting from the lexical description of atransitive verb likes�aruta:sTransV.subcat => <npnom > # < npacc>these rules justify for the presence of `pe' and 'o' in the example (1b), here re-uttered:Ion o s�arut�a pe fat�a. = John kisses the girl.27In Romanian traditional grammar terminology: forme \neaccentuate".28Remaind that non-local features to-bind and inherited are assumed set-valued, and in our notation, theequal sign is overiden to the `containing' relation, that is inverse to the `belonging to' (3) relation.88



However, these rules say nothing about the place these construction could (or should) take.This is actually the object of the following two statements: one constraint and a new rule.(SO) The Romanian Strict Obliqueness ConstraintThe \strict" obliqueness hierarchy in which the Romanian clitics enter is:� infPartsubjPart � � neg � � CLdatre
Pron � � CLacc � AUX � clAdv � verbwith the following exceptions (when the clitics appear on the right side of the verb):verb(IMPerative;AFirm)_GERund � CLdat � CLaccneg � CLdat � AUX � clAdv � verbpast � CLacc;sing;femCL and AUX in the above notation denote clitic pronouns, respectively auxiliary verbs.Then infPart, subjPart and re
Pron denote respectively the in�nitive particle `a', the subjunc-tive particle `s�a', and the accusative re
exive pronoun (`m�a/te/se/ne/v�a/se') in Romanian.The index past stays for past participle. Also, clAdv denotes the so-called clitic adverbs:`mai', `�si', `tot'.The fact that | in the de�nition given for the (SO) constraint | the order in theobliqueness hierarchy is \strict" means that nothing29 can be interpolated between thatsigns. Formally, � is a strict non-transitive order relation in the following algebraic sense:x � y =)6 9z : x � z � ySurely, not all members in the given obliqueness hierarchy have to be simultaneouslypresent in a syntactic construct but, those that occur have to respect the given obliquenessorder. The following examples illustrate the use of the (SO) constraint.|2, Ion i1 -o2 d�a Mariei1. = John gives it to Mary.John her it gives to MaryD�a -mi -o! = Give it to me!Give me it[Eu] [i1-] am dat -o2 |1 |2 = I gave it [to him].I him/hergave itNote: Clitic pronouns have a limited capacity of clitics' pairing because of their phono-logical unstrengthen status. So, a constraint that we would call Clitics' Lexical CombinationConstraint (CLC) must be stated, but we will not introduce it here.One should remark that the Strict Obliqueness constraint (SO) imposes a certain surfaceorder in the Romanian predicative phrases. In our concurrent-oriented approach, cliticsaccounted for by the (NPA) and (CP) rules, and constrained by (DT) and (SIO) constraints,enter the list value of a newly introduced feature, strictCat. While this is a list indeed strictlyordered, we'll see that the Romanian verb's subcat list is freely-ordered (so, one can see itin fact as a set). This is the departure point for concurrent processing of the Romanian VP.But obviously, there is more to be said until reaching this goal.Now, the speci�c rule that, complementarily to (SO), states the limited order-freedomin Romanian verb phrases is the following one:29I.e, verb modi�ers like adverbs or prepositional phrases. These modi�ers can freely intervene betweenthe verb's subcategories. 89



(OFP) The Romanian Order-Freedom and Preference RuleThe linear order of complement daughters in a Romanian verb phrase is free, and preferentialup to the verb's subcat feature.By \preferentiality" here we understand the fact that, statistically speaking, the identitypermutation of the subcat list is implicitly the most probable one. So, the natural order forditransitive verb's subcategories in Romanian is: subject, verb, indirect object, and directobject.30 We do not treat here the semantic strength associated with di�erent permutationsof the subcat list.What the (OFP) rule implicitly states is that transitive verb's subcategories can 
oat (or:be permuted) around the island built upon the verb head by clitics, according to the alreadygiven strict obliqueness hierarchy. For instance, starting from the given subcat feature of alexical sign likes�arut�a.subcat =>> < npnom| {z }Subj > # < npacc| {z }Obj >the (OFP) rule allows one to permute its components (the sign `#' included; it marks theposition of the verb itself), like in< Obj, Subj > # nil.Applying the (NPA) rule for an animated de�nite Object, we obtain< pp(`pe', Obj), Subj > # nil.and then, by joint e�ect of (CP) and (SO), we get< pp(`pe', Obj), Subj, `o' > # nil.The corresponding phonetic realization for Subj = \Ion" and Obj = \Maria" will bePe Maria Ion o s�arut�a.Note: The attentive reader should observe the technical subtlety here: not subcat list itselfis transformed, but (one of) its \work copy" that we call subcat�.Now we will extend the (CP) rule with a new case:(CP) The Clitic Pronouns Rule (complementary case)Romanian NPs which areiii. direct or indirect object in verb-inverted positionhave to be cliticized.That rule case refers to objects placed | by virtue of the (OFP) rule | in front po-sition in the subcat� list. We should remark that this extension of the (CP) rule, comingafter (OFP), does not involves circularity. In fact, we could \pop" up (OFP) as the �rstrule to be presented in the present approach. However, in order to ensure the gradualunderstandability, we did our presentation the way we did.Of course, parsing should reverse the above exempli�ed steps, ending up with identifyingwhich permutation of the header's subcat feature value was chosen to instantiate the subcat�list.30We estimate that the probability measure on di�erent permutations of the verb's subcat list is equal thereverse of the number of pair inversions with respect to the identity permutation.As a consequence, a sentence likeLui Ion i- am dat cheia eu. = I gave John the key.To John him gave the key I.is of lowest probability among di�erent possibilities to permute the verb's subcategories.90



Coming to the end of this subsection, we give one more linear precedence rule on verbs,to infer in some particular cases the negation (that appeared in the (SO) hierarchy).(CN) The Copy Negation RuleIf one of the subcategorized daughters of a verb is an NP headed/modi�ed by a negativedeterminer, or the verb is modi�ed by a negative adverb, then the verb phrase must take itsnegative form, i.e. it should be modi�ed by the negationneg:adverb[phon = \nu"mod =>> verb[::lf = Y]lf = not(Y)].Examples:Nimeni nu e absent. = Nobody is absent.Eu n-am vazut pe nimeni. = I saw no one person.[Ei] n-au v�azut-o niciodat�a. = They never sow her.3.3.3 On Romanian clitic pronounsNow, as \corollaries" to the Romanian speci�c HPSG rules on transitive verbs, we present� dative clitics as semantic disambiguators in interrogative/relative UDCs,� accusative clitics as de�nite (long distance) markers, and� expletive pronouns related to clitics.Dative clitics in interrogative/relative UDCsWe will show here how clitic pronouns in dative case could act as semantic disambiguatorsin interrogative/relative unbounded dependency constituents (UDCs) in Romanian.Let us take the following example:Cui �̂i1 spune |1 Ion c�a [el] i-2 a dat |2 cheia?[Whomhim/her tells John that he him/her has given the key?]�= Who is John telling to | that he has given the key to |?The above question in Romanian allows for two interpretations:{ one corresponding to the identity between John's addressee and the receiver (of thekey). This is also the interpretation of the English translation given above, whichimplies/obliges for the presence of a parasitic gap; and{ the other standing for the interpretation: addressee 6= receiver .The questioner (interrogative pronoun) `cui' in the above example can be bounded toeither one or the other gap/clitic �ller, depending on the semantic context. Let us examine,however, the two slightly di�erent questions:Cui2 spune Ion ca [el] i-2 a dat |2 cheia?Whom tells John that he him/her has given the key= Who2 is John telling that he has given the key to |2?and 91



Cui1 �̂i1 spune |1 Ion ca [el] a dat cheia?Whom him/her tells John that he has given the key= Who1 is John telling to |1 that he has given the key?These questions make use | by contrast with the previous ones, that involves ditransitivelexicalization for both verbs | a simple transitive lexicalization for exactly one of them: `aspune' = to tell, respectively `a da' = to give. What is signi�cant in this case is that thequestioner `cui' is de�nitely co-indexed with the receiver clitic (and the corresponding gap),and respectively the addressee clitic (and gap).So, we can conclude that:| clitics in dative case act as semantic disambiguators (by absence!) in interrogative andrelative constructions, and| clitics (in either acc or dat case) play a double role in interrogative UDCs: they areboth �llers of objective gaps, and object-traces co-indexed with the interrogative/relativepronouns.The lexical description to allow for such a double role is:�̂i:pPron[ phon = "̂�i" ; "i-"marking = de�nitesubcat = nil#nilnonLocal = [ inherited.slash = Yto-bind.que = Y] ]We appreciate that the solution presented above for the Romanian clitics' functionalityin wh-phrases is quite simple and robust: an object trace is bound by the correspondingclitic | if it has to be present by virtue of linear precedence rules presented in the precedentsection, and the clitic will be further slashed by the questioner/relativizer | or directly bythe questioner/relativizer if there is no clitic in use there.We add here a new constraint that limits the (OFP) rule's e�ect in relative and inter-rogative constructs:(SSC) The Wh-Strict Subcategorization ConstraintInterrogative and relative pronouns are strictly (OFP)-subcategorized, i.e.if an interrogative or relative pronouns is the subject of a verb31then it is bound (also) to the �rst position in the subcat� feature.Examples:Pe cine1 l1-ai v�azut? = Who1 did you see |1?� L1-ai v�azut pe cine1?Cui1 i1 l2-ai dat |2 ? = Who1 did you gave it2 to |1?� L-ai dat cui?[El/ea] a m�̂ncat ce1 a g�asit |1. = He/she has eaten what he/she has found |1.� A m�̂ncat a g�asit ce.31That means that it is the �rst component of the (left side of the) verb's subcat list.92



Accusative clitics as long-distance de�nite markersClitics are always de�nitemarked. When we have introduced the Non-Predicative Accusative(NPA) rule, we have stated that some Romanian NPs in accusative case could/have to be`pe'-subcategorized. What's interesting is that if the speci�ed NP is not adjuncted,32 thenby `pe'-subcategorization it has to occur unde�ned (i.e., unde�nite marked).Example:Ion s�arut�a fata(de�nite). = Ion o s�arut�a pe fat�a(unde�nite). =John kisses the girl.The fact that the NP that su�ers the above de�nite-to-unde�nite \degeneration" is ex-plained by the \transfer" of the de�nite feature from slashed NP back to the the bindingclitic. Putting it in a formal way is not di�cult at all using the dedicated features hereintroduced strictCat and subcat�.From clitics to expletive pronounsExpletive pronouns have by de�nition no semantic role associated with. In English they aretwo, namely `it' and `there', and they occur notably in time and weather expressions, andin the context of raise verbs.In Romanian, the expletive pronoun phenomenon is much more reduced, since{ usually pronomial subjects are not uttered in the verbal phrases, as they are deductiblefrom the verb's number � person in
ections.{ weather-like expressions in Romanian make use of impersonal verbs, copula here included:33It rains. = Plou�a.It is late. = Este t̂�rziu.However, there are in Romanian two expletive pronouns that relate to the singular cliticsand `o' (in the accusative case), and `i' (dative):Take it easy! = Ia-o u�surel!Take it for good! = Na-t�i-o bun�a!Go! = Dat�i-i drumul! = S�terge-o!Forget it! = D�a-o �̂ncolo! = Las-o balt�a!We should remark that these expletives occur especially with the imperative case. Theirlexical entries are the same as those of the clitics, except that they lack the content/lffeature and the non-local inherited and to-bind.slash features. For instance, the accusativeexpletive pronoun in Romanian is:o:explPro[ phon = "o"index = [ pers = 3 nr = sing gender = femcase = acc ]].Note that the accusative expletive pronoun in Romanian retained only the feminine form.The dative expletive pronoun in Romanian has lexically no gender associated with, sincethe two corresponding dative clitics has the same form for masculine and feminine, and infact it is not co-indexed with any object.32See the next section for a detailed discussion on a �ner-grained distinction between adjuncts and non-adjuncts.33The following lexical (partial description) for the impersonal copula is assumed:�:verb[index = [pers = 3 nr = sing]subcat = nil # nil].while the personal copula is characterized by subcat = <� > # nil ; <� > # <� >.93



i:explPro[ phon = "i"index = [ pers = 3 nr = sing gender = �case = dat ]].Also, as a second source of expleteness in Romanian, the re
exive impersonal form of�nite verbs is used in situations like:It is said that ... = Se spune c�a ...Such constructions are supported by the following lexical rule that acts in Romanian, to getthe re
exive impersonal form for virtually any main verb w:w'[subcat = < seeP [index = X] > # w.subcat.rightindex = X].where the impersonal re
exive pronoun seeP has the expletive-like lexical descriptionseeP [phon = "se"index = [nr = sing pers = 3]case = acc]deduced from the re
exive pronoun singular, third person:serP [phon = "se"index = [nr = sing pers = 3] = Xcase = acclf = 3s].3.3.4 More on the NPA rule and NP modi�cationExamples like(3a) * Ion s�arut�a fata [cea] frumoas�a.John kisses girl that beautiful(3b) Ion o s�arut�a pe fata [cea] frumoas�a. = Johns kisses the beautiful girl.John her kisses `on' girl that beautiful(3c) * Ion o s�arut�a pe fat�a [cea] frumoas�a.John her kisses `on' girl that beautiful.lead us to revise the Non-Predicative Accusative rule:� the case i: has to be limited to non-adjuncted NPs, and alsochanging the NP's de�nite mark into unde�nite | as exempli�ed when we were pre-senting clitics as de�nite \long-distance" markers| does not apply for adjuncted NPs,as illustrated by the example (3c).� the case ii: must cover adjuncted NPs too. See the examples (3a), (3b).Further more, we have to remark that the notions of adjuncted NP and non-adjunctedNP as presented so far, while being exclusive, they are not complementary: they do notexhaust the concept of modi�cation! We will show that we have to admit also| semantic-indirect-adjunction| syntactic-indirect-adjunction 94
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Figure 3.7: \Complementarity" of NP adjunction in Romanian.Let us introduce these notions also by means of examples:(4a) * Ion s�arut�a mama.John kisses the mother(4b) Ion o s�arut�a pe mama. = Johns kisses my mother.John her kisses `on' the motherIn any Romanian sentence, the NP \mama" (the mother), when not explicitly speci�ed,is referring to speaker's mother: \mama mea/noastr�a" (my/our mother). This is why wesay about this NP that it is semantically indirect adjuncted.34But, in a context like(5a) Ion �̂�si s�arut�a mama [* lui] = John kisses his mother.John him kisses the mother his(5b) * Ion �̂�si o s�arut�a [pe] mama lui.John him her kisses `on'the mother histhe NP `mama' is meant \his mother". This is because this transitive verb uses now asindirect object a dative pronoun that modi�es the semantics of the direct object:s�aruta(Subj = john, DObj = mother(def+), IObj:pron[index.case = dat]) !s�aruta(Subj, DObj) ^ of(DObj, IObj)This is why we say the full direct object in such constructions is syntactically indirect-adjuncted.A simple diagram showing the characterization of all these (four) types of NP adjunctionis shown in Figure 3.7.From the example (5b) also comes a new case for the NPA rule:34Such cases must be speci�ed lexically, by using a new, dedicated feature.95



(NPA) The Non-predicative Accusative rule (continued)iii. Syntactically indirect-adjuncted NP direct objects are not `pe'-subcategorized.Note: If we admit re
exive verbs as a subsort of transitive verbs, as a consequence of(NPA) case i:, it follows that objects of re
exive verbs must be `pe'-subcategorized, like inIon se vede pe sine in oglind�a. = John sees himself in the mirror.But in this case, the CP rule (extended to pronoun-headed NPs) must generate re
exivepronouns in the corresponding clitic's place. (And, simply, why do not admit such anextension!)The �ne-grained distinction operated in this subsection among di�erent forms of NPadjunction explain (via NPA case iii:) why sentences like (6a) and (6c) are accepted, but(6b) is regarded as ungrammatical.35(6a) Lui Ion i- am v�azut [eu] fata. = I met John's daughter.To John him met I the daughter.(6b) � Lui Ion i- am v�azut-o [eu] pe fat�a. � John's daughter, I met [her].To John him met her I girl.(6c) Fata, i- am v�azut-o [eu] lui Ion. = John's daughter, I met [her].The girl him met her I to JohnIn the above examples, the NP in dative case `lui Ion' syntactically indirectly-modi�es thedirect object NP in accusative.Just as an exercise, and to summarize the principal ideas presented in all this section,let us go into relevant details to explain why examples (6a) and (6c) are accepted.The Romanian verb `a vedea' = to see, has a primary simple transitive description withthe subcat featurevedea:diTransV.subcat = < npnom > # < npacc >.Example (6a) comes out from the following combined action of the Romanian HPSGspeci�c rules:(OFP): < Iondat > # < [eunom] , fataacc >(NPA): < Iondat > # < [eunom] , fataacc >(CP), (SO): < Iondat , i- > # < [eunom] , fataacc >Phon: Lui Ion i-am v�azut fata. = I met John's daughter.The sentence (6c) is accepted by �ller and gap dependency, making use of the De�niteTrace Constraint and the corresponding (trace extension) case of (NPA):(6c0) Fata1, [ eu] i2- am v�azut -o1 |1 (lui Ion)2.(OFP): < [eunom] > # < |1;acc , Iondat > (inherited.slashf1g)(CP), (SO): < [eunom] , i-dat > # < -oacc, |1;acc , Iondat >Fata1, ::: (toBind.slashf1g)35These examples were proposed to us by Agnes Farkas-Bende from the University of Budapest duringthe ACM Summer school on Logical Interfaces in Human-computer Communication, held at Beli�s-F̂�nt̂�nele,Romania, in July 1996. 96



In fact, the verb `(a)vedea' in the above context,36 has associated the dative clitic as aobligatory complement in the position stated by the Strict Obliqueness constraint. So, amore realistic description of its subcat feature is the following one:vedea2:diTransV.subcat = < npnom CL[::index = X ::lf = Y] > #< npdat[::index = X ::lf = Z], npacc[::lf = Z ^ of(Z,Y)] >.The reader could note how this lexical description speci�es that the direct complement issemantically modi�ed by the indirect object.
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Figure 3.8: Lexical linearization and semantic indirect adjunction precluding (NPA).It is helpful to see the linearization produced as lexical rule when passing from vedea1to vedea2 in an example like[Eu] i-am v�azut1 pe p�arint�ii lui Ion. = I saw John's parents =Lui Ion i-am v�azut2 p�arint�ii.which is illustrated in Figure 3.8. The verb `a vedea' passes from simple transitive toditransitive status by \exploding" the PP created by the e�ect of the (NPA) rule on thesimple transitive `a vedea': the head of the NP that saturates the preposition `pe' is retainedas the direct object of the ditransitive homonymous verb and the genitive NP modifyingthat head is moved up, changed to the dative case, and �nally becomes the indirect objectof the that (ditransitive) verb.3.4 Constraint-concurrency issuescomplementary to the Romanian HPSG kernelThis section will add an operational counter-part to the HPSG kernel for Romanian pre-sented in the precedent two sections. We propose �rstly a solution to the problem of multipledeterminers in the Romanian NP based on logic constraint variables, then a generalizationof the ID schemata 2 and 3 with free adjunction, and �nally two ID meta-rules that use con-currency to provide an elegant processing of the Romanian VP, including UDCs on clitics.36Here staying for `a-i vedea cuiva ceva/pe cineva' = to see someone's something / to meet someone'srelatives, in contrast with the usual form `a vedea ceva' = to see something.97



The core of the HPSG RoCK system that we started to implement (both in DF and Oz) ispresented in the end.3.4.1 Open constrained determinersThe following categories:{ the ordinal article{ cardinal numerals{ the possessive (singular, feminine) adjective, and{ demonstrative pronounswhile being determiners on their own, have the following particularity: they allow foradding supplementary determiners on their own position in the list representing the NP'scomplement-daughters feature value (henceforth denoted compDs).For example:toat�a aceast�a [ mare] cas�a = all this [great] housedet det adj nouncasa noastr�a cea [mai] mare = our great[est] housenoundet detWe introduce a new notion that plays an important role in explaining such phrases.An open subject is a category that allows for the registration of multiple occurrenceswhen it appears in the leftmost position of the subcat feature of the head it saturates. Thesemultiple subjects form a list that occupies only one place in the NP's compDs feature value.As already exempli�ed, in Romanian we have the phenomenon of open determiners.Operationally, an open determiner can load/stack upon itself another determiner (see theabove last example) and so on until a (maybe closed) determiner disables stacking recursion.The NP's compDs feature value is in this case a list made of only one element: a list ofdeterminers.Note that our DEF rule applies virtually to the every stacked determiner.Open categories will be open+ featured. In order to treat open subjects we propose arecursive extension to the ID Schema 1 (the so-called Head-Subject Schema in [83]). It wasinspired to us by the use of logic variables in concurrent constraint programming, notablyin the Oz Programming Model.(M.ID 1) The ID Meta-Rule Schema 1: Head { Multiple SubjectsMultiple subjectsare selected by the ID schema 1 triggered recursively by open+ categories, andare \in block" subject to the application of the Subcategorization Principle,taking (as a list) a only one place in the mother's compDs list.Note that the above formulation is indeed made at a meta-level, since it concerns theapplication of the ID schema 1 and the Subcategorization principle. We could eliminate thismeta-level, by stating an ID schema on its own, but we could not eliminate recursion in itsformulation.3737We guess that this stand-alone characteristic, implied however by the logical quanti�ers' semantics, madeC. Pollard and I. Sag hesitate to introduce such a rule in the general framework of the HPSG theory. Thisis why, as pointed out by H. Uszkoreit (personal communication), HPSG did not explained (yet) Englishconstructions like \all these men".Our proposal on open determiners is for sure a non-orthodox one but, from the operational point of view tobe introduced presently, it is enabling constraint concurrency in a clean enough way (we think, cleaner thenconventional approaches) to be considered as a further step towards an improved analysis of the RomanianNP. 98



Operationally, in a concurrent constraint approach, things go simply, somehow in thereverse order:1. An open+ subject S, selectable by the ID Schema 1, initializes the single element inthe compDs list of the mother sign to be build up with the open list X = S j X' = � .2. Any subsequently stacked (possibly open+) subject S' constrains further this list: X'= S' j X" = � , ::: .3. Finally, a subject S" closes this list by constraining the last introduced dummy variableto S" j nil, and then the Subcategorization principle is applied, thus saturating themother sign.Constraints concerning which new subject can be accepted by an open one, can bespeci�ed via lexical description, using the spec feature. For instance, in the analysis of themultiple-determined phraseacest al doilea rege = this second kingthis the second kingthe following (partial) descriptions are involved:acest:det[ open�].al:possArt[ open+reverse(spec.subcat.left).tail.�rst =>> demAdj].The lf (content) result for the application of the ID meta-schema 1 is obtained by stack-ing quanti�ers (dets) and by logically conjuncting the quanti�ed relations (restrinds). Wehope that our idea on open determiners is made clear by the following example:Example 3.4.1 The analysis of the NPtot�i ace�sti trei regi = all those three kingsis done in the following steps: after applying for a �rst time the (selection test in) the IDschema 1, the NP's compDs feature value is reverse([trei j � ]), where reverse is the functionreversing a list. The dummy variable (yet unconstrained) allows to stack the determiner`ace�sti', and constraints the compDs feature's value to reverse([trei j ace�sti j � ]). Finally,the (closed) determiner `tot�i' is accepted, and it closes compDs to the value [tot�i ace�sti trei].Accordingly, the lf's value evolution is:9�x; �x 2 Rege3;9��x; �x 2 Rege3 ^ these(�x);8y9��x; y 2 �x; �x 2 Rege3 ^ these(�x). 2Other examples of multiply-determined NPs in Romanian are graphically presented inthe Figure 3.9, L{N. There, the labels F and T are used respectively for the �rst and tailpositions in the determiners' list. As already said, this list is the single element of the NP'scompDs feature value.It is possible that open determiners be placed on inverted position with respect to thenoun they determine, and even on di�erent sides of the noun. For example:tot�i regii ace�stia = all these kingsall the kings theseThat situation is managed by using the inv+ feature in the lexical descriptions associatedto determiners that have to appear in post-nominal position.99
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Figure 3.9: Examples of Romanian NPs multiply-determined.acestia:det[ open+inv+].Finally, closing the subject of open determiners in Romanian, we make the observationthat constructions likeal doilea rege al nostru = our second kinga doua noastr�a regin�a = our second queenare prefered respectively to(?) al doilea nostru rege(?) a doua print�es�a a noastr�a.Therefore, a slightly di�erent lexical description must be assumed for the feminine possessivepronoun compared to the masculine one:nostru:possAdj[open�].noastra:possAdj[ open+reverse(spec.subcat.left).tail.�rst =>> ordArtP]though the feminine possessive article is similar to the masculine form.3.4.2 Free adjunction into the Romanian VPThe problem raised by the present approach for the HPSG analysis of transitive VPs in Ro-manian is that the Immediate Dominance rule schemata (henceforth: ID schemata) in [83]100



do not support directly | i.e, without extension | the Romanian VP adjunction. As stip-ulated by the (OFP) rule, the order-freedom in Romanian VP is total, as free-permutationof the verb's subcategorization list. But nothing was speci�ed there about modi�cation.Modi�ers can intervene everywhere before, after and in between VP's subcategories.The ID schema 5 (Head-Adjunct) in [83] allow adjunction before and after headed struc-tures licensed by the other ID schemata, and in consequence, adjunction is allowed only downto saturated or almost saturated phrases.38 Obviously, this does not cover \free"adjunctioninto Romanian transitive VPs, like in the following example:[Eu] i- am dat Mariei ieri cheia. = I gave Mary the key yesterday.I her did gave to Mary yesterday the keyIn order to solve this problem, �rstly we will introduce a special property, M-inversability ,and a weak form of phonetical contiguity, called M-contiguity , and then we will generalizethe ID rule schemata in [83] to allow free-modi�cation.The M-inversability is speci�ed by a predicative feature invM assigned to lexical signs.By de�nition, we assume that all Romanian VP modi�ers (and only them) are M-inversable,i.e. have invM set on +:X[invM+] :- X:prase[mod =>> verb].For M-contiguity, we give the following de�nition, intended to allow (M-inversable) ad-juncts to interleave freely with the subcategories of the sign they modify.De�nition 3.4.1 Given two HPSG signs A and H, we say that A is M-inversable w.r.t. Hif and only if{ A is invM+ and has the mod feature de�ned,{ H has the synsem feature value identical with the A's mod value, and{ A is contiguous with either H or another modi�er A' M-contiguous with A orone of the H's subcategories, with the assumption thatif A is M-contiguous with H, and C is contiguous (in the usual sense) with A, then C can beconsidered for the H's subcat list.Said it equivalently, a is M-contiguous with h if they are in the language generated by theregular expression A*(CA)*H(AC)*A*, where the As and Cs signs must modify, respectivelybe subcategorized by H, under the (usual) contiguity condition.Now, generalizing the ID schemata in [83] by replacing phonetical contiguity with M-contiguity,39 we will get immediately the recognition of HPSG signs like Romanian VPs inwhich modi�ers can be placed everywhere before, in-between and after the head's subcate-gories.Remark: The above generalization of the ID rule in the general theory of HPSG doesnot a�ect the HPSG for English as exposed in [83].3.4.3 Towards concurrent parsing of the Romanian VPNow let us view some additional issues in the HPSG approach, as preparations towards aconcurrent processing for Romanian VP:1. Consider the two additional features subcat�, the copy of subcat list obtained byapplication of the (NPA) and (OFP) rules,40 and strictCat, the list of clitics created by jointe�ect of the (CP) rule and (SO) constraint.4138I.e., phrases having the subcat list of length one.39In fact that's needed only for the schemata 2 and 3.40For non-verbal lexical entries subcat� is assumed equal to subcat.41As a consequence, the phonological realization of a VP, up to modi�ers' interleaving, will be101



2. Build up a new ID meta-schema that combines Schema 2 (Head-Complement) withSchema 6 (Head-Filler), correlating in fact head{complement and head{�ller relationships:(M.ID 2/6) The ID Head-Complement-Filler meta-schemaFor any slashed subcategory of a word, build up one head-�ller-structure having the head-daughter feature value equated to an open path to that head, and the �ller-daughter featurevalued to a saturated sign almost slashed42 co-indexed with that slashed component of thesubcat� list.The above formulation is a procedural, parsing-like 
avored. A reverse generation-likereformulation, and a declarative equivalent statement are not di�cult to �gure out.43Obviously, we have to manage the \closure" of the open path stated in the formulation ofthe ID meta-schema 2/6. This can be nicely achieved when the language speci�c rules thatgovern the involved UDCs are strong enough. For instance, in the case of clitic pronouns'phenomena in Romanian, the (CP) rule and the (SO) constraint completely de�nes thispath inside the VP construction. That path is just in \one-to-one" correspondence with thepreviously introduced strictCat feature. (See Figure 3.10.)
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clitics will be processed strictly ordered, cf. (SO), on the verb's left side,44complements will be processed nondeterministically (relative to verb's position, inside thedi�erence list associated), but constraint-concurrently with respect to clitics; andmodi�ers will be identi�ed in the background by a third concurrently run process.
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Figure 3.11: Constraint concurrently processing the Romanian VP.This conclusion naturally leads us to implement a concurrent head-corner parser extendingthe sequential one introduced by Gertjan van Noord in [103], that will be presented in thelast subsection of this chapter.We hope our idea behind the application of the ID meta-schema 2/6 will be made clearby the following example:Example 3.4.2 Let's do the syntactical analysis of the sentence:Cheia, i-am dat -o [eu] ieri lui Ion.0 1 2 3 4 5 6 7 8 9= I gave the key to John yesterday.After the verb head identi�cation (in the position2#4), the application of the M.ID 2/6schema proceeds to �nd out the clitics. The (SO) constraint immediately tells: clitics arein the 1#2 and 4#5 positions. Here the ID schema 6 is applied twice, one time for eachclitic viewed as a �ller and a non-determined/non-instantiated (yet) head. That head is thesame for the two applications of this ID schema. Correspondingly we build up the structureshown in Figure 3.12.A. As a consequence of clitics' identi�cation, the verb's subcategoriesare constraint to be identi�ed now within the interval 0#1; 5#9.There come the time now to apply the ID schema 2, extended with M-contiguity. Usingthe (OFP) rule, the verb's indirect object45 is found in the position 7#9, after havingpassed over the adverb in the 6#7 position. We can think that this adverb is poped up fora concurrent/further application of the ID schema 5, so our structure extends now as shown44With the notable exception of `-o' pasted to the right side of participles.45Constrained, cf. the (CP) rule, to the third person, singular, the dative case.103
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There are di�erent methods for doing parsing natural language. A �rst method was al-ready used inside the MT demo given at the end of Chapter 2: parsing as logic deduction.47There are a number of drawbacks for parsing as deduction, due especially to its inabil-ity to combine top-down and bottom-up search strategies. This is why a other parsingmethods where developed, like chart-parsing (based on work going back to [40]), left-cornerparsing [79], head-driven parsing [60] [102], and head-corner parsing [103]. Here we willconcentrate on this last mentioned approach.48The head-corner parsing method works not only for HPSGs but also for any grammarwhose rules individualize a \head" among the descendents of every nonterminal node. Head-corner parsing combines top-down and bottom-up search by| identifying a presumable head for the phrase to be parsed (e.g., a verb phrase for asentence, a verb for verb phrase, and a noun for a noun phrase), and then| doing parsing from the head position towards left and right (possibly concurrently), untilall descendent daughters become instantiated and the input gets consumed.A simple head-corner recognizer based on HPSGs and written in DF is presented inFigure 3.13. Its extension to a head-corner parser (besides the lexical analysis, the de�nitionsof predict and between functions which remain the same) is presented in Figure 3.15.We give �rstly a short description of the recognizer. Figure 3.14 can facilitate the un-derstanding of explanation. The recognizer input is presented as a list of lexical categories,which is the output produced by the lexical analysis. One or more categories are associatedto each input word. For instance, in the well-known sentence in demonstrative NLPTime 
ies like and arrow.the word like is categorized as preposition and verb too.Given an input sequence viewed lexically as a di�erence list E0#E, the predict functionwill non-deterministically choose | In the \sense" acknowledged by the set-valued functionbetween | a position Q0#Q within the input E0#E, together with one category associatedto Q0#Q.The head corner method takes Q0#Q as a presumable head, chooses a rule representedby Mother and LeftDs#RightDs, and then concurrently searches towards left and right forinput daughters corresponding respectively to LeftDs and RightDs categories. New bordersQL#QR are thus attained, and then recursively expanded to R0#R. The method parse1 putspredict and head corner together, in a single function de�nition, making the predict outputbe the input of the head-corner function, and reporting its result. If the output of parse1,R0#R, is just E0#E, then the input was recognized as belonging to the category Cat, andthis is returned as one possible result of the parse.Parsing (the reader is pleased to refer to Figure 3.15) modi�es recognition in the followingmanner:| instead of working on categories, as the recognizer did, the parser works on phrasestructures, here identi�ed by X-pre�xing : XSmall, XMother, XLeftDs, XRightDs;| �nally, it is checks out whether the \produced" output XCat is a subcategory of thecategory Cat asked in the beginning.47It was in fact the idea of parsing as deduction that led Alain Colmerauer to develop Prolog, the outstand-ing language of logic programming. His Metamorphosis Grammars [31] evolved further to the well-knownDe�nite Clause Grammars [80] and other logic grammars [3].48A number of important studies developed during the last years deal parsing schemata, i.e., generatingdi�erent parsing strategies within a single framework. See [91] for parsing as rewriting, and [90] for parsingas deduction. 105



P0#P[parse ->> Cat] :- P0#P[parse1 ->> CatjP0#P].E0#E[parse1 ->> CatjR0#R] :-E0#E[predict ->> SmalljQ0#Q],SmalljQ0#Q[head corner@E0#E ->> CatjR0#R].E0#E[predict ->> SmalljQ0#Q] :-E0#E[between ->> Q0#Q],Q#Q[lexical analysis ->> Small].E0#E[between ->> Q0#Q] :- Q0 = E0, Q = Q0 + 1.E0#E[between ->> Q0#Q] :-E1 = E0 + 1, E1 < E, E1#E[between ->> Q0#Q].SmalljQ0#Q[head corner@E0#E ->> SmalljQ0#Q].SmalljQ0#Q[head corner@E0#E ->> SmalljR0#R] :-Small[satP -> Mother ;subCat -> LeftDs#RightDs],f LeftDs.reverse[parse left@Q0,E0 ->> QL],RightDs[parse right@Q,E ->> QR] g,MotherjQL#QR[head corner@E0#E ->> CatjR0#R].nil[parse left@QR,EL ->> QR].HjT[parse left@QR,EL ->> QL] :-EL#QR[parse1 ->> HjQ1#QR],T[parse left@Q1,EL ->> QL].nil[parse right@QL,ER ->> QL].HjT[parse right@QL,ER ->> QR] :-QL#ER[parse1 ->> HjQL#Q1],T[parse right@Q1,ER ->> QR].Figure 3.13: A head-corner recognizer written in DF.The concurrent execution of logic inferences in DF is done by \selecting" the logic enginethat was presented in Chapter 2, via the syntax f ::: g, surrounding two or more atoms.49See the use of this syntax in the second clause of the de�nition of the head-corner method inFigure 3.13 and 3.15, where left- and right-complement daughters are parsed in a concurrentmanner. An Oz version of this head-corner parser is given in the Appendix B. Extendingthe parser here presented with the previously introduced ID meta-schemata 1 and 2/6 raisesno technical di�culty.
49It corresponds to the Oz 2.0 thread ... end notation.106
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P0#P[parse@Cat] :- P0#P[parse1 ->> CatjP0#P].E0#E[parse1 ->> XCatjR0#R] :-E0#E[predict ->> XSmalljA0#A],XSmalljQ0#Q[head corner@E0#E ->> XCatjR0#R].XSmalljQ0#Q[head corner@E0#E ->> XSmalljQ0#Q].XSmalljQ0#Q[head corner@E0#E ->> XSmalljR0#R] :-XSmall:Small, Small[satP -> Mother ;subCat -> LeftDs#RightDs],f LeftDs.reverse[parse left@Q0,E0 ->> QL#XLeftDs],RightDs[parse right@Q,E ->> QR#XRightDs] g,XSmall(XleftDs,XRightDs)jQL#QR[head corner@E0#E ->> XCatjR0#R].XSmall(XLeftDs, XRightDs)[head -> XSmallsubCat ->> XLeftDs#XRightDs].nil[parse left@QR,EL ->> QR#nil].HjT[parse left@QR,EL ->> QL#XHjXT] :-EL#QR[parse1 ->> XH:HjQ1#QR],T[parse left@Q1,EL ->> XT$QL].nil[parse right@QL,ER ->> QL#nil].HjT[parse right@QL,ER ->> QR#XHjXT] :-QL#ER[parse1 ->> XH:HjQL#Q1],T[parse right@Q1,ER ->> XT#QR].Figure 3.15: A head-corner parser written in DF.
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SUMMARYThis thesis presented DF, a feature constraint concurrent system that brings togetherseveral interesting ideas from some recent directions in logic programming: Object-OrientedLogics (represented here by F-logic), Feature Constraint Systems (OSF and CFT systems),Concurrent Constraint Programming (the cc and Oz models), with the �nal aim to develop ademonstrative system for natural language concurrent processing based on HPSG grammars.The DF system coupled a declarative constraint semantics �a la F-logic with an operationalsemantics based on concurrent rewriting rules. While conceptually, with respect to thetyping discipline, DF can be seen \in between" the OSF and CFT systems, it has its ownpersonality due to the principle-based concurrent treatment of open conditional hierarchiesof �ner grained featured descriptions.We did a prototype implementation of DF in the multi-paradigm concurrent languageOz, by de�ning an object-oriented typed alternative to its open record subsystem. DF isapplied to Natural Language Processing | parsing, generation and Machine Translation.We have started a study for writing a HPSG kernel system for Romanian, with concurrentimplementation.The de�niteness, topic and modi�cation of Romanian NP is analyzed, and Romanianclitics' functionality is explained based on transitive VP linearization. We design two meta-schemata on top of Pollard and Sag' ID rule schemata: the ID Meta-Schema 1, working onstacking subjects (like Romanian determiners) and the ID Meta-Schema 2/6, for correlationof quasi-ordered unbounded dependency constituents (as clitics inside Romanian transitiveVP). These two ID meta-schemata put concurrency to work within the constraint frameworkof the HPSG theory. An extension of ID Rule schemata 2 and 3 in [83] is proposed, basedon the newly introduced notion of M-contiguity, and that's suitable for natural languageswith (partial) free-order adjunction, like Romanian.Further workFurther development issues of this work are:{ A cleaner approach for doing concurrent inferences in DF:studying well-combined heuristics for the run-time completion of the referencesort signature is still needed{ A renewed implementation for DF, according to Oz 2.0 updated features, mainly basedon developing concurrent compiling techniques.{ Passing from the demo/prototype level to a robust concurrent constraint-based NLP/MTsystem underlined by DF.Now, the last word of the author about his thesis:For long time I didn't hope I'll ever do such a work.50 Then I was afraid I will not be be ableto end it. There is indeed a metaphoric sense in which the feary tail of Grimms brothersabout Eliza, the prices, happens to be true for me now: something (like a sleeve, for the lastswan) is missing here, even I tried to do my best.51But in another sense, I realized that's good that this work remains in fact not �nished.And this makes me particularly happy, because I hope some insights here presented areworth enough to be continued and developed in the near future, by me and my students inRomania.If there would be an end for this work, then it is not worthy!A50Since practically I was not allowed by the political regime in my country.51I know about what's missing, and the reviewers will see it much better then me.109
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A.1 An overview of F-logicWe give here a brief outline of F-logic, slightly adapted from [61]. For convenience werestrict the presentation, assuming Datalog terms instead of Prolog ones in the de�nition ofsyntactic constructs in F-logic (in particular, F-terms). Also, for the sake of uniformity, wedo not de�ne atoms on top of terms; we introduce instead predicative (or: boolean) methodsin the F-term's de�nition. All results are naturally preserved in these new settings.A.1.1 F-Logic syntaxLet be C a set of constants ranged over by a; b; c; ::: and V a set of variables denotedX;Y; Z; ::: .Both constants and variables will be called in the subsequent references, and we will rangethem over by s; t; u; v; ::: .Syntactic constructions in F-logic are de�ned by the following BNF grammar:is-a term := s : tequation := s = tframe-term := s[method ; method ; ::: ;method]method := u@v1; :::; vn quasi-type tquasi-type := ! j ) j !! j )) j�bFrame-terms are usually simply called F-terms. The reference s in the f-term's de�nitionis sometimes called the F-term's identi�cation part. The reference u in the method speci�-cation corresponds to the well known notion of feature, and the (possibly empty) sequenceof arguments v1; :::; vn is commonly referred to as the context of feature's application. Thereare �ve kinds (we call them quasi-types) of methods: functional methods which correspondto the quasi-type !, set-valued methods (!!), function-typing methods ()), set-typingmethods ())), and boolean (�b) methods.All these methods are assigned to partially de�ned mappings. Functional methods aresingle-valued, while set-valued methods are multi-valued mappings. Function-typing meth-ods and set-typing methods are multi-valued too, and they de�ne which types the valuestaken by functional methods, respectively set-valued methods should belong to. Booleanmethods act like functional methods whose range is restricted to a set containing only onevalue: >, here a denotation for the truth value true. (Therefore, the explicit writing of thisvalue becomes super
uous.)F-logic formulae are de�ned as one would expect, using logical connectives and quanti�ersover is-a terms, equations and F-terms.A.1.2 F-Logic semanticsF-logic declarative semanticsThe declarative semantics of F-logic is an intensional one, meaning that relations de�ning forinstance functions and predicates are associated to symbols' denotations in the interpretationdomain (instead to syntactic symbols themselves, as the �rst-order logic usually does).A semantic F-structure over an alphabet C is a tupleS =< D;�; IC ; I!; I); I!!; I)); IP >where: 111



� D { the domain of interpretation { is a non-empty set;� � is a partial order relation on D;if x � y, then we will say that x is in the class y, or: x is of the type y.� IC : C ! D is the interpretation of constant symbols;� I! : D !Qn�0 Partial(Dn+1; D) is the interpretation of functional methods.Partial(A;B) denotes the set of all partially de�ned functions from A to B.(I!(m))(n)(u; u1; :::; un) denotes, when de�ned, the value taken by the functionalmethod m when applied to the object/class u with the arguments u1; :::; un.� I) : D ! Qn�0 PartialAntimonotone(Dn+1; 2DS" ) is the interpretation of function-typing methods.2D" denotes the set made out of all upward-closed subsets of D.A subset A of D is in 2D" i� for every x 2 A there follows that every set y � D suchthat y � x, also belongs to A.Given A and B, two sets partially ordered respectively by �A and �B , a functionf : A! B is antimonotone i� whenever f(x) is de�ned then f(y) is de�ned for everyy �A x, and f(x) �B f(y). (The antimonotone property is used further for argumentsubtyping.)(I)(m))(n)(u; u1; :::; un), when de�ned, has the following meaning: the value taken bythe functional method m called by u in the context u1; :::; un belongs to each one ofthe classes in the set denoted by (I)(m))(n)(u; u1; :::; un) .� I!! : D !Qn�0 Partial(Dn+1; 2D) is the interpretation of set-valued methods.2D denotes the powerset of D, i.e., the set of all subsets of D.(I!(m))(n)(u; u1; :::; un) denotes, when de�ned, the values taken by the set-valuedmethod m when called by u in the context of u1; :::; un.� I)) : D ! Qn�0 PartialAntimonotone(Dn+1; 2D" ) is the interpretation of set-typingmethods.(I))(m))(n)(u; u1; :::; un), when de�ned, has the following meaning: all the valuestaken by the set-valued method m called by u in the context u1; :::; un belong to eachone of the classes in the set denoted by (I))(m))(n)(u; u1; :::; un) .� IP : DS !Qn�0 2Dn+1 is the interpretation of predicative methods.For each n � 0, the (IP (m))(n) component of IP (m) denotes the set of all tuples< u; u1; :::; un > that make m be true when appealed by u in an n-ary predicativecontext.The well-typing conditions that link the interpretation of one method's values to itsassociated types are stated as follows:if q = (I!(m))(n)(u; u1; :::; un), then q � r for each r 2 (I)(m))(n)(u; u1; :::; un), andif q 2 (I!!(m))(n)(u; u1; :::; un), then q � r for each r 2 (I))(m))(n)(u; u1; :::; un).112



The notion of variable assignment in a given F-semantic structure S is de�ned as usually.The satis�ability of is-a terms, equations and elementary F-terms1 is de�ned by the followingformulae (assuming that � is a variable assignment in the F-semantic structure S):S; � j= s : t i� �(s) � �(t) in D;S; � j= s := t i� �(s) = �(t) in D;S; � j= u[m@u1; :::; un ! v] i� (I!(�(m)))(n)(�(u); �(u1); :::; �(un)) is de�ned andequal to �(v);S; � j= u[m@u1; :::; un ) t] i� (I)(�(m)))(n)(�(u); �(u1); :::; �(un)) is de�ned andcontains �(t); similarly for !! and )); and �nallyS; � j= u[m@u1; :::; un] i� (I!(�(m)))(n) contains < �(u); �(u1); :::; �(un) >.F-logic operational semanticsF-term uni�cation is de�ned in the case of is-a terms and equations via uni�cation of arraysof (Datalog) terms. Given an F-term s, we say that it uni�es \into" the F-term t, and �is one of their unifying substitutions, if the set of elementary F-subterms of �s is includedinto the set of elementary F-subterms of �t.The notions of more general uni�er and complete set of most general uni�ers in thesesettings are de�ned as one would expect. Note that distinct most general uni�ers of twoF-terms are not necessarily identical up to variable renaming.The F-inference rules are the following:1. Resolution:T _ C; T 0 _ C 0; � = mgu(T; T 0)�(C _ C 0)2. FactorizationT _ T 0 _ C; � = mgu(T; T 0)�(T _ C 0):T _ :T 0 _ C; � = mgu(T; T 0)�(:T 0 _ C)3. ParamodulationL[T ] _ C; (T 0 := T 00) _ C 0; � = mgu(T; T 0)�(L[T 00] _ C _ C 0)4. Is-a Re
exivityX : X5. Is-a TransitivityP : Q _ C; Q0 : R _ C 0; � = mgu(Q;Q0)�(P : R _ C _ C 0)1An F-term is elementary if it contains only one method. Of course, any F-term is equivalent to aconjunction of elementary F-terms. 113



6. Is-a AntisymmetryP : Q _ C; Q0 : P 0 _ C 0; � = mgu(< P;Q >;< P 0; Q0 >)�((P := Q) _ C _ C 0)7. Well-Typing ConditioningP [M@Q1; :::; Qk ! R] _ C; P 0[M 0@Q01; :::; Q0k ) R0] _ C 0,� = mgu(< P;M;Q1; :::; Qk >;< P 0;M 0; Q01; :::; Q0k >)�(R : R0 _ C _ C 0)Similarly for set-valued methods: replace ! by !!, and ) by )).8. Type InheritanceP [M@Q1; :::; Qk ) T ] _ C; S0 : P 0 _ C 0; � = mgu(P; P 0)�(S0[M@Q1; :::; Qk ) T ] _ C _ C 0)Similarly for set-valued methods.9. Argument SubtypingP [M@Q1; :::; Qi; :::; Qk ) R] _ C; Q00i : Q0i _ C 0; � = mgu(Qi; Q0i)�(P [M@Q1; :::; Q00i ; :::; Qk ) R] _ C _ C 0)Similarly for set-valued methods.10. Range SupertypeP [M@Q1; :::; Qk ) R] _ C; R0 : R00 _ C 0; � = mgu(R;R0)�(P [M@Q1; :::; Qk ) R00] _ C _ C 0)Similarly for set-valued methods.11. FunctionalityP [M@Q1; :::; Qk ! R] _ C; P 0[M 0@Q01; :::; Q0k ! R0] _ C 0,� = mgu(< P;M;Q1; :::; Qk >; (< P 0;M 0; Q01; :::; Q0k >�(R := R0 _ C _ C 0)12. MergingP [:::] _ C; P 0[:::] _ C 0; � = mgu(P; P 0); R = merge(�(P [:::]); �(P 0[:::]))R _ �(C _ C 0)13. Elimination:T [ ] _ CCThe following result links the declarative and procedural semantics of F-logic:Theorem A.1.1 (Kifer et al.): The above F-inference rules are sound and complete withrespect to the declarative semantics priorly given. That is, for any unsatis�able set S ofF-clauses, there is a derivation of the empty clause from S using the above given inferencerules. 114



A.1.3 Semantic F-structures vs. DF-constraint algebrasFinally, the correspondence between semantic F-structures here de�ned and DF-algebrasintroduced in Chapter 1, is quite natural.Let be the DF-semantic structureS =< DS ;�S ; ISC ; IS!; IS); IS!!; IS)); IS�b > :We de�ne the DF-algebraA(S) =< DA;�A; IAC ; (IAu!�v)u;�v ; (IAu)�v)u;�v ; (IAu!!�v)u;�v; (IAu))�v)u;�v ; (IAu�b�v)u;�v >by takingDA = DS [ fTg, with T 62 DS ,�A=�S [f(u;T)ju is maximal element in DS , wrt �Sg.IAC = ISC ,(IAm!�v)(n)(m) = f(u;w)2DAj(IS!(m))(n)(u; �v)) is de�ned and equal to wg, wheren is the length of the sequence �v,(IAm)�v)(n)(m) = f(u;w)2DAj(IS)(m))(n)(u; �v) is de�ned and contains wg;similarly for !!, and for )), and �nally(IAm�b�v)(n) = fu2DAj(IS�b (m))(n) contains (u; �v)g.Due to the well-typing conditions stated for F-semantic structures, A(S) satis�es all theaxioms stated for DF-algebras but the axiom (C).2 Moreover, for every ' DF-logic formulaand every � valuation in S, it follows thatif S; � j= ' then there is a valuation � in A(S) such that A(S); � j= �;where � is the DF-constraint formula naturally corresponding to DF-logic formula '.Conversely, given a DF-algebraA =< DA;�A; IAC ; (IAu!�v)u;�v ; (IAu)�v)u;�v; (IAu!!�v)u;�v ; (IAu))�v)u;�v; (IAu�b�v)u;�v >we can associate it a DF-semantic structureS(A) =< DS ;�S ; ISC ; IS!; IS); IS!!; IS)); IS�b >by de�ning its components in the following way:DS = DA,�S=�A (�A denotes the re
exive and transitive closure of �A);ISC = IAC ;(ISqt(m))(n)(u; �v) = w i� IAmqt�v is true for (u;w), for qt 6=�b.(IS�b (m))(n) contains (u; �v) i� IAu�b�v is true for (i.e, contains) u, wheren is the length of the sequence denoted by �u.It's not di�cult to verify that due to the DF-axiom that the algebra A veri�es, it followsthat S(A) is indeed a DF-semantic structure, and it satis�es the well-typing conditions.Moreover, for every DF-constraint formula � and every valuation � in A,if A; � j= � then there is a valuation � in A(S) such that A(S); � j= ';where ' is the DF logic formula corresponding to DF-constraint formula �.2The (C) axiom only selects for the e�ectiveness of semantic interpretation of DF-formulae.115



A.2 More on Oz EssentialsA.2.1 The Oz underlying functional constraint calculusThis subsection is devoted �rstly to a short presentation of the formal calculus which modelsthe computation in Oz. We concentrate on �-calculus, the most recent and comprehensivetheory developed along with Oz (and over-passing in fact its limits). Then we give theneeded insights on its incarnation in Oz programming base constructs.The � calculus is parameterized with (constraints from) a constraint system �. Such aconstraint system could be any theory, i.e. a set of closed �rst-order formulae over a signatureof function and predicate symbols. The �'s de�nitory elements, namely expressions , thestructural congruence (denoted �) between expressions, and the reduction relation (!)between classes of equivalent expressions with respect to �, are presented in Figure A.1.There the symbol _̂ denotes the logical conjunction over constraints,3 j=j� is the relation oflogical equivalence of �rst-order formulae over �, and FV(E) and BV(E) denote the set offree, respectively bound variables in E w.r.t. abstraction and declaration.Extending 
 with `names' | unfakable constants identifying procedures | allows forhigher-order functional computation with full compositionality and for rigorous embeddingof object-orientation [49].4Niehren and M�uller have proven [77] that:1. �(x = y), the � calculus with equality is bisimilar to 
.2. � has a uniformly con
uent subcalculus �0 which is also a subcalculus of Milner's �-calculus [69] and embeds eager and lazy �-calculus through a continuous passing style [81]without logic variables, while maintaining the computational complexity.53. �(;), the �-calculus over the empty constraint system is Turing complete.Complexity of computations in � has been studied in [76].We will show now how the �-calculus is made concrete in the Oz programming model.Figure A.2 presents the elementary syntax constructs in Oz. There the dots (...) followinga syntax construct denote possibly multiple occurrence of constructs of the same type. Thecorrespondence between these Oz constructs and �-expressions is almost immediate.Values, variables and names are Oz primitives. Oz values are stateless data structures:numbers (integers or 
oats), symbols, tuples, lists,6 virtual strings,7 records, proceduresand objects. Oz variables are like Prolog variables. Oz names are unfakable constantsspecially disigned to support procedure and object/class identi�cation. They enable in astraightforward manner higher-order programming.Oz computations proceed by expression (or, following the terminology used by Smolka:\agent") reduction with respect to the constraint + procedure + cell store, following thefamous \chemical solution" methaphor introduced by Berry and Boudol. [18].Constraint expressions are reduced by telling them to the constraint (part of the) store.Let S be the logical formula representing the store, and C a constraint. Telling the con-straint C to the store S makes the formula S ^ C represent the new state of the store. Oz3Not to be confused with ^, the concurrent composition of expressions.4Note that the initial cc model [85] is non-compositional and restricted to �rst-order procedures.5�-calculus, the corresponding subcalculus of 
 has been introduced in [78], and was studied in depth inNiehren's Ph.D. thesis[75].6 <list> ::= nil j'j'(<expression> <list>),The last form is usually sugared to [<expression> ... ].7Virtual strings are '#' labeled pairs over numbers, strings, and virtual strings.116



� Expressions:E;F;G ::= x : �y=E abstractionx�y applicationE ^ F composition9xE declaration� constraintif � then E else F � conditionalx : y cellT null expression� Structural Congruence:(�) free renaming of bound variables(ACI) associativity, commutativity andidempotency (E ^ T � E) of composition(Exch) 9x9yE � 9y9xE(Scope) 9xE ^ F � 9x(E ^ F ) if x 62 FV(F )(Equ) � �  if � j=j� and FV(�) = FV( )(� is the parameter constraint system)� Reduction:(A�) � ^ x : �y=E ^ x0�z ! � ^ x : �y=E ^ E[�z=�y]if � j=� x = x0 and V(�z) \ BV(E) = ;(C�) �1 ^ �2 !  if �1 _̂ �2 j=j� (Cell�) � ^ x : y ^ x0uv ! � ^ x : u ^ v = y if � j=� x = x0(Then�) � ^ if  then E else F � ! � ^ E if � j=�  (Else�) � ^ if  then E else F � ! � ^ F if � j=� : Figure A.1: An overview of the �-calculus.automatimatically checks if S ^C is a satis�able formula. If so, then computation proceedsto a further reduction. Otherwise a run-time error is issued and computation is aborted.8Composition in Oz EF (corrensponding to the �-expression E ^ F ) is reduced concur-rently to E and F , according to a chosen reduction strategy. Oz reduction strategy \as se-quential as possible, as concurrent as needed" distributes expressions on a queue of threads,each thread acting like a stack of expressions. Initially, when the computation starts, thereis a single thread. Every time a thread becomes empty, it is dequeued. Conversely, eachtime an expression leads to suspension, it is moved to a newly enqueued thread. When thecomposition EF is poped from a thread, F and then E are pushed on (top of) the samethread.A declaration local x in E end is reduced to E[y=x], where y is a new variable that replacesall occurences of x in E.A conditional expression if � then E1 else E2 either reduces to E1, if the current storeentails �, respectively to E2, if the store disentails �, or suspends if � is neither entailed nordisentailed by the current store.Names are constants whose internal identity is hidden to the programmer. They can becreated (without any repetition!) and assigned to variables like in X = fNewNameg, just asordinary Oz values can be.8See the implementation of concurrent sateful variables in our project in order to have an example ofnot-aborted computation computation when the constraint store becomes unsatis�able.117



<expression> ::= <constraint> j<expression> ... jlocal <var> in <expression> end jif <constraint> then <expression> else <expression> � jproc f<var> <reference> ... g <expression> end jf<var> <reference> ... g j<var> = fNewCell <expression>g jfExChange <var> <reference> <var>g jtrue<constraint> ::= <reference> = <reference><reference> ::= <value> j <variable> j <name>Figure A.2: The Oz base syntaxAn abstraction (procedure de�nition) x : �y=E reduces by chosing a fresh name �, thenwriting the constraint x = � into the constraint store and the (un-brokable) pair (�; �y=E) tothe procedure (part of the) store. An abstraction deletes itself from the thread that pushedit o�.An application x�y suspends (therefore is pushed in a new thread) until there is a name� such that the constraint x = � is entailed by the constraint store and a pair (�; �z=E) hasbeen written in the procedure store. Then it reduces to (i.e. replaces itself in the threadthat pushed it o� with) the new expression E[�y=�z].A cell declaration x : y reduces by chosing a new name �, and writing the constraintx = � into the constraint store, and the mutable/brokable pair (�; y) into the cell (part of)store.A cell exchange (simultaneous read and write) expression xyz suspends until there is aname � such that x = � is entailed by the constraint store and the cell store contains a pair(�; u), and then writes z = u into the constraint store (u is the old content of the cell �identi�ed by x), and (�; y) into the cell store.A.2.2 Concurrent object-orientated programming in OzOz has incorporated object-orientation just by extending its functional model with states {non-monotonic links between cells9 and values. Then objects (and classes too) can be de�nedas functions receiving di�erent messages as arguments and computing states according todi�erent associated methods. Obviously, methods are functions too.We will remake this way in the sequel by introducing concurrent notions: streams, portsand agents. These notions serve both to exemplify the abstract constructs of Oz previouslyintroduced and to explain the presentation of some other constructs introduced during theimplementation of the DF interpreter, in Chapter 2.A stream is a variable S incrementally constrained to a list, namely by telling constraintson every element (head and tail) of the list:S = X1jS1; S1 = X2jS2; S2 = X3jS3; ::: :A port is a procedure P connected to a stream and writing down its \de�ning" constraints.9Better: cell names; they act in fact like pointers to cells' addresses.118



A stream can be seen as a concurrent data structure(!), since it allows several concurrentcomputations to write consistently on a single stream.An agent is a computational abstraction processing messages received through a port10,while maintaining an internal state. Obviously, it may also send messages to other agents.The functionality of an agent is given by a functionServe : State�Message! NewState:Thus we arrived naturally to the point where concurrent objects can be de�ned:An object is a modular programming abstraction for concurrent data structures withstates. Objects act like applications fObject Messageg, where Message is a tuple of a methodname and associated actual arguments. The functionality of an object is given as a functionServe : State�Message� Self ! NewState:A class in Oz is a procedure that constructs a method table (to be further used increating objects belonging to this class), and a state { a correspondence between attributes,features and cells on one side, and between methods and their de�ning functions, on theother side.Generic object creation can therefore be done asproc fCreate IState MethodTable ?ObjgCell = fNewCell IStategproc fObj Messageg...endend% example:fCreate state(val:7) CounterMethodTable CountergInheritance in Oz is de�ned via a precedence relation between classes similar to CLOS [98].A.2.3 Encapsulated search in OzNow, concerning the search, Oz does not address backtracking, as Prolog does. In order toensure an even more powerful search capability, Oz is equipped with� a \distributable disjunction" constructor C1 then E1 [] C2 then E2 ... [] Cn then En rothat corresponds to extending the underlying functional calculus of Oz, withor(D1 _ :::Dk)� the prede�ned high-order \solver" abstractionproc fSolve Q Ug solve [X:fQ Xg; U] endthat corresponds in the formal functional syntax tosolve[x :E;U ]:10More exactly: through the stream associated to a port119



The principal idea that supports encapsulated search in Oz is to exploit the distributionlaw for logical disjunction:x=(AvB) ^ C� > x=A ^ C; x=B ^ C; if (AvB) ^ C is stable.That leads to spawning a local computation space for each guard Ci in the distributabledisjunction construct introduced above.11 Constraints in the global computation space are\seen"/propagated in the local computation spaces (but not vice versa). If all local com-putation spaces reduce to false then the distributable disjunction reduce to fail. Otherwise,if one local computation space Ci becomes \stable",12 and the global computation spaceentails 9�y, where �y are the variables de�ned in the local computation space, then the dis-tributable disjunction reduces to a computational abstraction for x=Ei and a computationalabstraction corresponding to the remaining choices.From the formal semantics point of view, the structural congruence relation in the Ozcalculus is extended with:� ^ solve(x : E;uvw) � � ^ solve(x : � ^ E;uvw);if � is a constraint or an abstraction such that x does not occur free in �:Reduction now includes:solve(x : E;uvw)! solve(x : E0;uvw); if E ! E0solve(x : false^ E;uvw)! usolve(x : E;uvw)! 9a9b(vab ^ a : x=E2 ^ b : x=E3);if 9xE is stable, E = 9�u(E1 ^ or(C _D));E2 = 9�u(E1 ^ or(C)); and E3 = 9�u(E1 ^ or(D))solve(x : E;uvw)! 9a(wa ^ a : x=E);if 9xE is stable and does not contain a distributable disjunction:These relationships correspond respectively to the propagation of global constraints to-wards local spaces, and respectively tofailed,distributed(procf$ xg or C1 ro E end procf$ xg C1 [ ] ... [ ] Cn ro E end),solved(procf$ xg E end)as possible outputs for the Solver's application.Finally, a primitive Search object is \encapsulated" in Oz allowing one to program itsown search strategies. DFKI Oz comes with already programmed depth-�rst, one solution,all solutions and best solution search procedures.
11Spawning local computation spaces appears also in the \parallel" if constructif C1 then E1 [] C2 then E2 ... [] Cn then En else F �If all Ci/local computation spaces reduce to false (i.e., is disentailed by the global computation space), thanfailure is reported. If one Ci is entailed, then the remaining computation spaces are discarded and the ifconstruct reduces to Ei.12I.e., it is not failed, and no actor can be further reduced.120



A.3 Appendix: HPSG PrinciplesHere is a selective list of the HPSG principles that we used in the HPSG kernel grammarfor Romanian exposed in the Chapter 3 of our thesis. These principles are sensibly simpli�edw.r.t. [83] in order to facilitate their memorization.� Subcategorization Principle: In a headed phrase, the subcat value of the headdaughter is the concatenation of the phrase's subcat list with the list of complementdaughters (compDs).� Head Feature Principle: The category feature of any headed phrase is structure-shared with that of its head.� Immediate Dominance Rule: This principle states the schemata for the direct(de)composition of HPSG phrases:(1) Subject Schema: A saturated phrase13 may combine a non-slashed \head" sign14with a \complement" sign.(2) Complement Schema: A phrase can be built up by almost-saturating15 a lexi-cal head (word).(3) Subject-Complement Schema: A phrase can be built up by saturation of alexical head.(4) Marker Schema: In a head-marker phrase, the marking value of the mother istoken-identical with that of its marker daughter. (The head must be unslashed.)(5) Modi�er Schema: In a modi�ed phrase, the mod value of the adjunct daughteris token-identical with the synsem feature value of the head daughter. (The headmust be unslashed.)(6) Filler Schema: A saturated VP may combine its head with a \�ller" phrasewhose to-bind.slash feature value is a singleton, if the inherited.slash feature valueof the head contains an element token-identical with the �ller's local feature value.� Speci�er Principle: If a non-head daughter in a headed structure bears a specvalue, it is token-identical to the value of the synsem feature of the head daughter.� Semantics Principle: In a headed phrase, the content / lf value is token-identicalwith that of the modi�er daughter if the phrase is a modi�ed one, and with that ofthe head daughter otherwise.� Raising Principle: Let E be a lexical entry whose subcat list L contains an element Xnot speci�ed as expletive. Then X is lexically assigned no semantic role (in the content/ lf feature) in the content of E if and only if L also contains a non-subject16 daughterY[subcat = <X>].
13I.e., whose subcat feature value is the empty list.14I.e., whose to-bind.slash feature value is the empty set.15An almost-saturated HPSG sign is one whose subcat feature value is a list of length one.16I.e., non-leftmost element in the head's subcat list.121



Romanian speci�c HPSG rules� (DEF) The De�niteness RuleThe def+ featured determiners transfer their de�niteness onto the whole NP.� (MC) Modi�ers' ConstraintNP-modi�ers can occur freely up to the following conditions:i. among di�erent modi�ers of a same NP, the words come before the phrasal mod-i�ers.ii. among di�erent PPs that modify a same NP, those headed by non-predicativeprepositions come before the predicative ones.� (SIO) The Strict Indirect Object ConstraintIf the indirect object IObj is present in the long in�nitive's subcat list, then it has tobe preceded by one of the other two complements, Subj and DObj. The last two canbe inverted.� (NPA) The Non-Predicative Accusative RuleThe accusative case for a Romanian de�nite NPs headed byi. animate-featured non-adjuncted common nounsii. proper names of animate beings,animate-featured adjuncted common nounspronouns, or relative adjectivescan be, respectivelyhave to be non-predicatively `pe'-subcategorized.iii. Syntactically indirect-adjuncted NP direct objects are not `pe'-subcategorized.� (DT) The De�nite Trace ConstraintTraced (direct or indirect) de�nite objects can be subcategorized by transitive verbs.� (CP) The Clitic Pronouns' RuleRomanian NPs which arei. `pe'-subcategorized, or traced objectsii. indirect objects, or objects in verb-inverted positionhave to be, respectivelycan be copy-cliticized, i.e. duplicated by unstrenghten pronouns coindexed w.r.t. num-ber, person, gender and case.� (SO) The Romanian Strict Obliqueness ConstraintThe \strict" obliqueness hierarchy in which the Romanian clitics enter is:� infPartsubjPart � � neg � � CLdatre
Pron � � CLacc � AUX � clAdv � verbwith the following exceptions (when the clitics appear on the right side of the verb):verb(IMPerative;AFirm)_GERund � CLdat � CLaccneg � CLdat � AUX � clAdv � verbpast � CLacc;sing;fem� (OFP) The Order-Freedom and Preference RuleThe linear order of complement daughters in a Romanian verb phrase is free, andpreferential up to the verb's subcat feature.122



� (CN) The Copy Negation RuleIf one of the subcategorized daughters of a verb is an NP headed/modi�ed by a negativedeterminer, or the verb is modi�ed by a negative adverb, then the verb phrase musttake its negative form, i.e. it should be modi�ed by the negation adverb.� (SSC) The Wh-Strict Subcategorization ConstraintInterrogative and relative pronouns are strictly (OFP)-subcategorized, i.e.if an interrogative or relative pronouns is the subject of a verbthen it is bound (also) to the �rst position in the subcat� feature.HPSG Meta-Rules� (M.ID 1) The ID Meta-Rule Schema 1 (Head { Multiple Subjects)Multiple subjectsare selected by the ID schema 1 triggered recursively by open+ categories, andare in block object to the application of the Subcategorization Principle,taking (as a list) a only one place in the mother's compDs list.� (M.ID 2/6) The ID Meta-Rule Schema 1 (Head-Complement-Filler)For any slashed subcategory of a word, build up one head-�ller-structure having thehead-daughter feature value equated to an open path to that head, and the �ller-daughterfeature valued to a saturated sign almost slashed coindexed with that slashed compo-nent of the subcat� list.
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A.4 A head-corner parser implemented in Oz% A head-Corner Parser written in Oz declarefunfBetween E0#EgSubInt = Q0#Qin SubInt ::: E0#EQ =: Q0+1 % more general: Q0 <: QfFD.distribute naive SubIntgQ0#QendfunfHeaded RulegR inchoice R = vp#s#[np]#nil[] R = n#np#[det]#nil[] R = n#np#nil#nil[] R = n#np#[n]#nil[] R = v#vp#nil#nil[] R = v#vp#nil#[pp][] R = prep#pp#nil#[np]endendfun fLexical Analysis Q0#Qgor Q0#Q = 0#1 thenchoice n[] v end[] Q0#Q = 1#2 thenchoice n[] v end[] Q0#Q = 2#3 thenchoice v[] prep end[] Q0#Q = 3#4 thendet[] Q0#Q = 4#5 thennendendfun fPredict E0#EgQ0#Q = fBetween E0#EgSmall = fLexical Analysis Q0#Qgin Smallj(Q0#Q)endfunfParse1 E0#EgSmalljQ0#Q = thread fThread.setHighIntPrig fPredict E0#Eg end infHead Corner SmalljQ0#Q E0#Egendfun fParse P0#PgfSearchAllprocf$ Catgthread fParse1 P0#Pgend = CatjP0#P124



endgendfun fHead Corner SmalljQ0#Q E0#Egchoice SmalljQ0#Q[] QR QLfHeaded Ruleg = !Small#Mother#LeftDtrs#RightDtrsin fParse Left fReverse LeftDtrsgjQL#Q0 E0gfParse Right RightDtrsjQ#QR Egcase MotherjQL#QR n= SmalljQ0#Q thenfHead Corner MotherjQL#QR E0#Egelse SmalljQ0#Q endendendproc fParse Left RLeftDtrsj(?QL#QR) ELg% fBrowse parse Left#RLeftDtrsj(QL#QR)#ELgcase RLeftDtrsof nil then QL = QR[] H|T thenQ1 inHj1#QR = fParse1 EL#QRgfParse Left TjQL#Q1 ELgendendproc fParse Right RightDtrsjQL#?QR ERg% fBrowse parse Right#RightDtrsj(QL#QR)#ERgcase RightDtrsof nil then QR = QL[] HjT thenthreadQ1 inHjQL#Q1 = fParse1 QL#ERgfParse Right TjQ1#QR ERgendendend% |||||||||-TESTS:% fBrowseg = fSearchAll funf$gfHead Corner nj0#1 0#2gendg/�fBrowseg = fSearchAll funf$gfHead Corner vj2#3 0#5gendg�/% fBrowseg = fParse 0#2g% fBrowseg = fParse 3#5g% fBrowseg = fParse 0#5g
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[48] Martin Henz and Martin M�uller. Programming in Oz. DFKI Oz documentation series,German Research Center for Arti�cial Intelligence (DFKI), Stuhlsatzenhausweg 3, D-66123 Saarbr�ucken, Germany, 1994.[49] Martin Henz, Gert Smolka, and J�org W�urtz. Object-oriented concurrent constraintprogramming in Oz. In V. Saraswat and P. Van Hentenryck, editors, Principles andPractice of Constraint Programming, chapter 2, pages 29{48. The MIT Press, Cam-bridge, MA, 1995.[50] J. Ja�ar and J.-L. Lassez. Constraint logic programming. In The 14th ACM Sym-posium on Principles of Programming Languages, pages 111{119, Munich, January1987.[51] J. Ja�ar and M. Maher. Constraint Logic Programming: A Survey. Journal of LogicProgramming, 19(20):503{582, May-July 1994.[52] S. Janson and S. Haridi. Programming paradigms in the andorra kernel language. InProceedings of the International Symposium on Logic Programming, pages 167{183,Cambridge, MA, 1991. The MIT Press.[53] M. Johnson. Attribute-value logic and the theory of grammars, volume 16 of CSLILecture Notes. 1988.[54] M. Johnson. Features and formulae. Computational Linguistics, 17(2):131{151, 1991.[55] M. Johnson. Computing with features as formulae. Computational Linguistics,20(1):1{25, 1994.[56] R. M. Kaplan and J. Bresnan. Lexical-functional grammar: A formal system forgrammatical representation. In J. Bresnan, editor, The Mental Representation ofGrammatical Relations, pages 173{381. The MIT Press, 1982.[57] R.M. Kaplan and J.T. Maxwell III. An algorithm for functional uncertainty. InProceedings of the 12th International Conference on Computational Linguistics, pages297{302, Budapest, Hungary, 1988.[58] R. Kasper and W. Rounds. The logic of uni�cation grammar. Linguistic and Philos-ophy, 13:35{58, 1990.[59] M. Kay. Parsing in functional-uni�cation grammars. In D.D. Dowty and L. Karttunen,editors, Natural Language Parsing. Cambridge U. P., Cambridge, England, 1985.[60] M. Kay. Head driven parsing. In Proceedings of Workshop on Parsing Technologies,Pittsburg, 1989.[61] M. Kifer, G. Lausen, and J. Wu. A logical foundation of object-oriented and frame-based languages. Journal of ACM, May 1995.[62] H.-U. Krieger and U. Sch�afer. TDL { A Type Description Language for HPSG. Re-search Report RR-94-37, German Research Center for Arti�cial Intelligence (DFKI),1994.[63] J. Lloyd. Foundations of Logic Programming. Springer-Verlag, 2nd edition, 1987.129



[64] M. Maher. Logic semantics for a class of committed-choice programs. In InternationalConference on Logic Programming, pages 858{876, Cambridge, MA, 1987. The MITPress.[65] D. Maier and D.S. Warren. Computing with Logic. Benjamin/Cummings, Menlo Park,CA, 1988.[66] S. Manandhar. Relational Extensions to Feature Logics: Applications to ConstraintBased Grammars. PhD thesis, University of Edinburgh, 1993.[67] Ph. Miller. Clitics and Constituents in Phrase Structure Grammar. Garland, 1992.Published version of 1991 Doctoral dissertation, University of Utrecht, The Nether-lands.[68] Ph. Miller and I. Sag. Une analyse lexicaliste des a�xes pronominaux. Revue Quebe-coise de Linguistique, 1995. Revised and expanded English version available as Millerand Sag 1995 (Fench Clitic Movement without Clitics or Movement).[69] R. Milner. A Calculus of Communicating Systems, volume 92 of LNCS. Springer-Verlag, Berlin, Germany, 1980.[70] P. Monachesi. A grammar of Italian clitics. PhD thesis, Tilburg University, 1995. ITKDissertation Series 1995-3 and TILDIL Dissertation Series 1995-3.[71] Martin M�uller, Tobias M�uller, and Peter Van Roy. Multi-paradigm programmingin Oz. In Donald Smith, Olivier Ridoux, and Peter Van Roy, editors, Visions forthe Future of Logic Programming: Laying the Foundations for a Modern successor ofProlog, Portland, Oregon, 7 December 1995. A Workshop in Association with ILPS'95.[72] Tobias M�uller. Adding constraint systems to DFKI Oz. In WOz'95, InternationalWorkshop on Oz Programming, Institut Dalle Molle d'Intelligence Arti�cielle Percep-tive, Martigny, Switzerland, 29 November{1 December 1995.[73] Tobias M�uller, Konstantin Popow, Christian Schulte, and J�org W�urtz. Constraintprogramming in Oz. DFKI Oz documentation series, German Research Center forArti�cial Intelligence (DFKI), Stuhlsatzenhausweg 3, D-66123 Saarbr�ucken, Germany,1994.[74] J. Niehren and G. Smolka. Functional computation in a calculus of relational abstrac-tion and application. Technical Report RR-94-04, Stuhlsatzenhausweg 3, D-66123Saarbr�ucken, Germany, 1994. Research Report.[75] Joachim Niehren. Funktionale Berechnung in einem uniform nebenl�au�gen Kalk�ul mitlogischen Variablen. Doctoral Dissertation. Universit�at des Saarlandes, TechnischeFakult�at, 66041 Saarbr�ucken, Germany, December 1994. In German.[76] Joachim Niehren. Functional computation as concurrent computation. In 23th Pro-ceedings of the ACM Symposium on Principles of Programming Languages, pages 333{343. The ACM Press, 21{24 January 1996. Longer version appeared as DFKI ResearchReport RR-95-14.[77] Joachim Niehren and Martin M�uller. Constraints for free in concurrent computation.In Kanchana Kanchanasut and Jean-Jaques L�evy, editors, Asian Computing ScienceConference, Lecture Notes in Computer Science, pages 171{186, Pathumthani, Thai-land, December11{13 1995. Springer-Verlag.130



[78] Joachim Niehren and Gert Smolka. A con
uent relational calculus for higher-orderprogramming with constraints. In Jean-Pierre Jouannaud, editor, 1st InternationalConference on Constraints in Computational Logics, volume 845 of Lecture Notes inComputer Science, pages 89{104, M�unchen, Germany, September 1994.[79] F. Pereira and S. Shieber. Prolog and Natural Language Analysis, volume 10 of CLSILecture Notes. Chicago University Press, Stanford, 1987.[80] F.C.N. Pereira and D. Warren. De�nite Clause Grammars for Language Analysis {a survey of the formalism and a comparison with Augmented Transition Networks.Arti�cial Intelligence, (13):231{278, 1983.[81] G. Plotkin. Call-by-name, call-by-value and the �-calculus. Theoretical ComputerScience, 1:125{159, 1975.[82] C. Pollard and I. Sag. An information-based syntax and semantics, volume I. Centerfor the Study of Language and Information, Stanford, 1987.[83] C. Pollard and I. Sag. Head-driven Phrase Structure Grammar. Center for the Studyof Language and Information, Stanford, 1994.[84] F. Popowich and C. Vogel. A logic-based implementation of Head-Driven PhraseStructure Grammar. In Natural Language Understanding and Logic Programming,volume III. North-Holland, 1991.[85] V. Saraswat. Concurrent constraint programming. The MIT Press, Cambridge, MA,1993.[86] V. Saraswat and M. Rinard. Concurrent constraint programming. In Symposium onPrinciples of Programming Languages, pages 232{245. ACM Press, January 1990.[87] E. Shapiro. The family of Concurrent Logic Programming Languages. ACM Comput-ing Surveys, 21(3):413{510, September 1989.[88] S. Shieber. Constraint-Based Grammar Formalisms { Parsing and Type Inference forNatural and Computer Languages. MIT Press, 1992.[89] S. M. Shieber, H. Uszkoreit, F. C. Pereira, J. Robinson, and M. Tyson. The formal-ism and implementation of PATR-II. In J. Bresnan, editor, Research on InteractiveAcquisition and Use of Knowledge. SRI International, Menlo Park, Calif., 1983.[90] S.M. Shieber, Y. Schabes, and F. Pereira. Principles and implementation of deductiveparsing. Jornal of Logic Programming, pages 3{36, 1995.[91] N. Sikkel. Parsing Schemata. 1993.[92] G. Smolka. Feature-constraint logics for uni�cation grammars. Journal of Logic Pro-gramming, 12:51{87, 1992.[93] G. Smolka and R. Treinen. Records for logic programming. Journal of Logic Program-ming, 18:229{258, 1994.[94] G. Smolka and R. Treinen, editors. The DFKI Oz documentation series. GermanResearch Center for Arti�cail Intelligence (DFKI), Stuhlsatzenhausweg 3, Sarrbr�ucken,Germany, 1996. 131



[95] Gert Smolka. A survey of Oz. DFKI Oz documentation series, German ResearchCenter for Arti�cial Intelligence (DFKI), Stuhlsatzenhausweg 3, D-66123 Saarbr�ucken,Germany, 1994.[96] Gert Smolka. An Oz primer. DFKI Oz documentation series, German ResearchCenter for Arti�cial Intelligence (DFKI), Stuhlsatzenhausweg 3, D-66123 Saarbr�ucken,Germany, 1995.[97] Gert Smolka. The Oz programming model. In Jan van Leeuwen, editor, ComputerScience Today, Lecture Notes in Computer Science, vol. 1000, pages 324{343. Springer-Verlag, Berlin, 1995.[98] G.L. Steele. Common LISP. The language. 2nd Ed. Digital Press, 1990.[99] R. Treinen. Feature constraints with �rst-class features. In A. Borzyszkowski andS. Sokolowski, editors, Mathematical Foundations of Computer Science, volume 711 ofLNCS, pages 734{743. Springer-Verlag, 1993.[100] H. Uszkoreit. Categorial Uni�cation Grammar. In International Conference on Com-putational Linguistics (COLING'92), pages 498{504, Nancy, France, 1986.[101] P. van Hentenryck. Constraint Satisfaction in Logic Programming. ProgrammingLogic Series. The MIT Press, Cambridge, MA, 1989.[102] Gertjan van Noord. An overview of head-driven bottom-up generation. AcademicPress, 1990.[103] Gertjan van Noord. An e�cient Prolog implementation of the head-corner parser,1996.

132



Appendix BThe Oz Code for DFImplementation
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