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Introduction

General settings

The last decades in the overall progress of humanity have been definitely marked by the
explosive development of the information science. Not only that it was intended as an aid for
humans’ 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 finally that
in the beginning nothing could be but Aoyoo, the language.

Similarly, but to another level, in information and computer science it was logic first, and
then logic as a ...language, a programming language. I found much significant the fact that
the first system intended to “speak” logic as a programming language did human language
processing. It was Alain Colmerauer’s Q-System, the precursor of the further consecrated
Prolog language. Since then a lot of research effort was put into this amazing confulence
area of logic and language.

Every new trend in computational logic was more or less converted to a better approach
to problems in the field of Natural Language Processing. This is particularly true for a
relatively 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 about
using constraints in NLP? Important answers were already given, some of them building up
the best modern approaches to grammaticality of human language, as it is the case with the
theory of HPSG (Head-driven Phrase Structure Grammar).

Nowadays, as constraint logic programming has been generalized to constraint concurrent
programming, the above question naturally gets a new form: What about using constraint
concurrency in NLP? Answering this question is open. Here is where, among others’ recent
works, our thesis comes.

Specific settings
The present thesis is the result of a personal effort to combine interesting ideas from some
new 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 Natural
Language Processing, using mainly HPSG grammars.

As main research sources from these directions, serving as departure basis for our work,
we followed respectively:

e F-logic, by Michael Kifer, Georg Lausen and James Wu [61];



e OSF and CFT systems, by Hassan ATt-Kaci and Andreas Podelski [5][8], respectively
Gert Solka and Ralf Treinen [93];

e the cc and OPM models, of Vijay Saraswat [85], and respectively Gert Smolka [97];
and

e the HPSG theory of Carl Pollard and Ivan Sag [83].

The above referred directions have been “generative” in the present work in the following
respects:

o DF is a feature constraint system with

F-logic declarative semantics, and
constraint operational semantics based on concurrent rewriting rules;!

o DF is implemented as a prototype system using Oz, the DFKI internal release 1.9.13,

by defining a static “open” typed alternative to its object-oriented sublanguage;
and

o 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 general
theory, 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 Structure

Chapter 1: DF Constraint System

This first chapter of our thesis presents DF as a feature constraint system. Starting from the
the two major approaches in the field — the OSF system? of H. Ait-Kaci and A. Podelski [5],
and the CFT system® of G. Smolka and R. Treinen [93] — the DF system provides for new
significant characteristics: a first-class citizen status offered to (both features and) sorts,
finer grained constraints using arguments as features’ application context, functional single-
and multi-valued features, well-type conditioning between feature values and types, and
principle-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 foundation
for object-oriented and frame-based languages”. Our aim was to make F-logic? useful as
a concurrent logic programming language.® This approach is based mainly on defining a
comprehensive feature constraint system, DF, using the F-logic’s declarative semantics, and
definitely 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 the
run time.

IThe 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 Report
CSRI-323, Nov. 1995.

20SF 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 the
WWW site http://www.cs.sunysb.edu, but this is a bottom-up, non-concurrent interpreter.



Chapter 2: DF Concurrent Implementation
This second chapter presents a concurrent implementation for DF, our feature constraint
system. We accomplish this task using as programming support Oz, a higher-order functional
concurrent-constraint object-oriented language.

After a brief synthesis on Oz, an interpreter for DF is presented. Concurrent-constraint
programming constructs and techniques implemented during this work — like concurrent
goal solving using lazy trees, concurrent synchronizing (agent-like) stateful variables, con-
current unification of order-sorted data, and concurrent completion/synthesis of DF-logic
programs — are equally described here.

Finally, a preliminary study for compiling DF-logic programs into the object-oriented
subset of Oz is started, and a demo DF program doing Machine Translation from English
into French and Romanian, based on binary HPSG rules, is presented.

Chapter 3: DF Application to NLP
This third chapter in the present thesis opens the door for the application of DF, our
concurrent constraint system, into the field of Natural Language Processing (NLP).

We design a grammar kernel for Romanian in the framework of the Head-driven Phrase
Structure Grammar (HPSG) theory [82], [83]. Firstly the topic and definiteness of Romanian
noun-headed NP are studied, and we account mainly on a combined lexical and semantic
rule-governed basis for the NP high order-freedom. Further on, linked to the transitive
VPs, the status of Romanian clitic pronouns is explained in a combined syntactic-lexical
approach.

Along with this (first) 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 generalized
form of the Immediate Dominance (ID) schemata allowing “free” adjunction, and two ID
meta-schemata, to be used one for “stacking” multiple subjects (like Romanian multiple
determiners), and the other for concurrent processing of certain Unbounded Dependency
Constituents (UDC).

A concurrent parser kernel for Romanian both in Oz and DF is finally implemented in
this concurrent approach, using the head-corner technique of G. van Noord [103].

Specific contributions

In a somehow more compact perspective, our present work can be seen as made of two
parts: the DF System, with theoretical design — Chapter 1, and concurrent implementation
— Chapter 2, and the Romanian concurrent HPSG kernel (here abbreviated as the HPSG
RoCK System), also with theoretical design and concurrent implementation — both reported
in Chapter 3.

The work reported in the first part of the present thesis has started with the aim of getting
a programming language working in the F-logic settings. We were interested in having a
top-down inference algorithm that would manage conveniently the thirteen rules designed
by Michael Kifer and his colleagues in F-logic’s operational semantics. (This was intended
mainly for bottom-up inferences in frame-based and object-oriented databases.) We have
initially used an algorithmic approach [25], inspired by [4]. Having “discovered” then the
OSF and CFT papers, we have converted our work to a feature constraint approach [26],[29].
Finally we find out that concurrency can be naturally added to DF when using it to do logical
inferences.

We defined x-terms (a Datalog parameterization of Kifer’s F-terms, and a generalization
of Ait-Kaci’s ¢-terms), as particular conjunctions (“positive clauses”) of elementary posi-



tive DF-constraints: is-a derivations, equations, and different kinds of feature constraints
(“methods”). Then DF-logic formulae have been naturally introduced on top of x-terms.

Normalization, that put positive DF-clauses under a solved form, served the DF system
to be effectively born, similarly to the OSF and CFT systems. In fact, things get different
just there, since the solved form of a positive DF-clause was chosen so that it be satisfiable
(which is not the case for OSF and CFT). We continued with extending normalization
to definite (Horn-like) DF-theories, allowing us to reason on conditional open hierarchies
of first-class sorts. That definite normalization is a form of program inference rule-based
synthesis that we simply called “completion”.

Further on, the DF system was provided with an unitary/interleaved operational view
on x-term unification and deduction in definite DF-theories, that we addressed as “relative

simplification” .

Concurrency came in DF when

1. 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 simplification process
carried by the logical top-down DF-inference engine.

2. The concurrent environment in which DF was implemented (DFKI Oz) supported
concurrent-based parallel inference “engine-copy” processes, thus allowing for conditional
sorted unification to be concurrently run with the (main) inference process.

3. We renounced to impose the completeness condition on the DF-logic definite the-
ory/program, in favour of a local reactive completion mechanism, using different heuristics
to apply definite normalization rules.

4. We introduced the concurrent tell meta-predicate on functional uni- and set-valued
feature constraints, to extend y-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, we
have started our work simply asking how the general framework of HPSG theory serves for
a formal description of the Romanian language, and (only then) expecting to see how could
it be converted into a concurrent constraint parsing implementation.

Our conclusion was a twofold one:

First, HPSG is powerful and flexible (almost) enough to provide the declarative in-
strumetary needed to explain in a unitary view the important linguistic issues we have
dealt with — the definiteness and topic of Romanian noun phrases and the linearization of
transitive verb phrases, intimately related to the clitic pronouns’ generation.

Second, in the virtue of its highly declarative conception, the HPSG theory opens the
door 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) interest
in both NLP and CL (Computational Linguistics) communities.”

We will briefly present here the concurrency’s specific apport we’ve got in implementing
an HPSG kernel for Romanian.?

6We still query ourselves whether we did not too much by putting them two together. Our current answer
is: If there were no concurrency to be added, we would renounce!

7See the NEGRA project started at DFKI - University of Saarbriicken.

8In this last part of our work, not only we were concerned with testing the DF capacity to take off as
a demonstrative constraint concurrent system on its own power, but also we wanted to apply a full-fledged
concurrent constraint language — Oz — into an intriguing project: concurrent parsing for natural language.
This is why we have implemented the RoOCK HPSG system in both DF and Oz variants.
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Figure 0.1: An overview of the DF feature constraint concurrent system.

1. Using logic variables in concurrent constraint programming allows for an elegant
and much simplified treatment of otherwise hardly to manage linguistic phenomena, like
staking multiple subjects (as it is the case with multiple determiners in Romanian NP).
In an orthodox HPSG approach, that would require to state a new ID Schema (we would
call it the “Head-Tail” Schema), that is not at all simple to accept, since it has to block
the powerful Subcategorization Principle, asking it not to consume the head’s subcat list,
while telling more (sub)components to the compDs list of the newly generated mother phrase
structure.

In our concurrent approach, we have used logical monotonic constrained variables to
state an extension of the ID Schema 1 in [83], that we call the ID Meta-Schema 1. To-
gether with the new predicative feature stacking in the lexical descriptions associated to
stacking subjects, and making use also of the spec feature on stacked signs, it works in a
straightforward manner!

2. Concurrent constraint programming allows a smooth integration of bottom-up and
top-down parsing strategies:

Free -adjoining/modification in Romanian verb phrases (but in stacking determiners too)
has lead us firstly to define the notion of M-contiguity, and then to generalize accordingly
all the ID rule schemata in [83].

From the procedural point of view, we have split VP analysis into two processes, one
for modifiers’ recognition (done in a bottom-up manner), and the other for the verb’s sub-
ject and complements’ analysis (top-down). These two processes run concurrently and get
synchronized again directly, using logically constrained variables.



3. Logical synchronization of processes in concurrent constraint computation provides
for 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 one
would express as: “Apply only one rule at a time on the given entry!”.

The alternative, concurrent constraint correlation of “two or more rules” (applicable at
different points in time) provides a direct, clean and much simpler approach on specific 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 transitive
VPs by the newly proposed ID Meta-Schema 2/6, a concurrent constraint composition of
the Schema 2 (Head-Complement) and Schema 6 (Head-Filler) in [83].

An overview of the HPSG Romanian kernel system RoCK is offered in Figure 0.2.

HPSG RoCK

/\

noun-h. NP — transitive VP

long infinitives
lexical rules

definiteness topic linearization clitics
stacking-determiners NPA
' CP
3 : SO
marking p. feature ID Meta-Schema 1 . ID Schema 2 OFP ID Schema 6

syntactic rules

subCat*

NP Modifiers C. strictCat

1
1
1
DEF rule :
1
1
L

classic HPSG

ID Schema 2/6
M-contiguity 1

~ea PP
concurrent HPSG

Figure 0.2: An overview of the HPSG Romanian Concurrent Kernel system.



Chapter 1

DF — Feature Constraint
System

Abstract

This chapter presents DF, as a feature constraint system that starting from
the the two major approaches in the field — the OSF system of H. Ait-Kaci
and A. Podelski [5], and the CFT system of G. Smolka and R. Treinen [93] —
provides for new significant characteristics: a first-class citizen status offered to
(both features and) sorts, finer grained constraints using arguments in the feature
context, functional and/or multi-valued features, well-type conditioning between
feature 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-based
languages”. The starting idea was to define 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 finally reached by defining a comprehensive
feature constraint system, namely DF, using a “constraint” variant of the F-
logic’s declarative semantics, and remaking completely its operational semantics.




1.1 Introduction

We define DF, a feature constraint system working on y-terms, which are higher-order logic
records extending Hassan Ait-Kaci’s ¢-terms [4], that were defined in turn as a generalization
of first-order terms, using order-sorted features.

This present section surveys the DF system’s background, namely the theory of feature
constraints, and then offers an account on what distinguishes DF with respect to well-known
feature 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 conditional
conditional sort signature completion via — simple and then definite — normalization rules.
Further on relative simplification rules are given, to carry both the x-term matching and the
satisfiability test of DF-logic programs, as DF-clause entailment. Finally, interesting points
on 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 Theory

Feature descriptions were firstly introduced in logic just as syntactic constructs, together
with an appropriate unification 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 first-
order predicate logic to interpret feature descriptions. Smolka [92] also established a canon-
ical model interpreting feature descriptions as feature graphs.*

Unification in these approaches is reduced to satisfiability of formulae representing fea-
ture descriptions, eventually in the canonical feature graph model. Later on, Smolka and
Treinen [93] have introduced the arity constraint which specify the finite set of admissible
features 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 constructor
trees introduced by Alain Colmerauer in Prolog II.

Backofen [11] has investigated the ezpressivity of different first-order logic languages over
feature trees. It was shown that the Treinen’s F' language [99], which allows for “first-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 Dorre [38] proposed week subsumption
constraints.?

Finally, a modal logic approach for feature descriptions was considered for instance in
[13]. Its transformation to fragments of second- and first-order predicate logic, preserving
in many cases the theoretical properties, seems to lead to two different — to some extent
convertible — views on the feature constraint’s domain.

LA feature description is satisfiable iff it is satisfiable in the canonical model of feature graphs.
2Given z and y two feature descriptions, x subsumes y (notationally: = C y) iff

i. whenever a path p is defined for z, then it is also defined for y, and
ii. whenever two paths p and ¢ lead to a same node in z, then p and ¢ must also lead to the
same node in y.

Weak subsumption requires only the condition i.



Decidability results

Synthesizing informations found mainly in [16], we group here the most important decid-
ability results in the feature constraint theory:

e Order-sorted unification of purely conjunctive feature terms over an inferior lattice is
decidable with a quasi-linear complexity [4].

e Entailment checking for feature logic descriptions is quasi-linear [7], [93].

e It was shown [54] [55] that feature logic can be formulated in a decidable fragment?® of
the first-order logic,

e Satisfiability of the ezistential fragment of feature logic (including conjunction, dis-
junction and negation) is decidable with an NP-complete complexity [53], [92]. This
result is maintained if quantification over features as first-class citizens is allowed [99].

e Satisfiability of feature terms containing functional uncertainty* 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].

e Satisfiability of feature description with subsumption constraints is undecidable [39].

e Satisfiability of typed feature description w.r.t. a type system under least fizpoint
semantics is undecidable [92]. A partial-decidability result for type systems (missing
disjunction) with greatest fizpoint semantics appeared in [7].

Also, the decidability of a calculus for set feature constraints has been proven in [66] with
an NP-complexity, and there is a complete axiomatization of the theory of feature trees in
the feature logic with arity constraints [13], [15].

Feature constraint systems

The interest for feature constraint systems emerged after the seminal work of Gert Smolka
[92] was successfully characterizing early unification-grammar formalisms like LFG, FUG,
PATR-II [56], [59], [89] into predicate logic. Constraints in these formalisms were expressed
as first-order formulae with equality, and a general method to decide their satisfiability was
designed.

The way was thus opened to better specify the tree constructor terms in Herbrand, the
constraint system underlying Prolog II. Then FT, a newly defined constraint system based
on feature terms [8], emerged to CFT [93] by incorporating arity constraints, and it was
finally chosen to underlie the concurrent constraint language Oz [94]. Completeness results
for FT and CFT were proven by Backofen and Treinen [15], respectively by Backofen and
Smolka [14].

In parallel with this work, and sometimes even prefacing its phases, feature constraints
were used to incorporate in a straightforward way the inheritance principle in the area of
logic programming. This was done firstly by generalizing first-order terms, for instance to
-terms [4], [5], [6] and later on by using concurrent constraint stateful objects in Oz. -
terms support an extended unification procedure (which makes logic programming even more

3This fragment is called Schoenfinkel-Bernay.
4Functional uncertainty is expressed via regular expressions over features: zLy. It holds iff y is value on
some path p € L starting from =z.
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suitable for Natural Language Processing), while preserving the soundness and completeness
of the classical SLD-resolution (correspondingly enhanced).

Our present aim is to follow the previously mentioned works, but starting from a rather
different attempt to express the object-orientation paradigm in logic, namely Michael Kifer
et al.” F-logic [61]. We preserve the F-logic high expressivity up to restriction to Datalog
terms instead of Prolog ones to denote complex objects and classes.®> We replace the F-
logic’s rather complicated® operational semantics, suitable for bottom up inferences, with
another — 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 a
brief introduction of F-logic, slightly adapted from [61]. 7

To 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] which
enhance FT, respectively CFT with a first-class citizen status offered to features. DF extends
this status to sorts also.®

Specific 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 define 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.

61t contains 13 inference rules!

TFor the sake of uniformity, we do not define atoms on top of terms, as F-logic does, using predicative
symbols. We introduce instead a new type of methods, namely predicative methods in the definition of
frame terms.

8In Figure 1.1, the notations z : a, z[f]y, ©A, z[f] T, and F denote respectively inheritance (the
well-known “is-a” relationship from the theory of knowledge representation), feature constraint, equality,
label constraint, non-definiteness (of a feature), and arity constraint. Also, z/SOR and z/FEA mark the
first-class status of sorts and respectively features.
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person

7N

girl boy
lucy mark jim

Figure 1.2: A (ground) reference sort signature.

— allowing for inferential completion of partially specified,? and possibly conditional sort
signatures.

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-logic
settings has led us to a “dedicated” feature constraint system, that differs significantly from
the previous ones, and which is appropriate for doing Natural Language Processing (mainly
by declarative implementation of HPSGs). Unification and the inference work will be carried
inside this constraint system by normalization and relative simplification rules.

Second, the OSF system — to which DF is obviously more linked (than to CFT) — has
in our opinion two major limitations/restrictions!?:

i. OSF is over-typed in a sense, since it uses sorts as feature values, and this is why it
cannot ultimately dissociate between features’ values and their types. (By the way, CFT
is just the opposite: it is left completely untyped.) The following example makes clear our
statement.

Example 1.1.1 Given the simple sort signature
girl : person boy : person lucy : girl mark : boy jim : boy.
shown in Figure 1.2, an OSF-like declaration
lucy[likes = boy]
will make the goal
? — lucy[likes = X]
produce the answers
X =boy, X = mark, X = jim. 0
We consider that the informational “entropy” of the above response is too wide, since
the 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 between
features’ values and types. This is achieved by

9The so-called “open” hierarchies.
10Which explain in fact its power.
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e imposing the relation = to declare only types.
So, in the above example, the declaration lucy[likes = boy] means: if lucy likes
something, then that is a boy).

e introducing the functional correspondence — to denote (only) values.
For example, the fact that lucy likes jim is (explicitly) declared by

lucy(likes — jim)].

The correspondence between feature values and types is ensured (first of all) by the so
called well-type conditioning principle. In a simplified form, this principle is expressed as

object[feature — value]

object|[feature = type | } = value:type.

ii. OSF assumes a sort/type!! hierarchy completely specified at the syntax level (while
CFT doesn’t use sorts at all). However, it is often the case that the sort hierarchy we are
involved with — and this is especially the case in NLP — is not a priori entirely known, or at
least that a combined syntax—semantics (“run-time”) completion approach is suitable from
the 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 definite'2
program, that was inspired to us by [33].

Example 1.1.2

1)  X[happy] :— X :person|[friend — _].
person[friend = person).

Z[F —» W] :— W[F:symmetric = Z].
friend: symmetric.

albert : person.

albert|friend — lucy].

?- lucy[happy]. O

O O b= W
\/vvvvv

(C
(C2
(C
(C
(C
(C
(G

0

The clause (C1) declares that a person is happy if he/she has a friend, while (C2) says
that any person’s friend is a person. Then, in the case of a symmetric function, the value
commute with the respective invoking argument (C3). The facts (C4) — (C6) are declaring
that 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 first approach:

Following in mind a bottom-up strategy, albert inherits the typing of the friend feature
from the person class (C2), since he is a person (C5). In a simplified form, the type
inheritance principle can be expressed as

class|feature = type]

object: class } = object|feature = type].

One could visualize the type inheritance effect by explicitly writing

L1 All 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 a
language 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.
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Figure 1.3: The run-time effect 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:'3

(C8) lucy : person.
The effect of the run-time signature completion for this specific case is shown in Figure 1.3.
Furthermore, applying the clause (C1) to X = lucy, we will get that’s enough for our goal
to 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 is
someone whose friend is she, namely albert (C6). So, finally

(C10) lucy[happy].

The reader should note how DF offers a first-class citizen status to features, for instance in
the clause (C3). That clause says that any symmetric function commutes his argument with
its caller.

The second approach:

What’s really happening in DF is that we have adopted a combined strategy, namely
top-down goal solving synchronized with bottom-up sort hierarchy completion. When ask-
ing to solve the goal

(GO)  ?—lucylhappy]
a resolution process (RP) is started, that (following up the sort hierarchy) infers, using the
clause (C1), the goal list

(G1) lucy:person,lucy|friend — Y.

The first goal atom in (G1), which is a derivation constraint, is not solvable in the initial
state of the sort hierarchy. Therefore, the resolution process (RP) suspends, raising up
instead as a query just that derivation:

(E1) ?—lucy:person
which 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. This
success resumes the resolution process (RP), so it continues with

13Note 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 the
given goal could not be solved.)
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(G2) ?—lucy[friend = Y.

This goal is solvable due to (C3).1* 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 completion
process, etc. If a completion process is not successful, then it may cancel the resolution pro-
cess that generated him. Different heuristics for the sort hierarchy completion are possible.

Example 1.1.3 Here is another example, simply showing the use of set-valued features in
DF:

(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 —» X

will 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&

To summarize, but also to introduce the next sections, essential in DF is that:

— unification is achieved by the so-called relative simplification rules (w.r.t. to the condi-
tional sort hierarchy associated to the program);

— completion of that hierarchy is done by bottom-up definite normalization rules; and

— DF-resolution is SLD-like, improved with a suspension and resumption mechanism (which
is quite different 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 operation
is implicit as DF-constraint goal solving.

1.2 DF Constraints

This section presents the DF system’s syntax and its underlying (constraint) semantics.

1.2.1 DF Logic records

The 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 define
the DF elementary terms:

derivation s:t 1.

equation s=1¢ 2.
functional method s[u@Quy, ..., w, — v] 3.1
set-valued method s[uQuy, ..., w, — v] 3.2
function-typing method s[uQuy, ..., w, = ] 3.1
set-typing method s[uQuy, ..., w, = {] 3.2
boolean method s[u@uwy, ..., wy] 3.3

MWith sorted unification on friend, using (C4).
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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 context
made of) the wy, ..., w, arguments;

3.2:  One of the values taken by the set-valued feature u for s is v when taking the
arguments wi, ..., Wy}

3.1 and 3.2" : The value(s) of the function-typing, respectively set-typing feature u
for s in the context wy, ..., w, should belong to the sort ;
(The typing arrow = corresponds to the functional arrow —, and similarly =
corresponds to —.)

3.3:  The feature u is true for s in the context wy, .., wy,.

The elements s,t,u,v,w; in the above relations are called references. They belong to
aset R = CUYV, where C = {a,b,c,...} is a set of constants,'> and V = {X,Y,...} is a
countably infinite set of variables.

We individualize among constants a special one noted T and read “top”, that will be
further defined 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 are
commonly built together into a single frame structure, namely a x-term. (They will be
equally referred in the sequel as DF-terms.)

By syntax convenience, the special character @ is omitted when the feature takes no
arguments.

Example 1.2.1 The well-known meaning for the Prolog denotation for lists [ ],[H | T] is
made explicitly typed by the following DF-terms that define also the type for the append
operation on lists:

(T1) nil : list
(T2) list] tail = list;
appendQlist = list].

(T1) is a derivation term and declares that nil is a list. (T2) is a x-term saying that
the tail of any list is also of the list type, and that appending a list to another list returns
always a list.

By convenience, derivation terms will be allowed to enhance the y-terms’ writing. For
instance:

(T3) nillappendQLilist — L.

The x-term definition can be extended also recursively to allow — by means of logical
conjunction — that v and ¢ (values and types) in the methods’ definition be x-terms, as in

(T4) L':list] head - H;
tail — Tappend@QLilist — Z];
append@L — Y[ head — H;
tail — 7.

15¢ is assumed to be infinite in order to ensure the existential prenex s-equivalent form for each DF-formula.
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s=t equation constraint

s:t derivation constraint
s[ugt0]t  mon-boolean method constraint (gt is either —, =, =, or =)
s[ust]  boolean method constraint

Figure 1.4: Atomic DF-constraints

O

One should easily recognize that -terms — logic records in the OSF theory — are x-terms
containing only functional methods without arguments, with constant features names and
whose feature values are always sorted variables X : 5.16 As ¢)-terms generalize first-order
terms, it follows that first-order terms can be seen as a particular case of x-terms.
DF-logic formulae are built on top of y-terms using quantifiers and logical connectives.

1.2.2 DF Logic semantics

We introduce now the DF constraint logic semantics. This is an intensional one, meaning
that relations that define predicates are assigned to symbol denotations in the domain of
interpretation, not to the symbol names themselves, as used in first-order predicate logic.

The elementary relations introduced in the precedent subsection translate naturally into
DF atomic constraints which are shown in Figure 1.4. There the v symbol denotes a finite
(possibly empty) sequence vy, ...,vx. These constraints are built upon :, =, and uyuo as
binary predicates (for gt one of —,=>, —»,=*), and 47 as unary predicate.

Note that we can think uy¢ and w0 as second-order HiLog predicates [21], namely
qt(u,v)(.) and b(u, v)(.). Translation into first-order predicate logic with equality is imme-
diate. The reader could alternatively consider . [ . ... ] . as a multi-arity predicate defined in
the contextual first-order predicate calculus.

Definition 1.2.1 Let C be a set of constants. A DF-algebra over C is a tuple

A=< DA: <4, 16’47 (I;;l_, q)p,ti: (I;)iq)l)yliv (I;)‘l_»q)l?yl?? (IIJ)‘;Q)IMP (Ipé(j)P7§ >
where

DA is the domain of the DF-algebra A,
<4 is a binary relation on DA,
Ié“ :C — DA is the interpretation of constants,
. _ * n
I;f‘_)q, II;4=>‘j’ I;f‘_»q, If#q, indexed on p € DA and § € (DA)* = Unso (DAY are
binary relations on DA, and
A ; A
I}, are unary relations on D7,
Let A be a DF-algebra, <4 the reflexive and transitive closure of <4 on D, and
a :V — D? a variable assignment in A extended as usually to constants from C. The
satisfiability of DF-atomic constraints is defined as follows:

L6 These restrictions lead to the fact that t-terms are defined upon a sort signature (C,:,A) which organize
C as lower semi-lattice, A denoting here the sort intersection. As [4] shows, such a signature can always be
constructed provided that ‘:" is a computable partial order relation on C.
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AakEs=t iff a(s) = aft)

AalEs:t iff  a(s) <4 aft)

A, a = s[ugd)t iff (a(s),a(t)) € Iofl(u)qta(a) for qt #b
A, a = s[ust] it als) sz(u)ga(@)

Satisfiability of complex DF formulae (obtained via logical connectives and quantifier
application) is defined as usually.

Boolean methods are seen as a special kind of functional methods. By convention, when
writing s[ust]t we will assume that ¢ is the special symbol T, denoting (in this context) the
truth value true. So, from now on, for the sake of uniformity, whenever not otherwise said,
the index gt (read: “quasi-type”) will denote —, =, —»,=» and b (read: “blank”).

Every x-term is interpreted as the logical conjunction of the elementary constraints it is
built on.

Definition 1.2.2 A DF-clause is a finite conjunction of atomic DF-constraints.

Example 1.2.2 For the x-term (T2) in the precedent example we get the DF-clause
list[tail=list A list[append = list]list

while the x-term (T4) goes into

L' : list A L'[head_,|H A L'[tail )T A Tlappend_, L1 Z A L:listA
L'lappend_, LY ANY [head ,]H A Y [tail ] Z.

O

Conjunction will be seen as an idempotent and commutative operation having T as
neuter element. Thus DF-clauses can be seen equivalently as sets of atomic DF-constraints.
The empty DF-clause, denoted T, is always true.

It’s useful to note clearly that any DF-clause ¢ has three main components: the equation
part ¢, the derivation part ¢., and the frame part ¢]. These partitions of ¢ are defined as
one would expect:

d.={s:t|s:te€ ¢}
. ={s=t|s=teg}
py=0¢— (6. Ud-).

Now we introduce a particular form for DF-clauses to characterize their satisfiability.
The next section will give an operational way to get such a form for every DF-clause.

Definition 1.2.3 A DF-clause ¢ is in solved form (or, simply: is solved) if
1. there are no derivation cycles s:t1,t1:ta,...,tn:s in @;
2. if s=1t € ¢, then s occurs only once in ¢;
si{ur 1]t € ¢

3. if ¢ safua_,Ta]ts € ¢, and then ty =t2 € ¢,
51 = 82,U1 = Uz, Dy = Uy € ¢
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(G) VX : TAST: X)

(AS) V(XY AY:X 5 X =Y)

(F)  V(X[usd)Y AX[uot]Z - Y = Z)

(WT)  Y(X[uo0]Y A X[FL0]Z — Y:2)

V(X [u—s0]Y A X[u=0]Z — Y:Z)

(T) V(X [us0)Y AX'"X AT OAYY' = X'u0']Y7)

V(X[uz0]Y AX'"X ATDAYY' = X'[ums0']Y)

(©) Y(A¢p — 3C(¢)9) for every ¢ solved clause.
A¢ is the set {—(u = v'&V = 7') | s[u~0]t, s[u' 0]t € ¢}, and
C(¢) is the set of all constrained variables in ¢.

Figure 1.5: Axiom schemes for DF-algebras

81[U1%’171]t1 S ¢
. 82[U2:>’172]t2 € ¢
.l .
4 if up = uz € ¢,
$1:82 and Uy : Uz € ¢

then ty : ta € ¢, and

similarly for — in correspondence with ==>.

The aziom schemes all DF-algebras must satisfy are given in Figure 1.5. There the V¢
formula denotes as usually the universal closure of ¢.

The (G) axiom expresses the fact that T is assumed to be the greatest element in
the domain of interpretation. The (AS) axiom corresponds to the antisymmetry of the
derivation 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 form
the type inheritance, argument subtyping, and range supertyping principles from the object-
orientation paradigm. (One could see the distinct cases by alternatively choosing two of the
equalities X = X',v = v/, and Y = Y" and pushing them into (T). For instance, if X = X',
and Y =Y then the (T) formula states the argument subtyping principle.)

Finally, the (C) axiom is added (as [99] pointed out) in order to avoid empty relation
interpretations for DF method constraints.'”

Definition 1.2.4 Let ¢ be a DF-formula, and A a DF-algebra. A valuation o in A is a
solution of ¢ if A, = ¢.

The definitions 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[ug:@]t, or X =t in ¢.
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Definition 1.2.5 Let A be a DF-algebra, and ¢ and ¢ DF-formulae.
¢ and v are equivalent in A if A= VY(¢ & ).
¢ entails ¢ in A if A =V(p— ). Notation: ¢ =4 1).
¢ disentails 1 in A if A= V(p — —p). Notation: ¢ =4 —p.
¢ determines ¢ in A if either ¢ =41 or ¢ Ea ).

Definition 1.2.6 Let ¢ and v 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 satisfiable.

Proof: Let R(¢) be the set of all references occuring in ¢. Obviously, ¢ determines an
equivalence relation =4 on R(¢). Let 6 be a functional mapping 6 : R(¢) — R(¢) such that
0(s) = 0(t) iff s =4 t. (Such a function can be immediately constructed by choosing one
representative for each class in R(¢)/=, )

Let A% be a DF-algebra A? =< D?, <4, 19,12, 12,19, 1%, I > such that

D? = §(R(¢)),

s<gtiff s:te ¢,

I¢(a) = 6(a), for every a € C,
I:fqm contains (s,t) if s[u,v]t € ¢, for gt #b, while I:i@ contains s if s[ug,0] € ¢,
if I{L@ contains (s,t), and s' <4 5,9 <p U, <4 t' then [f:”-} contains (s',t'),
and similarly for ==.

Then the A?-valuation o which assigns every X in R(¢) to (X) in D? is a solution of
¢ in A?. m|

The DF-algebra A? constructed in the proof of the above statement, assuming each
[ft minimal wrt the specified properties, is called in the sequel the canonical DF-algebra
associated to ¢. It can be easily converted by isomorphism to a canonical DF-graph algebra'®
corresponding to ¢. We show that it generates via DF-homomorphisms all solutions of ¢.

18 A DF-graph is a tuple
G=<N,E=E"UE",u,ro>

where

N is a finite set of nodes r,s,t,... € R;

E C N x N is the set of derivation edges (making the subset E’), and method edges (making E', which
is disjoint from E');

B B 2CXQTXCY yhere QT = {—,—»,=,=%,b}, associates labels to method edges; and

ro 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 (s1,52),(52,83), ..., (Sn—1,5n) € E’ then s, # s1;

(G.F): functional method edges are determinate, i.e., if (s,v), (s,v') € E” and u(s,t) N u(s,t') contains
(u,—,w), then v = v';

(G.WT): “value” and “type” method edges commute through derivation chains, i.e., if (s,v) and (s,t) €
E", u(s,v) contains (u, —,w), and u(s,t) contains (u, =, w), then there is a derivation chain from v to ¢ in
E';

(G.T): method-typing edges emerge through derivation edges, i.e., if (s,t) € E", (u,=,w) € pu(s,t), and
there are derivation chains in E’ from s’ to s, from ¢ to ¢’ and from @’ to w (obviously, on corresponding
components), then (s',t') € E" and (u,=,w') € p(s’,t'). Similarly for =;

(G.P): boolean methods edges lead only to T, which represents the truth value true: if (s,t) € E” and
(u,b, w) € u(s,t), then t =T.

From the implementation point of view, it’s conveniently to work with DF-graph generators: graphs which
satisfy the conditions (G.AS), (G.F) and (G.P). They are further “lazily” closed through (G.WT) and (G.T).
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Definition 1.2.7 Given A and B two DF-algebras, a DF-homomorphism from A to B is an
application v : D4 — D®B such that:

vy(u) < y(v), for every u and v in DA such that u <4 v;

Y(1g(a)) = 15(a), for every a € C;

If(u)_)v(ﬁ) ={(v(s),7(®)) | (s,t) € I;* ,}, for every u € DA, and v € (DA)*;
If(u)_»,y(@) D {(y(s),v(t)) | (s,t) € 11;4_»1-,}, for every u € DA, and v € (DA)*;
and similarly for =, and =; and

If(u)m(r;) D {(v(s) | s € I}5}, for every u € DA, and © € (DA)*.

The following results justify for the canonicity of the algebra A? relative to the satisfia-
bility of ¢.

Proposition 1.2.2 Let v : A — B be a DF-homomorphism, o and (3 valuations in A,
respectively B, and ¢ a DF-constraint. If A,a |= ¢, then B,v(8) = ¢.

Proof: Immediately, due to the definitions of DF-homomorphism and satisfiability of
DF-constraints. a

In fact, the above property is true for ¢ any DF-formula. (To show this it is sufficient
to consider the disjunctive normal form of ¢.)

Proposition 1.2.3 If ¢ is a solved DF-clause, A? is the canonical DF-algebra associated
to ¢, a is a solution of ¢ in A®, and 3 is a solution of ¢ in a DF-algebra B, then there is a
DF-homomorphism v : A® = B such that 3 = o «.

Proof: Let 6 be the application defined in the proof of Proposition 1.2.1. Then ~ : DA’ =
R(p) — D by v(s) = B(0(s)) satisfies the above stated claim. O

The next section will show how we can operationally assign to every DF-clause ¢ a
DF-clause in solved form. Then we will do the same for the more general case of definite
DF-clauses.

1.3 DF Normalization

Solving a DF-clause ¢ means to find out a DF-clause ¢’ in solved form, such that ¢ and
¢' are semantically equivalent. This section gives the operational counterpart for solving
DF-clauses. This aim is achieved by defining basic normalization rules.

Then the notions of definite DF-constraint and definite DF-clause are introduced. Defi-
nite normalization rules naturally extend the basic ones, in order to compute a solved form
for a given definite DF-theory. Thus the way is prepared for doing the relative simplifica-
tion/entailment test of a positive DF-clause w.r.t. a set of definite DF-clauses (seen as a
conditional hierarchy of definite y-atoms). This task is carried out by relative simplification
rules.

One subsection is dedicated to each one of these three issues. An intermediate subsection
introduces an enhanced syntax for DF-constraints — using multi-sorted variables — together
with its operational semantic counterpart, since it is useful in writing down in a compact
manner the rewriting rules used in the sequel for both positive and definite DF-clauses.
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1.3.1 DF Basic normalization

Now we start the presentation of basic DF-normalization rules. Given a DF-clause ¢, the
DF-normalization rules put it under an equivalent solved form.

There are two groups of DF basic normalization rules. Those in the first group, the so-
called equational rules concern the equational part of the clause to be normalized, and are
given in Figure 1.6. They eliminate trivial equations (EquE), reverse equations (EquR) in
order to propagate the value of a variable into the whole clause (VarE), and also rewrite the
clause with respect to the congruence relation induced on the alphabet C by the equational
part of ¢ (CoRW).

In writing these rules we have used notational conventions for references introduced in
the precedent section,'? and we denoted by ¢(s/t) the formula obtained from ¢ replacing all
occurrences 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 logic
semantics. This assumption is needed to ensure the termination of normalization process.

(BquE) =R

(VarB)  — Zf/\t ¢>A($ eV oceurs in g

(EBquR) -

(CoRW) —2 b: Ab ;\(f/b) it @ # 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 in
Figure 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-typing
conditioning (WT).

Important remark: In writing the core normalization rules, for the sake of simplicity we
have assumed that the derivation operator ‘" has been firstly overwritten by its reflexive
and transitive closure, and then naturally extended to finite sequences of references.

One can see that normalization rules act like communication processes between the three
distinct parts of the clause ¢, namely ¢—, ¢. and ¢[}. Using the terminology that appears for
instance in [45], each normalization rule can be seen as an agent/communication process that
reads information from one part’s “blackboard”,? and then consistently write information

XY, Z,V,... are variables, a,b,c,... are constants, and s,t,u,v,w,... are references. Remember that a
reference is either variable or constant.
20Except for (F) and (WT) that read from two blackboards.
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t:sAs:tA¢

(AS) Ss=tA¢
(F) slu_ ot A s'[u L0t A ¢
t =1t Asfus0)t As'[u 0t Ao
ifs=s u=uv,0=0€pandt=t'¢¢
(WT) SluLoJt A s'[ul o't A @

t:t' AsfuLTlEA s Ul o't A @
ifu=u',s:8,0:0" € ¢, and t:t' & ¢

Similarly for —» in correspondence with =.

Figure 1.7: Core Basic Normalization Rules.

on another part’s blackboard.?! This idea of basic normalization as communication process
is 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 final result is the same (up to the
congruence relation induced on references by =). So, basic normalization can indeed be
done 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 of
type 1; similarly, 3 triggers 2; and 1 triggers 2 and 3.

Proposition 1.3.1 Basic DF-normalization rules are finite 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 is
limited due to the fact that there is only a finite number of derivations and equations that
can be added to ¢ (via (WT), respectively (AS) and (F)) since there is a finite number of
constraints in ¢, and so only a finite number of references. O

Proposition 1.3.2 Every DF-clause ¢ normalizes into an equivalent solved clause ¢'.

Proof: It’s easy to see that equational rewriting preserve logical equivalence. Then, up
to equational rewriting and, due to the natural correspondence between DF-normalization
rules and DF-axioms (to be satisfied by any DF-algebra), normalization can be seen as a
finite sequence of expanding steps of the following form:

21Except for (VarE) and (CoRW) that write on all blackboards.
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CoRW)
(EquR)
/(VarE)

(AS)

L (EquE)

Figure 1.8: Basic normalization rules as communication processes.

¢ . :
T—onXT where ¢ = X :Y, and X:Y & ¢, and
¢ - -
T—GAXZY where p =X =Y, and X =Y ¢ ¢.
So, ¢ |= ¢'. The reverse implication is immediate by means of the well-known tautology
PNY = .
That ¢’ is in solved form is immediate. O

As a consequence of the above proof, the link between a DF-clause ¢ and its solved form
@' is:
d=pU{X:Y | o= X:YJU{X =Y |p=X=VY}.
From the concurrent constraint theory perspective, it means that ¢’ (in the beginning
equated to ¢) is told all derivations and equations entailed by ¢, i.e. all those elementary
constraints that are positively answered when asking ¢ 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 derivations

T:list N\ Z:list \Y :list.

The dynamics of sort characterization of variables through the normalization process is
shown in Figure 1.9. It is important to note that the DF system allows in this way the
run-time, principle-based type checking of variables.

The DF-graph corresponding to the normal form of T' = (T1)A(T2)A(T3)A(T4) is shown
in 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 algebra
associated to T'.
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N
TSN

L

Figure 1.9: Dynamic typing of variables in DF.

Figure 1.10: The DF-graph corresponding to the solved form of 7' (Ex. 1.2.2).

1.3.2 Reference signatures

This rather technical subsection aims to ensure a compact formulation of definite normal-
ization and relative simplification rules to be presented in the following subsections. If the
reader assumes an intuitive understanding of the just mentioned notion of (conditional) uni-
fication w.r.t. a sort/reference signature, he may skip this subsection at a first reading of
this chapter, eventually returning to it. Anyway, we hope he will not get lost into technical
details given here.

From now on we will use an enhanced syntax for DF-constraints, imposing in their writing
the use of multi-sorted variables.??

Let C = {a,b,...} be a set of constants, and V = {X,Y,...} a countably infinite set of
variables. We assume that C contains the special symbol T read “top”.

A sort mapping o : V — C*, where C* = [, C", associates to each variable X a finite
non-empty set of constants {aj,...,a,}. The pair (X,o(X)) is called sorted variable and

22In fact, this syntax was already allowed in writing enhanced x-terms.
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it is written simply X% We assume that for each finite set of constants S there are
infinite many variables X such that o(X) = S. The variables whom the sorting mapping o
associates the top sort T are called simple variables and are commonly written X instead
of XT.

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 subsection
preserve their formulation when the clause under normalization is written using the present
enhanced syntax.

We should note that from the operational point of view, the sort characterization of
variables in DF will act like guards, during the application of normalization rules.

Non-conditional reference signatures

Definition 1.3.1 Let R = CUSV. A relation < on R is a subset of R x R.

The preorder relation determined by < on R is <, the reflexive 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 defined in
following way:

Definition 1.3.2 Let < be a relation on R.
i. Every a € C is admissible instance of itself w.r.t. <, and
it. s is an admissible instance of X% % w.rt. <, if s 2 aq, fori=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 X*1»~~%  then X®» % ig called meta-reference of s.
The idea behind is that X ®1-~%» is more general than s. In fact a sorted variable is thought
of as a recipient / deposit of general properties of all common descendents of ay, ..., and a,,.

It should be noted however that in the DF system a descendent inherits by default from
its ancestors only the typing methods. Inheritance of all (typing and non-typing) methods
from one class to another is allowed via admissible instantiation.

Definition 1.3.3 A reference signature is a relation < on R that satisfies the following
conditions:

i X% Za; fori=1,..,n, for every X% % ¢ SV;

it. T is the greatest element of R w.r.t. <, that means s < T for every s € R, and
At € R, such that T <t.

iii. The relation < is closed under admissible instantiation on R, i.e., for all s < t, if '
is admissible instance of s, and t' admissible instance of t, it follows that s' < t'.

It’s easy to see that any reference is an admissible instance of itself.

We can naturally define the reference signature generated by a subset S of R X R the
minimal signature containing S. Indeed, there is a “total” signature on R, namely R x R,
and the intersection operation preserves the defining conditions for reference signatures.

We say that a reference signature < is finite if it is generated by a finite subset of R x R.

Example 1.3.2 The relation {(Y"*,a)} becomes closed to admissible instantiation by adding
the pair (b, a), and generates the reference signature that contains also (X¢,a), (Y°,b), (a, T)
and (b, T). A graphical representation of this signature is given in the Figure 1.11.

With respect to the above signature, X is a meta-reference of Y’ since Y* < a.
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Figure 1.11: A reference signature

O

Now we arrive naturally to the define the notion of admissible substitution with respect
to a given reference signature on R.

Definition 1.3.4 Let < be a signature on R. A mapping o : SV — R is an admissible
substitution with respect to < if

i. o(V) is an admissible instance of V' for every V € SV;

it. For every V€ SV such that V # o(V') there is a ground admissible instance of o(V')
in R.

We have to say that the second condition in the above definition is added only from
reasons of practical convenience. All the results reported in the sequel remain true if we
eliminate it. While its computational cost is not insignificant, it’s role is to not allow the
generation of unsatisfiable constraints during the normalization process on DF-clauses (that
could be worse).

As usually, an admissible substitution ¢ is considered finite if its domain D(o) = {V €
SV |V # o(V)} is finite. In the sequel we will work only with finite admissible substitutions.
The notation used for finite substitutions will be that of set of pairs having the form V/a (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 4. in the definition given for reference signatures,
it follows that any admissible substitution o preserves the equivalence relation between
references, i.e. if s = ¢, then o(s) = o(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).

Definition 1.3.5 A normal signature is one for which the determined equivalence relation
is the identity on R.

We will define now the notion of reference unification in the present settings. This notion
is a generalization for domain variable unification [63] in that

1. it involves a hierarchy < over domains and

2. it is an equational unification with respect to =, the equivalence relation determined
by <.
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Definition 1.3.6 Let < be a reference signature on R, and s and t two references. We say
that s unifies with t with respect to < or, simply: s and t are relatively unifiable, if there is
an admissible substitution o such that o(s) = o(t), that is o(s) = o(t) or there is a cycle in
< to which both o(s) and o(t) belong.

In the virtue of the above definition two references equivalent w.r.t. < are always unifi-
able.

Given <, a relation on R, then < is naturally rewritten for R/=. (We take [a] < [b] iff
a < b and [a] # [b].) Given § C R, and < a relation on R, we define min(S/=) the set of
least elements of S/= w.rt. <.

Remark: For every X% and Y bm € SV there is Z¢ % € SV such that
Zc1+¢k is meta-reference for both X 1>~ and Y ?++bm  This claim is true for any Z¢t:¢*
such that {[c1], ..., [ck]} = min(({a1,...,an} U {b1,...,b})/=), and then for every W 1»da
such that for every ¢ from 1 to k thereis j € {1,...,q}, with d; < ¢;.

Let’s prove that Z¢ %% chosen as above is a most general (admissible) unifier of
Xateotn and YOrobm ot <. If Ve is an admissible instance for both X %1% and
Ybieobm then Verr€a < X00n and Verra < Ybuobm Tt follows, due to the way
C1,...,C, were chosen, that V1% < ¢; for i = 1,...,k. Thus V€€ is proven to be an
admissible instance of Z¢1»-:¢k,

The above remark, in connection with the condition 4i. in the definition of admissible
substitution, will limit the search of reference unifiers to “effective” candidates®® with respect
to the given reference signature.

The definitions for a more general unifier and most general unifier for two references
are given as usually. Also, these notions extend naturally for finite sequences of references,
DF-constraints and DF-formulae.

Figure 1.12 presents an algorithm for relative unification of (multi-sorted) references with
respect to to a given signature on R. The correctness of this algorithm is immediate, in the
virtue of the above remark.

Example 1.3.3 With respect to the reference signature in the previous example, X% and
Y unify, and one of their most general unifier is Y°.

Let’s take now a little more complicated signature:

The reference signature generated by {b:a,Y? = Z¢}, ie. {(b,a),(Y?, Z°),(Z¢,Y")}, is
shown in Figure 1.13. With respect to it, 0 = {X*/Y"} is a most general unifier of X and
Y. There are also other unifiers of them, like § = {X%/Z¢Y?/Z¢} and 0' = {X*/c,Y"/c},
but the last one is not most general. Also, b is congruent with ¢ (and therefore they are
unifiable), while a and b are unifiable, though not congruent. O

Before ending this subsection, we add some useful notions for the DF system, coming by
analogy with the theory of CFT systems:

Note that every signature < can be seen as a (maybe infinite) conjunction of DF deriva-
tion constraints. Conversely, given ¢ a DF-clause, the reference signature defined by ¢ is the
signature generated by

<= 1{(s,t) | s:t,s =tort=s€ ¢}

In the sequel we will deliberately use the same denotation for both <4 and the signature
it generates.

23].e., those having ground instances.
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Input: s,t € R, and
<, a finite reference signature (sufficiently: a finite generator of it)

Output: o, a most general unifier of s and ¢, if s and ¢ are unifiable w.r.t. <, and
‘Fail’, otherwise.

Procedure:

if s=t
return o = ¢ (the empty substitution);

else

if s=a,t=05
return ‘Fail’;

else

if s =a,t =Yt b= (or vice-versa)
ifa=<by,..bm

return o = {t/Ybly--.,bm};
else return ‘Fail’;
else (s = Xﬂ/17...7an,t — Yb17"'7bm)

compute {[c1], ..., [ck]} = min(({a1, ..., an} U {b1,....,0n})/=);
if 3d € C such that d < ¢;, fori =1,...,k
if {[cl]a ) [Ck]} = {[a1]7 ) [an]}
return g = {Y01bm /Y0100
else
if {[cl]a ) [Ck]} = {[b1]7 ) [bm]}
return o = {Xa17...7an/Yb17...7bm}
else
return o = {s/Z % t/ZCCk ) (ZC is a new variable)
else
return ‘Fail’;

}

Figure 1.12: Algorithm for relative unification of (multi-sorted) references
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Figure 1.13: Another reference signature.

Definition 1.3.7 Let ¢ be a DF-clause, R(¢) the set of all references occuring in ¢, and
=, the equivalence relation determined by <4 on R(¢).
A normalizer of ¢ is a mapping 0 : R(¢p) = R(¢) such that 0(s) = 0(t) iff s =4 t.

Obviously, we can see every normalizer 6 of ¢ as an equational DF-clause (i.e., made
only of equations), and also as an admissible substitution (with respect to <g).

If ¢ is a solved DF-clause, and 6 is a normalizer of ¢, let ¢' be the formula obtained
from ¢ by eliminating all its equations, and replacing every reference s from R(¢) with 6(s).
Then

o Hord A &'

We 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

(f) ':'Dpa N 9(1)

Obviously, the normalization rules presented in the precedent subsection compute for
every DF-clause ¢ — together with a solved form — one of its normalizers.

Conditional reference signatures

Now we extend the definitions given in the precedent subsection to conditional reference
signatures. 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 (T), while the empty set
of DF-clauses is considered always false (L).

Definition 1.3.8 A conditional reference signature (<,A) is a reference signature on R
together with a conditioning mapping A :<— 2P where D is the set of all positive DF-
clauses over R, such that

i. A(X®rn q) =T, fori=1,...,n and every X% € SV;

i. A(s, T) =T, for every s < T, and

iii. For all s < t and every o admissible substitution w.r.t. <, it follows that A(o(s),o(t)) D
oA(s,t).

Intuitively, a DF-clause § € A(s,t) denotes the condition under which the derivation s : ¢
is true. The condition ¢. says that sorting variables is unconditional, and the same is true
for derivation from the “top” element (condition éi.); finally, the condition 4ii. states that
defining conditions on pairs in < are propagated under under admissible instantiation.
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Note that the pair (o(s),o(t)) at the point #i. in the above definition belongs to the
reference signature < due to the definition given to the notion of admissible substitution
together with the point ii. in the definition of (non-conditional) reference signature.

Now, the previous introduced notions for a (non-conditional) reference signature gener-
alize naturally to the conditional case:

Definition 1.3.9 Let (<,A) be a conditional reference signature over R. A reference s is
a descendent of the reference t under the condition §, and this fact is denoted by s <° t, if
dry,...,7, €E R such that s=11 <12 < ...<rp =1 and
36; € A(ry,1iq1), fori=1,...k — 1 such that 6 = 61 A ... A §g—1 .

Similarly, s € R is an admissible instance of X®»% with respect to < under the
condition ¢ if s <% q; fori=1,...,n, and § = 61 A ... A dj_1.
Now we define the “normality” of conditional reference signatures:

Definition 1.3.10 A conditional signature (<, A) is normal if the its unconditional maxi-
mal subset is normal, that is: if s <7 t, and t <7 s, then s = t, for any references s and
t.

Usually, the fact s <" ¢ will be written in the sequel simply as s < ¢, and in the
graphical representation associated to a conditional signature, only the non-T conditions
will be explicitly mentioned (as labels on the corresponding edges).

1.3.3 DF Definite normalization

This subsection extends DF normalization presented in subsection 1.3.1 to definite DF-
clauses.

Definition 1.3.11 A definite DF-constraint is a disjunction AV —By V ...V =B,,, where
A, By, ... and B,, are elementary DF-constraints.

A definite DF-clause ¢ is the universal closure of a definite DF-constraint.

A negative DF-clause is a formula =B; V ...V =B, where B; for i = 1,...,n have the
same meaning as above.

Obviously, an enhanced x-term, as introduced in the beginning of this chapter can be
naturally written as a finite conjunction of definite DF-constraints.

As usually in logic programming, A will be named the head, and By, ..., B,, the body
(or: definition, condition) of the given definite DF-constraint/clause. From now on, we will
follow the convention that V, the universal closure quantifier in front of a definite DF-clause,
well-understood from the context, will not be anymore written, so we will simply use the
notation: A :- By, ..., By.

We use the notion of definite feature constraint following H. Abramson in [2]. Of
course, definite 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 positive
DF-clause; it is the existential closure of such a clause. We also worn the reader about
the fact that naming a conjunction of elementary constraints a clause is common in the
feature constraint theory, and it should be associated in DF to the level of unification on
logic records (x-terms), while the notion of definite DF-clause is used in the sense proper
to logic programming, and it will serve on the level of logic inferences.
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A definite DF-constraint/clause ¢ can be naturally rewritten using the enhanced syntax
formally introduced in the precedent section. So, every variable X occuring in ¢ will be
rewritten to X®1%2-% if X :q;, for i = 1,...,n are all the derivation constraints in the
body of ¢ which have X as the first term and a constant a; as the second term. (Obviously,
these derivations will be eliminated from the body of definite constraints.)

Example 1.3.4 The definite clauses (C1) and (C3) in Example 1.1.2 are rewritten as:

(C17)  XPersotlhappy] : — XPeron|friend_,]Y
(03:) Z[FSymmEt”cﬁ]W - W[Fsymmetmcﬁ]z_ O

Definition 1.3.12 A definite DF-theory ® is a finite conjunction of definite DF-clauses.

For any definite DF-theory in the sequel we assume the separate renaming of variables
that occur in different definite clauses.

We assume also that the notion of conditional reference signature determined by a definite
DF theory is defined in a similar way to that introduced for positive DF-clauses.

In the definition to be given for the solved form of a definite DF theory ®, and also in
the rewriting rules to be given afterwards we will use the following notations:
S j‘}) t : s is an admissible instance of ¢ w.r.t. <¢ under the condition §;
unify<i(s,t,0) : 0 is an admissible unifier of s and ¢ w.r.t. <¢ under ¢; and
o= mgu<§{>(s, t) : o is a most general admissible unifier of s and ¢ w.r.t. <¢ under 0.

Definition 1.3.13 A definite DF-theory ® is in solved form if

1. the conditional reference signature <o determined by ® is normal;
2. if s =1t € ® then s have no other occurrence in ®;

Sl[ulﬁ’fh]tl -0 €P
3. Zf 52[U2_>172]t2 -0y € ®, and then U(t1 =ty -0 A0 /\(52) €,
o= mgui¢(< S1,U1,T1 >, < S2,Us2,V2>)

sl[ulﬁﬁl]tl - (51 eEd
82[U2:>172]t2 -0 €D
4. lf unify<§{>(u1,U2,a), then U(tz:tl 2-6/\(5’/\6”) S q>, and
g81 jg 0'82,0'1_)1 jgl 0'172, and
o is most general with these properties
similarly for —> in correspondence with ==.

Definite normalization process involves equational normalization rules and core normal-
ization rules, shown in Figure 1.14, respectively in Figure 1.15. These rules are slightly
different versions of their base counterparts. The differences that had to be covered are due
to admission of the conditional body and the universal closure quantifier inside the definite
DF-clause. Remeber that the symbol T used in writing the (D.VarE) and (D.AS) rules de-
notes the DF formula always true. Similarly, the symbol L denotes the DF formula always
false.

Note that definite antisymmetry dissociates into two rules, (D.AS) and (D.CC), corre-
sponding to the derivational and respectively the equational part of ®. The “congruence
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(D.EquE)

t=t:—-0N®

i)
Xa17...7an = Yb17...7bm /\ (P
(DV&I'E) X = Zal,...,an,bl,...,bm ANY = Zal,...,an,bl,...,bm A Q(X/Z, Y/Z)
if X occurs in ® (Z is a new variable),
and Jc such that ¢ <4 a;, for i = 1,...,n, and ¢ <4 bj, for j =1,...,m.
X0ntn = g A P
X0 ZgAa:iag Ao Aa:ap A P(X 0 [q)
if Xat>»0n occurs in .
a=VAD
(D.EquR) = d
a=bND . .
(D.CoRW) = OAD(a)D) if a # b, and a occurs in
Figure 1.14: Equational Definite Normalization Rules
t:s A\ (I> . T
(DAS) m if S jq) t
S = tA (I> . 1ol 5
(D.CC) TV S ASZIAD if <s',t'><3<s,t>
(D F) sl[ulﬁﬁl]tl - 61 N Sz[Uz;,’l_)Q]tz - (52 N

(D.WT)

O'(t1 =ty:-0AN0 A (52) N Sl[ul_)171]t1 -0 A 82[U2_>172]t2 -0 AND

if o = mgu<g(<51,u1,61 >, < S2,Us, U2 >), and
O'(t1 itg 3—(5/\(51 /\(52) €(I)

sl[ulﬁﬁl]tl - 01 A 82[U2:>172]t2 -0 ND

U(tl . tz ) N (5’ N (5” N (51 N 62) N 81[U1_>'l_)1]t1 - 61 N 82[U2:>’l_)2]t2 - (52 N

if unify<‘;(u17u270—)7 081 =% 082,00, < 0D,
o is most general with these properties, and
U(tl Zt2 Z—6A5’A5”A61A62) g‘I’

Similarly for —» in correspondence with =.

Figure 1.15: Definite Core Normalization Rules
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Figure 1.16: The definite normalization result for Example 1.1.2.

closure” rule (D.CC) carries an equation between two references over all their admissible
instances in ®.

Important Note: For readability reasons, in writing the (D.F) and (D.WT) rules, we
have not explicitely stated that the infered definite DF-constraints have to be both renamed
apart from ® before joining it and occur-checked up to variable renaming in ®. The last
condition is assumed also in the Definition 1.3.13.

Example 1.3.5 The definite normalization of the DF logic program in Example 1.1.2 pro-
duces the following three new clauses:

ucy : person + +
(D1) lucy (C2)+(C6)+(C5)
(D2)  W'person :— W'[friend_|person (C3)+(C2)+(C4)
(D3) W' =lucy :— W"|[friend_]albert (C3)+(C6)+(C4)
Figure 1.16 shows the associated conditional reference signature. The dashed edges

correspond to the newly synthesized definite DF-clauses. The conditions are written as
labels on these edges. O

Proposition 1.3.3 The DF-normalization is always finite terminating on finite definite DF
theories.
Proof: This result is due to the following facts:

— there is only a finite number of constants in ®, the theory to be normalized, since it is
assumed to be finite; and

— introduction of new definite clauses in ® (only derivations and equations can be added) is
limited by the applied occur check on definite clauses.
The maximum number of derivations that could be added to @ is bound to

nxm x 2 x pr?

where
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n is the number of functional (definite) methods in ®,
m is the number of function typing methods,
k is the number of atomic DF-constraints in the “bodies” of definite constraints in ®,
p is the number of variables initially in ®, and
r is the number of constant symbols in ®.
A similar evaluation can be done for equation constraints.

Proposition 1.3.4 FEvery definite DF-theory ® normalizes to a logically equivalent definite
DF-theory ®' in solved form.

Proof: Similar to that given in the case of positive DF-clauses.

Proposition 1.3.5 FEvery definite DF-theory ® is satisfiable if it is satisfiable in the DF-
graph algebra G.

Proof: First, due to the precedent proposition, ® can be considered as already being in
solved form. Then, the proof proceeds classically, since there is a DF-homomorphism from
G to every DF-algebra A and vice-versa. O

Remark: The following problem in doing definite normalization of DF theories still
remains 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 estimate
that) once initially computed, concurrent updating of the non-conditional subset of ® as
a lower semi-lattice can be done at relatively low level computing. This remark extends
also to conditional unification, computing the most general unifier w.r.t. a conditional sort
hierarchy, and of course to the occur check. Here further work — formal evaluation — must
be done.

1.3.4 DF-Theory relative simplification

DF relative simplification rules test the satisfiability of a positive DF-clause with respect to
a given definite DF-theory. In other words, they check whether the existential closure of the
positive DF-clause, in particular a y-term, is entailed by the DF theory. In the affirmative
case, a substitution § will carry out the computational result.?*

The theory relative simplification technique was suggested to us by the work of H. ATt-
Kaci, A. Podelski and S.C. Goldstein on OSF [7]. However, while the theory involved in
order-sorted feature unification is not conditional, and it serves (only) for relative unification
of sorted terms,?® here we work with conditional (definite) DF-theories, and instead of
matching terms, by checking out the consistency of their conjunction (as OSF does), we will
test for the entailment of the existential closure of a positive DF-clause ¢, w.r.t. a given
definite DF-theory ®. This work is done by unifying elementary DF-constraints in ¢ against
heads of different definite 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 simplification for non-conditional DF theo-
ries — serving only for unification purposes — but we prefered to use directly the conditional

24As a (global distributed) matching of the clause against the theory.
25Via rewriting rules that replace the algorithmic approach initially proposed in [4].
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(definite) form; also, through recursion we already entered into the subject of DF-resolution
in a way that facilitates the introduction of concurrency in DF (see the next subsection).
2. Following the remark done after the Definition 1.3.11, the relative simplification could
be formulated in terms of reduction of a negative DF-clause.?® However, in order to enhance
understandability, we prefered to use the simplest and — in an indirect way — more general
terminology, that of positive DF-clause simplification with respect to a definite DF-theory.

So, in a restricted, particular sense, DF relative simplification serves for unification of
two x-terms, when the theory is represented by (the universal closure of) one term, while
in a larger sense it does resolution-based entailment in definite DF-theories.

We assume in the sequel that

— both the definite DF-theory ®, which “controls” the simplification, and the positive DF-
clause ¢ that must be “relatively simplified”, do not have variables in common prior to
relative simplification, and

— & is already normalized, using the definite normalization rules given in the precedent
subsection.

As previously shown for basic normalization, a specific concurrent communication pro-
cess can be thought of as underlying the application of relative simplification rules. (See
Figure 1.17.) Now the rules acting as communication agents

- first 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 on
the ® clause’s blackboards, (replacing them eventually with logically sufficient conditions)
and

- produce instead the unifying substitution(s).

The idea is that after the definite normalization of ® was done, relative simplification
tries to match DF-constraints in ¢ with (heads of) corresponding constraints — derivations,
equations, methods — in ®. During the relative simplification process, the condition part
of each constraint that served for matching is adjoint/conjuncted to ¢. The simplification
process is recursively reentered if the new form of ¢, the clause that has to be simplified, is
non-empty, and it is blocked if the matching did not succeeded. Success is reported when ¢
gets exhausted.

Different concurrent “variations” on this resolution theme are proposed in the next sub-
section.

As already suggested, the relative simplification process starts with the group of equa-
tional relative simplification rules given in Figure 1.18. These rules form a slightly adapted
version of those given for equational base normalization. New is the rule (R.CoWR’) which
makes uniform the use of equated constants in ® and ¢.

The equational relative simplification rules are applied as many times as possible without
any preferential order. Then the DF-clause matching process is done by relative reduction
rules shown in Figure 1.19.27 These rules try to “view” — maybe under certain conditions

26 Remember that a negative DF-clause is the universal closure of a finite disjunction of negated elementary
DF-constraints: V(—A; V ...V 1Ay), that is the negation of the existential closure of a positive DF-clause:
ﬁﬂ(Al VANAN Ak).

2"The ren(®) notation used in writing reduction rules denotes a renamed copy of ®. In fact it’s enough
to consider only renaming all variables in the clause extracted for matching.

35



(R.EquE) (R.EquR)

O (R.CoRW)

Rva) ——= @ (]

(V.Red)
(T.Red)

(R.CORW")

(VarE)

%,

0]
/ \(D.Red)
b

Figure 1.17: Relative simplification as concurrent communication.

— the DF constraints from ¢ into the normalized definite theory ®. Figure 1.20 gives the
final relative simplification rule, which makes the (in)validation of the result of relative
normalization. If ¢ is totally reduced, then the relative simplification process stops with
success (and the substitution  can be extracted out as the simplification’s result), otherwise
the negative clause L is produced.

Note that relative reduction rules introduce (apart from all precedent rules!) true inde-
terminism: applying one of them could cause the failure of the relative simplification process,
i.e. produce the L clause via (R.Val), without leading necessarily to the conclusion ¢ does
not simplify with respect to ®. Such a conclusion could be formulated only after all possible
reduction attempts have failed.

Theorem 1.3.1 (Soundness and completeness of DF-relative simplification)
For every ® definite solved DF-theory and ¢ a positive DF-clause having no variable in
common, the following statements are simultaneously either true or false:

® U {V(=¢p)} is unsatisfiable;
® |:DF §|g25 ; and
¢ simplifies to T (the empty positive DF-clause) w.r.t. ®.

If they are true, there follows for every substitution 8 computed by the relative simplification
rules, that ® =pr 0¢.

Proof:

The easiest way to prove this theorem is to refer to the corresponding results in F-logic,
since

— there is an immediate correspondence between F-logic semantic structures and DF-
algebras (see the Appendix A.1), and

— any reduction of ¢ to T w.r.t. ® corresponds in F-logic to a refutation of & U{¥(=¢)}.
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Figure 1.18: Equational Relative Simplification Rules

In a direct manner, the claim of our theorem can be proved by considering M, the
minimal DF-model of & — ¢:

— the equational relative simplification rules put ¢ into an M-equivalent form, and

— the application of any reduction rule is based on the fact that

® =pq I(p A ) if and only if @ =g Jo (6 A S A B)

where ¢ is an atomic DF-constraint, and there is ¢’ : — §’ € ® such that o = mgu s (p,¢").28
The “if” implication is immediate, while the “only if” part is due to the solved form of
® and the minimalty of M. O

Proposition 1.3.6 Deciding the satisfiability of a DF-clause w.r.t. a solved definite DF-
theory is at least NP-difficult.

Proof: Let’s take the simple case of relatively simplifying two positive DF-clauses ¢, and
¢ representing y-terms. (This covers operationally the frame “into” unification as defined
by M. Kifer for frame terms in F-logic.) We have to find a mapping A : ¢; — ¢», where
each ¢; is seen as set of elementary DF-constraints, such that op = oA(p), Ve € ¢1. Such
a mapping can be found in NP-time w.r.t. the length of ¢; and ¢». That makes relative
simplification be at least NP-difficult. |

Example 1.3.6 Let consider again the DF program in Example 1.1.2, The clauses (D2)
and (D3) added by the definite normalization (done in Example 1.3.3) can be eliminated

28Note that the fact that ¢ unifies with ¢’ implies that the two constraints belong to a same category:
derivation, equality, or a certain subcategory of method constraints.
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Figure 1.19: Relative Simplification Rules: Reduction
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if ¢ is not empty clause, and no more reduction rule can be applied on ¢.
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Figure 1.20: Relative Simplification Rules: Validation

since relative simplification proves that the condition of (D2) is never satisfied, respectively
the head of (D3) is detected by the occur check, after two successive reduction steps.

The reference signature finally obtained, extended with object/class functional specifica-
tions is shown in Figure 1.21. It gives a compact image on the DF-graph canonical algebra
associated to the program. The solutions of a query are found on such a graph via admissible
instantiations, homomorphisms of DF-algebra and relative simplification.

The goal 7 — lucy[happy] is solved — by relative normalization — as follows:

(GO)  lucy[happy] (C1) oo = {X/lucy}

(Gl) lucy[friend-]Y"  (C3) o1 ={Z/lucy, F/friend}

(G2) W"[friend]lucy (C6) o2 = {W" /albert}

(G3) © O

1.4 DF-resolution and Concurrency

The 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
flavored. So, a natural question arises:

Could DF be made concurrent?
We will give three answers to this question, each building upon the precedent one.
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Figure 1.21: Compact representation of a DF logic program.

First, think about definite normalization — henceforth called respectively (DF-program)
completion — and (goal) relative simplification as

e 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 definite
DF-clauses C;| Cz|...] Cp| — , where the last place (that of the dummy variable ‘_ ”)
is “open” to register further constraints/clauses synthesized during the DF-program’s
completion.

And now, for the input DF-program...

e run simplification first and completion afterwards.
It works well!, even this is the reverse order when comparing it with the theoretical
approach (first 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 simplification process suspends, but
- completion is run, with the result of adding the definite constraint
lucy : person | _
in the place of the precedent dummy variable, then

- relative simplification automatically resumes remaking sorted unification, and
finally it reports success!

In conclusion, we can concurrently synchronize DF-program completion with goal relative
simplification.

Second, we must be more more specific about the synchronization price and its effect.

Synchronizing DF-program completion and goal simplification roughly means: let the
DF system do logic inferences/simplification while the definite theory you are involved with
gets its normal form. Or, finer tuning this idea: do equational definite normalization,?®

29 Automatically triggered by the presence of non-conditional equation constraints inside the theory.
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and let core definite normalization be done (only) by need/request from inside the relative
simplification process.

For instance, let’s analyze the same example 1.1.2, now referring to the second (there
informally exposed) solving strategy. Relative simplification of the goal % lucy] friend -> Y ]
was asked (before any completion action was done). When failure was reported, caused by
the insufficiently constrained sort lucy, what the DF system does is:

e step backwards®® and

ask, and eventually tell the program about the entailment of the derivation con-
straint lucy : person. That technically means:

find two clauses _ [ - -> lucy ] and _ [ = => person ], or _ [ - ->> lucy ] and
— [ = =>> person | in ®, such that the well-typing rule (D.WT) could work on
them;3! and

this 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

e resume simplification,*? remaking sorted unification on the (C1) clause’s head and the
goal lucy] friend -> Y ]. Soon after, our work is finished!

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 then
resume reduction.

The problem that remains to be solved, however, is how to formulate completion-by-need
heuristics. Obviously, things are not usually as simple as the above example is! We will
return later on to this problem.

Third, let the definite DF-theory / logic program be open not only to its own concurrent
completion, but also to programmer’s explicit concurrent tell instructions. We can introduce
tell in DF as a meta-predicate {tell ¢}, where ¢ is an atomic DF-constraint or a finite
conjunction of atomic constraints (in particular a y-term). The semantics of tell in DF is
governed by a “closed type universe” assumption:

if(PAplEX:Y)—> (®=X:Y) then {tell p}

with the practical effect of adding ¢ to @, if the type-control on ¢ has succeeded.??

Note that this semantics implies that you cannot ‘tell’ more on the derivation part of the
program,3* so tell-ing derivation or equation constraints to ® is without (logical) effect. The
same is true when tell-ing typing method constraints. The above given semantics of tell was
indeed designed to allow concurrent “run-time” completion of the data frames (y-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, instead
of lucy and person themselves.

320r: better step forwards.

33 A weakened form of this semantics would use

if(PAp=X:Y)— (P X:Y) then {tell p}

where ® denotes the non-conditional subset of ®.
34This effect is reserved to definite normalization.
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An “open type universe” semantics for tell is considered too much permissive for the
present stage in the development of DF. Telling no-matter which DF-constraint ¢ to ®
would let the concurrent completion process definitively open. We do not deal now with
this issue.

We have used the concurrent tell in DF when writing a head-driven generator that uses
the ideas of Gertjan van Noord in [102].2°

To summarize again, in the present approach on DF’s concurrency

— &, and & are open to self-concurrent completion (by ®’s definite normalization), and
— @[ is open to concurrent tell operations.

Remark: An implicit ask is self-understood in DF under the form of any goal.®®

Now, coming back to the subject of designing concurrent completion heuristics for a
DF-theory, we can register a “naive” one, as already implemented by us in Oz 1.9.13 (see
Chapter 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-all
value-type correspondence between functional and typing methods, while the last one is
based on applying a meta-rule like

{tell s:t} :— {ask s:t}.

35Here is the head-driven bottom-up generator program written in DF:

S[gen] :- S[If.label -> W], {tell S[head -> W]}, W[connect@S].

S[connect@S].

Small[connect@Big] :- Small[subcat ->> LDs#RDs],
LDs[gen_ds], RDs[gen_ds].

nil[gen_ds].

H|T[gen_ds] :- H[gen], T[gen_ds].

S[phon -> P] :- Slhead -> H], S[compDs ->> LDs#RDs],
P = LDs.rPhon + H.phon 4+ RDs.rPhon.

For example, asking for generation (?- X[gen].) the phrase

X:s[vform = indPres
If = merge(ion)]
in the context of the constraint (store)

merge:inTransV[Ir@3s,indPres = merge;[phon = “merge”]
subcat = <Y[If = Z]>#nil
If = merge(Z)].
inTransV:inTrans.
inTransV:verb.
intrans[subcat =>> <np>#nil].
will tell to the program the constraint X[head = merge;] and thus leads to generate the intermediary structure
Y:npl[If = ion].
Given the lexical entry

ion[phon = “ion
If = ion
subcat = nil# <nom>]
generation will produce Y[headD = ion]. So, finally the phonetic output “ion merge” is obtained.
The ‘label’ feature in the first clause of our program is a built-in. It has the significance of the {Label T}
constraint 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 space
within the reference hierarchy.
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where (the explicit) ask is a meta-predicate addressing (maybe local) application of definite
DF-normalization rules.

Now we go on to formalize the threefold response we gave to the question stated in the
beginning of this section.

Definition 1.4.1 (concurrent DF-resolution)

Let ® be a DF definite theory / logic program, ¢ — a positive DF-clause, and A an elementary
constraint in ¢ (selected following the DF selection strategy given bellow). The clause ¢ is
reduced w.r.t. ® to a new positive DF-clause ¢ by one of the following possibilities:

goal relative simplification:
if @ = AA ¢, there is a clause C' in ®, having the form H : —Bjy,..., B, and an
admissible substitution o = mgu_s (A, H), where ®' is a maybe partially completed
@7

form of ® (computed by using definite DF-normalization rules), then return ¢ =
o(¢' NOANBy A ...\ By);

else if A # {tell ¢}

then suspend simplification, do completion and resume simplification;

program’s hierarchy completion:
ask the DF system for ®”, a more completed form of ®, appealing a heuristic for
DF-completion;

tell-ing new constraints:
else, i.e. when A = {tell ¢},
if VsVt(®'Ap = s:t) = (' = s:t), meaning that ¢ is already well-typed w.r.t. @',
then add ¢ to @', the current (maybe partially) completed form of ®;
else fail (or suspend, do completion and then resume tell-ing).

The right point to resume goal simplification, after obtaining a more completed form of
®, as asked for instance in case of failed unification, may depend on the chosen completion
heuristic. Normally unification 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 simplification and constraint tell-ing),
and also obtaining other (maybe better, i.e. more general) answer substitutions can be
simply deviced if we introduce the concept of local suspension. Local suspension is enabled
when suspended goals are tagged to certain nodes in the derivation hierarchy (®!), so that
resumption is enabled (only) if a derivation/functional constraint was added/told at that
node. This is what we call local reactive resumption.

The idea is the simple: for instance, starting to solve the DF-program in Example 1.1.2
without prior definite normalization, it fails and locally suspends at the node lucy. Every
derivation 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 node
person t00,?” and even all ascendents of the node lucy, and the descendents of the node
person. Conversely, every derivation added to the DF-program’s hierarchy must wake up
the goal(s) suspended within the surrounding local space(s). A chain of suspended goals
together with the local associated spaces can be maintained similarly to Oz 1.1.1 strategy
for 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.
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Also, when a goal get failure (but not only in this case) we can proceed backwards on
the sequence of goal lists, and ask — by resuming the definite normalization — for more
general unifiers w.r.t. ®.

Now, formally:

Definition 1.4.2 A local suspension space A in a definite DF-theory ® is a subset of ¢ —&.,
where ® is the closure of ® and ‘-' is the set difference operator.

According to our approach, such a local suspension space is to be generated by a sub-
theory II of ®, suitable defined. In the settings of the above example, the local space
A = {(lucy,person)} is by-produced at the failure of the goal ?— lucy[happy], and it is
subsequently covered/generated by the subprogram I = {(C2), (C6)}. Putting it in another
way, I = {C € ® | value(C) = lucy, ortype(C) = person}, where C denotes a definite
clause, functional or set-valued method, whose value is given by value(C), and one of whose
types is type(C).38

It’s clear thus that all the heuristics we have spoken about are applications that associate
to a local space A a sub-theory II of ® such that II generates A.3° In particular, the naive
heuristic works as:

a(A) ={C € ® | value(C) = s,type(C) = t, for some (s,t) € A}.

The other heuristics can be defined as:
B(A) ={C € @ | 3(s,t) € A : value(C) and type(C) are instances of s, resp. t}
Y(A) = B(AU{(s,u), (u,t)}), where (s,t) € A and u is a reference in ®.

Obviously, 3 is more general than « (since any reference is a meta-reference of itself), and
and  can be applied both recursively, as y(y(...(A)...)) or B(8(...(A)...)), and one to another,
v(B(A)) or B(v(A)), thus allowing one to derive new heuristics.

Definition 1.4.3 The DF goal selection strategy: pick up the first goal in ¢ and (optionally)
form the maximal x-term merging it with oll method constraints in ¢ that have the same
identification term.*°

Definition 1.4.4 The DF clause simplification strategy: try clauses associated to references
in the derivation hierarchy ®. from bottom to up and from left to right. At each node select
clauses in the order they were registered, from first to last.

Definition 1.4.5 A DF-deduction of ¢ relative to ® is a finite sequence ¢1, ..., o, where
@1 = ¢ and each ¢; is either from ® or it is obtained by reduction of ¢ relative to ®.

Remarks:

1. The above definition (in conjunction with Definition 1.4.1) implies that the conditional
derivation 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
Q; =0,

2. It can be naturally shown that if ¢,, in the above definition is equal to the empty
positive DF-clause T, then & = 3¢.4!

38More exactly: one of the corresponding typing methods for C has the value type(C).
39That is, the closure of IT w.r.t. ® contains A.

40That means to move them in front of the goal list.

4 Equivalent: ® A ﬁ9¢ = 0O, where O is the empty definite DF-clause.
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3. Obviously, DF-resolution looses the logic completeness property as formulated in the
Theorem 1.3.4, if the completion of theory ® (by definite normalization) is not ensured to
be exhaustively performed.

Conclusion:

A feature constraint system inspired from both OSF and CFT systems is put to work as a
concurrent core of a logic programming language in the F-logic’s settings. Complex objects
defined in DF (the so-called x-terms) unify with respect to a conditional sort hierarchy
that could be left open to automate completion/synthesis based on object-oriented type
inferences. DF-completion, unification and resolution, all carried out by rewriting rules, get
concurrently synchronized. AND- and OR-parallel deductions will come in DF almost freely
on behalf of a concurrent environment that supports the implementation of DF, and this is
the subject of the next chapter.
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Chapter 2

DF — Concurrent
Implementation

Abstract

This chapter presents a concurrent implementation for DF, our feature con-
straint system. We accomplish this task by using Oz, a higher-order functional
concurrent-constraint object-oriented language.

After a brief synthesis on Oz, an interpreter for DF is presented. Concurrent-
constraint programming constructs and techniques developed and implemented
during this work — like concurrency-based parallel goal solving using lazy trees,
stateful concurrent synchronizing variables, concurrent unification on stateful
data, and concurrent synthesis (“completion”) of DF-logic programs — are
equally 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 binary
HPSG rules, is presented. !

IThis work was completed during the author’s one month visiting at the Programming System Lab of
DFKI, University of Saarbriicken, Germany, in March 1996.
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2.1 Introduction

This chapter presents a concurrent implementation of DF, the feature constraint system
introduced in the previous chapter of the present work.

There are three sections in this chapter. The first one presents our motivation for having
chosen Oz, a concurrent framework to implement DF, and then gives a general overview of
Oz. It aims to be a synthesis on the theoretical background, formal specifications and pro-
gramming methodology for Oz, this almost unique multi-paradigm programming language.?
It 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 into
details to exemplify different concurrent techniques involved in its construction. Finally,
the third section contains an introductory study for compiling DF-logic programs into Oz
object-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 logical
inferences [25], along with the development of our object-oriented LOGOS system for the
sequential implementation of logic programming languages [30]. Starting with [27], we moved
to 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 considerably
fruitful for doing concurrent programming.

Why?
To answer this simple question is in itself half of an answer to our main question! Just to
have/reconstruct the (full) answer we have chosen Oz — the concurrent language based on
CFT — as the implementation support for DF, which is a more specialized feature constraint
system.

2. Concurrency is an (incomplete) answer to complex/hard problems. It is good enough
when 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 foundation
for object-oriented and frame-based languages” [61], that while being suitable for bottom-
up inferences, is difficult to be implemented as a logic programming language, due to the
complex description of objects and the large number of inference rules involved. Said it
directly, the F-logic inherent complexity suggests a concurrent implementation for DF!

Even after reconstructing F-logic operational semantics in terms of the feature constraint
theory — that is done by DF — one would like to use concurrency to fine tune the synchro-
nization of different tasks like the sort hierarchy completion and (partial) goal solving, or to
run in a parallel-like manner certain goals.

2Different synthesis on Oz have been elaborated by its developers: [95], [71], [97]. A first programming
guide for Oz learners is [96]. The work [47] particularly tries to highlight the major difficulties in learning this
programming language. We think it’s clear enough that a personal synthesis — of these different synthesis —
is somehow needed! Due to inherent limitation of this work, formal aspects on the Oz programming model
are given in Appendix B.
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3. It is interesting to find out in which manner the techniques latterly developed in logic
concurrency influence Natural Language Processing.®? NLP is indeed our field of interest
behind 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 programming
paradigms 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
finite domain constraints already built in, or to program more specialized constraints to
solve 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 Gert
Smolka from DFKI — The German Research Center for Artificial Intelligence at University
of Saarbriicken, Germany. It appears for example in [95], and we thought that’s good to
start our presentation of Oz just by putting it in the first row. Now, we try to reformulating
it in a more compact characterization:

Oz is a high-level language that proceeds constraint-concurrently to provide for
higher-order functional, object-oriented and logic programming.

Oz is the first programming language aiming (and succeeding!) to combine into a unitary
high-level* computational model the precedent outstanding paradigms in the programming
science. All this is due to a smart extension of the Saraswat’s cc model [85] for concurrent
constraint programming.’

The next paragraphs will lead into (still general) details the above pointed main features
of 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.5

Computational constraint-concurrent processes address memory by means of two logical
operations: 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 concurrent
constraint programming.

4That means also, in our opinion: not easily manageable!

5Outstanding works on concurrency are Milner’s Calculus for Communicating Systems [69], and Hoare’s
CSP theory. Concurrency in logic programming was pioneered by E. Shapiro [87]. The use of constraints
in logic programming was introduced in Prolog II, by Colmerauer [32]. Then Jaffar and Lassez’ work [50]
was much influenced the scientific research in the field. (See [51] for a state of the art.) Saraswat has the
merit of being the first who had put together in a powerful unifying model the paradigms of concurrent logic
programming and constraint logic programming.

6We can see the constraints in the new model as basic notions, just as variables/locations were in the
classical model. Obviously, variables are still used, but now at a deeper level, always inside constraint
construction and manipulation.
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and consistency of conjunction of two formulae (“tell”) instead of write.”

These computational processes have concurrent access to the memory, i.e. they may
interleave in a non-deterministic order, without affecting the final computational result. This
confluency is supported by the logical monotonicity in constraining the memory.® Process
synchronization can be achieved by logical means too: when the constraint store accumulates
enough information to start a process — i.e. the logic formula representing the memory state
was sufficiently elaborated/constrained to entail the process’s constraint guard — then this
process is automatically launched. This idea, of logically synchronizing processes is due to
Maher [64].

DFKI Oz first release used local computation spaces (only) for the guard’s elaboration; its
second release offers the programmer the possibility to define (local) computation spaces as
first-class citizens, to refine them (somehow) hierarchically and to control therein constraint
inconsistency 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 ~y-calculus. The -
calculus is in fact an instance — p(x = y) — of a more general calculus, the p-calculus
developed by G. Smolka and J. Niehren [78][74]. This last one subsumes the well-known
A-calculus in both its eager and lazy variants [77]. The p-calculus is related to Milner’s -
calculus in several respects which are analyzed in [76], but it is higher-ordered, using names
a special class of unfakable constants for procedures’ identification. The p-calculus has the
nice property to be confluent outside constructs with mutable states (objects).

The main characteristic of the p-calculus is that it is a constraint-free (i.e. parameteri-
zable) concurrent calculus. Oz’s actual calculus is parameterized by CFT, the Smolka and
Treinen’ feature constraint system for logic records definition. Open logic records constrains
and finite-domain constraints have been latter added to Oz [73].

Oz has a strong logic background.

In fact Oz aimed firstly to extend the use of flat guards (elementary constraints) in the
Saraswat’s cc model on constraint concurrent logic programming to deep guards, which are
first-order logic formulae defined on top of constraints. From logic programming logic Oz
has retained logic variables and the logic semantics of procedures.? Then it generalized the
Prolog search strategy to encapsulated search, a technique introduced by Seif Haridi for flat
guards in AKL [52], extending it to deep guards.

Logic variables in Oz can be existentially quantified,'® and unified — maybe in parallel —
against a given pattern. Variables in Oz can be always addressed even before having been
assigned a value, due to a suspension mechanism included, fairly managed.

The second release of DFKI Oz has switched off the automate suspension € resume
mechanism “as sequential as possible, as concurrent as needed”, by imposing the programmer
the responsibility to declare threads for every suspending process.'!

"Entailment is logic implication, universally closed. The two formulae involved in the concurrent con-
straint tell’s logical definition represents the actual store state and respectively the constraint to be added
to the store. Consistency addresses the existence of a logical model for a given logic formula.

81f some constraint formula is implied by (i.e., readable from) the constraint store, then it will be forever
implied since, saying it simply, ((C A D) — E) — (C — E)) is a valid formula. Also, different consistent
constraints 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%/E, i.e., proc {$ x } E end, corresponds to VZE(ZT).

10By using the local... in ... end construct.

'While 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 embarrassing
restriction addressed to the user, and that a mixed rule-based strategy would be more convenient.
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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 different
programmable search strategies:'>
— one (depth-first, or bread-first) solution,

— all (eager, and respectively lazy) solutions, and

— best (branch and bound) solution.

The object-oriented capacity of Oz is based on

1. extending the memory model with ’states’, as non-monotonic relationships between
(variables representing) cell names and the values stored therein,'® and

2. defining objects and classes as procedures(!) receiving messages as arguments, and
treating them concurrently according to associated methods.

Oz provides for encapsulation (for data security), multiple inheritance, and method
overriding.*

Using a multi-paradigm concurrent-constraint programming language like Oz allows you
to do each particular task by choosing the best suitable programming style for that task. Said
it in another way, it leads the programmer to ask himself while doing his job: Why do we use
stateful variables when computation proceeds monotonically? Concurrent constraint logic
variables model it in the best way! Is it really needed to encapsulate stateless non-inheritable
data? Using open logic records could do enough for you! Even when the object-oriented
programming style seems to be required by reasons of mutable states, it’s still possible to
get a better solution if you ask yourself: “Why not concurrent abstractions?”

The following subsections will make concrete the above points while presenting a DF
interpreter, a preliminary study for a DF compiler into Oz and a demonstrative program
for doing Machine Translation in DF, using HPSG binary rules. We hope we address also
some complementary/nevralgic issues of Oz as multi-paradigm concurrent-constraint pro-
gramming language.'®

2.2 Interpreting DF

This section presents the implementation of the DF’s inference engine on definite clauses
built on top of y-terms. This implementation is done in Oz. It is in fact an enhanced Prolog
engine, that works on clauses of frame atoms (instead of classical atoms) and maintains
concurrently a sort hierarchy using the object-oriented principles of well-typing conditioning,
type inheritance, argument subtyping and range supertyping. Parallel running of multiple
inference 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 enough
details, it lacks the advantage of object-oriented conception, especially for code reusing and

121n contrast with cc(FD), which provides such strategies only as primitives [36].

13Cells are primitive data structures in Oz.

M1ts dynamic control does not provide for argument sub-typing and range super-typing, features mainly
addressed in our DF-constraint system, whose implementation is the subject of this chapter.

15 At the end of the 1st International Workshop on Oz Programming, Gert Smolka summarized the main
points 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 concurrent
object-oriented programming. The last two are mainly not (yet) addressed by Oz developers. We will try
to meet them by the present work.
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refining. 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 sequential
implementation of F-logic in C++. The new approach we introduce here is a concurrent
constraint-based one. Obviously, it is not “best efficiency” concerned. It aimed instead to
provide the author with a conceptual “best understanding” level in the area of concurrent
implementation 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 Oz

Building up logic programming environments — this is the area to which the implementation
of the DF constraint system belongs — often requires abstracting over different types of data
structures. One has for instance to analyze lists of terms, atoms, clauses, etc., since a logic
program is a list of clauses, a clause tail is a list of atoms and an atom is made of a predicate
symbol 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’ and
referred 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 is
quite easy.

proc {HiList Template T1 TO Sep}
if T1 = nil then TO = T1
else
T2 in
case {Template T1 T2} then
if Sep = nil then
{HiList Template T2 TO Sep}
elseif {Cons T2} T2.1 = Sep then
{HiList Template T2.2 TO Sep}
else TO = T2 fi
else TO = T1 end fi
end

Figure 2.1: Recognizing templated lists in Oz.

The HiList procedure given in Figure 2.1 uses difference lists (T1 for input, TO for output).
Template is a variable constrained to the name (of the function parsing) the desired parameter
structure, for instance: Clause, Atom, Term. The variable Sep is instantiated to the token
intervening 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 HilList as given before, does in fact only recognition. True parsing,
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that produces as output the effective representation of the templated list, is done by the
implementation of HilList as a function (and no more as a procedure), like in Figure 2.2.

fun {HiList Template T1 TO Sep}
T2 R1 = {Template T1 T2} in
if R1 \= nil then
if Sep \= nil then
if {Cons T2} T2.1 = Sep then
R1|{HiList Template T2.2 TO Sep}
else TO = T2 [R1] fi
else R1|{HiList Template T2 TO Sep} fi
else TO = T1 nil fi
end

Figure 2.2: Parsing templated lists in Oz.

This new version of the HiList function constraints successively its output to a list aj]
az|...| — , where a; are data structures of the Template type. The dummy place (_ ) is
finally constrained to nil — thus closing the representation list — when the input is either
exhausted (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 program
parser.oz in Appendix B. Here we give in Figure 2.3 a distributable disjunction-based variant
for this function also with accumulated result.

local
fun DoHiList Template T1 TO Sep R
T2 R1 = {Template T1 T2} in
or R1 \= nil then
or Sep \= nil then
or {Cons T2} T2.1 = Sep then
{DoHiList Template T2.2 T0O Sep R1|R}
[l OR T2 = nil [] {Cons T2} T2.1 \= Sep RO then
TO = T2 R1R
ro
[] Sep = nil then
{DoHiList Template T2 TO Sep R1|R}
ro
[] Rl = nil then TO=T1 R
ro
end
in
fun {HiList Template T1 TO Sep}
{Reverse {DoHiList Template T1 TO Sep nil}}
end
end

Figure 2.3: The distributed disjunction-based version of HilList, with accumulated result.
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From that version on, we get for free (on Oz’s behalf!) different strategies in parsing
the input: either depth-first, or breadth-first, or ... our own, a “dedicated” strategy that
we would like to program ourselves. Using for instance the breadth-first strategy in parsing
templated lists is achieved by the following Oz code:

local S =

proc {$ R} {HiList Clause R [f(a) when f(b) dot f(c) dot f(d) dot] nil nil} end
in

{Search [query(S) next]}

{{Solve.one.breadth S}.1}
end

Extending this code to a full analyzer of DF-logic programs is not difficult.'® But now
we put aside this task and go on to present a way to abstract stateful variables over data
structures (like the above one) in Oz.

2.2.2 Abstracting variables over data structures in Oz, and
writing open record constraints

Syntactic 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 he
can use them in a direct manner to represent abstract data. For instance, translating the
clause

X[happy] :- X:person, Y][friend -> X].
into
local X Y in [bool(X happy) isA(X person) function(Y friend X)] end

cannot, serve to carry out logical inferences if X and Y are instantiated to stateless Oz
constructs, 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 unification
with, let’s say bool(albert happy). This fact is due to the constraint status of logic variables
in 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, that
clause could be abstracted into a procedure:

proc {Clause X Y} [bool(X happy) isA(X person) function(Y friend X)]} end.

Then, using it in the declaration

local X'Y in {First {Clause X Y}} = bool(lucy happy) end
local X'Y in {First {Clause X Y}} = bool(albert happy) end

will be all right to carry out unification.

However, one task still remains to be done in order to produce such an abstraction: we
have to “collect” out the variables occurring in the external/syntactic form of the given
clause/data structure. We do this by indexing them inside the associated procedure. So, it
is in fact the procedure

16The interested reader could see it in the parser.oz and DFparser.oz programs in the Appendix B. This
splitting up in two different levels — one general level, and one DF specific level — corresponds to the
enhancement of the Prolog-like engine we implement.
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proc{Clause}
local S=1[- _]in
S # [bool(1 happy) isA(1 person) function(2 friend 1)] end
end
end

that we have to produce as the result of parsing the DF-clause given in the beginning. In
the definition of the Oz procedure Clause given above, the numbers index DF variables: 1
corresponds to X, and 2 to Y. Further on, S will work as an instance substitution inside the
data structure newly created by the application of the procedure Clause.

Now, collecting variables from the input syntactic form and putting them into the internal
representation of the data structure, can be easily done in Oz by using logic records:

R = instSub('X":1 'Y":2)
Then the application
{Record.map fun{$ Z} _ end {Arity R}}

will create the list [_ _ ] needed in the procedure Clause given above. So, our task is now
reduced 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, they
are “softened” constraints that characterize logic records. Using them, one can manage
information on partially known records, for instance to use one record’s label without (ever)
knowing/instantiating its arity: {LabelC R L}, or to constraint/use a feature before others
have been set up: R"F = V. Moreover, a quasi-global knowledge of such a record can be
assumed, by constraining its width: {WidthC R N}. 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 finally, when the parsing will get done we will
close our record. In order to do it, we have to know its width, which unfortunately requires
the 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 first version of the
interpreter (reported in [27]), we have implemented our own open record module, directly
in the first release of Oz. As this is a good exercise for constraint programming in Oz, and
also 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 here
our implementation of open records in Oz 1.1.1, as shown in Figure 2.4.

We see thus that implementing such constraints is not difficult, and also that a meta-logic
control/command for closing open records is desirable.!”

Now, returning to the analysis of DF logic programs, we note that abstracting variables
over data structures needs one more argument in the parsing procedure, to build up the
instance substitution. (See Figure 2.5.)

We give in Figure 2.6 the procedure doing analysis of definite clauses, in particular case
for DF clauses. Atom, Term and the other required functions for parsing DF logic programs
are implemented just in a similar manner.

7This control is indeed provided in Oz 2.0, by the monitorArity constraint.
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MyRecordC =
myRecordC( newRecordC:
fun{$} myRecordC(
label: _
arity: {New Stack init}
width: _
count: {New Counter nil}
this : _)
end
labelC:
fun {$ S} S.label end
hasSubtreeAtCB:
fun {$ S F} {MemberB F {List.map {Release S.arity} fun{$ X} X.1 end}} end
subtreeC:
proc {$ S F X}
case {ForSomeB {Release S.arity}
fun {$ Y} if Y.1 == F then X = Y.2 True else False fi end}

then true
else
{S.arity push(F#X)} {S.count inc}
case S.width == {Release S.count} then

T = {Sort {Release S.arity} proc{$ A B} A.1 < B.1 end} in
S.this = {Record S.label {List.map T fun{$ X} X.1 end}}
{ForAll T proc{$ F} S.this.(F.1) = F.2 end}
{S.arity close} {S.count close}
else true end
end
end
widthC:
fun {$ S} if S.width = 0 then S.this = S.label else true fi S.width end

)

Figure 2.4: Implementing open record constraints in Oz 1.1.1.

2.2.3 Providing concurrent stateful variables, and
parallel unification on data structures in Oz

Oz variables are stateless only. Objects are the main stateful constructs offered in Oz. While
assigning 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 confluency
property. However, these things must be understood in a holistic view, i.e. one aspect being
complementary 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 effort, or you act on a
logical (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 like
tags: one cannot move one tag from a given value to a different value. Prolog variables
instead act like placeholders; they can “hide” anything, since backtracking allows them to
be unbounded from old values and make them available for further bindings.
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fun {HiList Template Subst T1 TO Sep}
T2
R1 = if Subst = nil then {Template T1 T2} else {Template Subst T1 T2} fi in
if (if {VStringCons R1} then R1.2 else R1 fi) \= NoValue then
if Sep \= nil then
if {Cons T2} T2.1 = Sep then
R1|{HiList Template Subst T2.2 TO Sep}
else TO = T2 [R1] fi
else R1|{HiList Template Subst T2 TO Sep} fi
else TO = T1 nil fi
end

Figure 2.5: HiList: final version.

fun {Clause T1 TO}
T2 R Subst = {NewRecordC} H = {Atom Subst T1 T2} in
if H \= NoValue then
if {Cons T2} then
OR T2.1 = when then
R = H|{HiList Atom Subst T2.2 dot|TO comma}
[] T2.1 = dot then
TO=T22R = [H]
[] T2.1 \= when T2.1 dot then
TO = T1 R = NoValue
RO
else {Browse 'Clause: :- or dot expected'} TO = T2 R = [H]
fi
else TO = T1 R = NoValue fi
{MyLabelC Subst sharedSub} {CloseC Subst}
Subst#R
end

Figure 2.6: Parsing definite 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 them
require mutable states for variables. This is why we have to wire stateful variables in Oz.
We distinguish between three possible solutions:

The first one, of attribute variables, authored by T. Miiller [72], needs a lower lever
programming 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, using
the object-oriented sublanguage of Oz. The interested reader can find it in the program
var.oz contained in Appendix B. This solution works well but leads one who has a significant
experience in imperative object-oriented programming feel somehow frustrated: things must
go somehow more simply and direct! And this is the case indeed, at least for specialized
tasks (like unifying the abstract data introduced in the preceding subsections):
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The third solution, somehow in between with respect to the other two'® is that of vari-
ables modeled as concurrent agents. Therefore we speak about agent variables. In fact
one has no reason to be surprised: Oz objects are defined as (functional) agents receiving
messages and maintaining a state in the cell store. If we drop out the second part of this
definition, we have just concurrent agents that can be specialized for doing unification sim-
ply by mastering message passing. The corresponding code is partially given in Figure 2.7.
(The interested reader can find the whole program, newVar.oz, in the Appendix B.)

fun {NewVar}
var(id: {NewName} port: {New Stack init})
end

fun {Unify X Y}
case {IsVarB X} then
{X.port push(unify(Y))} True
elsecase {IsVarB Y} then
{Y.port push(unify(X))} True
else X ==Y end
end

fun {VarDynamics Ms X}
case Ms
of nil then X
[] M|Mr then
case M
of unify(Y) then
case {IsVarB Y} then
if X =Y.id then X
else
{ForAll Mr proc{$ M} {Y.port push(M)} end} Y
fi
else
case {IsNameB X} then {VarDynamics Mr Y}
else
if X = Y then {VarD Mr X}
else False fi
end
end
[] saveTo(Y) then Y = X {VarDynamics Mr X}
[] restoreFrom(Y) then
case {IsVarB Y} then
{ForAll Mr proc{$ M} {Y.port push(M)} end} Y
else {VarDynamics Mr Y} end
[] print then {Browse X} {VarDynamics Mr X}
end
end
end

Figure 2.7: Implementing stateful variables as concurrent agents in Oz.

Here is a short explanation of this code:

180r rather between Oz stateless variables and Oz stateful “object” variables.
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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 stores
messages onto a stack. The Unify function actually (only) directs messages to the ports
of NewVariables. The “interpretation” of these messages is done inside the VarDynam-
ics function. When unification is asked, the VarDynamics function simply checks for the
identity /value of the two terms (constants or agent variables) and if they are unifiable, it
redirects the subsequent messages addressed to (the port of) the NewVariable that asked for
unification, by forwarding them to the NewVariable/value it asked to be unified with. Var-
Dynamics eventually returns the identity/value of the last agent involved in the “unification
as communication” process. Otherwise, the reserved value False is returned.

Messages get distributed in a parallel manner (using the case ... of ... [] ... end con-
struct). Aside unification, VarDynamics makes it possible also variable saving and restoring.
Unification on abstract data using agent stateful variables is locally sequentialized in the
sense that a variable receives (and proceeds) further messages only if the previously received
ones have no blocked unification. We have written also (see the Appendix B, programs
var.oz and newVar.oz) “plug and play” interfaces for both implementations, so they can be
equally 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 imperative
background in the past) but also objective and pragmatic: agent variables enable parallel
unification on abstract data. Unifying abstract data over agent variables can be seen as
a global concurrent process: unification messages are sent to each pair of corresponding
subcomponents, and failure is detected when the first unmatching message is reported. Of
course this is based on the fact that the order of message sending in first-order unification
doesn’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 engine

A 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 two
attributes: goal and last. The signification of all these identifier names but the last one is
transparent.

The attribute last is the “open door” to complete the program with new clauses. A
DF-program is registered (by the init method) as a list of clauses produced by the parser
presented 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 this
variable 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-typing
conditioning principle given in the precedent chapter, and it is achieved by the method
complete contained in the Program class.'® When appealed, the complete method asks for an
all-to-all application of the method well Typing found in the Cl (standing for Clause Instance)
class.

A clause instance is from the implementation point of view a pair of one clause and one
instance substitution, both being encapsulated as attributes in an Oz object belonging to

191n fact, in the current implementation of DF, the method complete was thrown away from the Program
class (that is associated to general logic programs), and encapsulated into the class DFProgram, associated
to DF-logic programs. The class DFProgram is derived from Program.
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class Program from UrObject
feat clauses responseSub
attr last goal
meth init(L G)
last = _ self.clauses = {Append L Qlast}
goal <- G self.responseSub = {GetSub {GetFirstCl @goal}}
end
meth query(?B)
@last = nil <<complete>>
case {Query self.clauses @goal} then
if self.responseSub.list \= nil then
{Map self.responseSub.list RDeref} = {Browse}

else true fi
B = True
else B = False end

end
meth add(E) X in @last = E|X last <- X end
meth complete
{ForAll self.clauses
proc {$ CI1}
{ForAll self.clauses
proc {$ Cl2}
CI3 = {WellTyping CI1 CI2 self.clauses} in
case CI3 nil then {self add(CI3)}
else true end
end}
end}
end
end

Figure 2.8: The DF Program class.

the Cl class. The interested reader can find its implementation in the program prog.oz in
Appendix 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 technique
of lazy lists presented in [65].

Lazy lists constitute a convenient way to implement logic goal proving. They work well
in the “Procrastination Principle” approach? exploited for sequential implementation of
logic programming languages. This subsection not only will present lazy lists but also will
show that this kind of data structure is suitable for doing parallel top-down inferences in
DF, when supported by a concurrent environment like Oz.

The idea behind lazy lists’ construction is quite simple: due to the fact that solving a
list of atomic goals proceeds by successively replacing the first goal atom with a (possibly
empty) tail of a program clause whose head is unifiable with that goal, we do store the goal
list in fact as a list of goal lists! Every component (sub)list in the lazy list is accompanied by
a substitution that firstly renames the clause that provided it and further stores the result
of unifying its first atom against a clause head. This is the way we use shared representation
of clause instances.

20The Procrastination Principle says: “Never do now what you can put off until latter”.
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class ClI from UrObject

meth well Typing(CI2 7CI3 Prog)
CIl = self
Cl1 = {GetClause CI1} CI2 = {GetClause CI2}
S1 = {New Sub copy({GetSub CI1})}
S2 = {New Sub copy({GetSub CI2})}
H1 = {First CI1} H2 = {First CI2}

case
{QT H1} == funArrow andthen {QT H2} == funTypeArrow andthen
{IsA {Object {IDeref H1 S1}}
{Object {IDeref H2 S2}} Prog} andthen
{IUnify {Feature H1}#(S1.list) {Feature H2}#(S2.list)} andthen
{LIsA {LIDeref {Args H1} S1} {LIDeref {Args H2} S2} Prog} then
CI3 = {New Cl init({IDeref {Val H1} S2}#{IDeref {Val H2} S2}|

{Append {Tail CI1} {Tail CI2}})}
else CI3 = nil end
end
end

Figure 2.9: The wellTyping method in the Cl (Clause Instance) class.

Initially, the lazy list associated to a logic program is made of a single sublist, namely
the program’s goal list. A new sublist in the lazy list is added (in front of the lazy list) when
unification succeeded on the first atom in the first sublist of the lazy list. Here the ‘first’
qualifier 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 the
DF-logic program given in Figure 2.13 (reproduced from the previous chapter). In Fig-
ure 2.2.4, H; and L; identify respectively the head of the clause C; and respectively the
instance substitution associated to that clause.

The reader can find in the program prog.oz in Appendix B the implementation of lazy
lists as the Oz LazyList class.

Now, parallel goal solving on lazy lists can be obtained in a straightforward manner: We
enable the ‘first” atom in the lazy list to have not (exactly) one descendent (sub)list, but one
for each program clause whose head matches it. Of course, a copy of the instance substitution
corresponding to the ‘first’ atom is made for each newly added sublist. Obviously, the sense
of the ‘first’ atom in the lazy list is now a “distributed” one: each newly added sublist
will provide/have its ‘first’ 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 DF
can be achieved directly via concurrent stateful variables presented so far, by simply running
two (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 be
found in the prog.oz program in Appendix B.)
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lucy[happy] HO

GO IUnify{HO#LO H1#L1}

nil 1 Lo

HI' . HL
| Xperson; X[friend -> VY] |

61 IUnify{H1'#L1' H7#L7}

A
Jowr=re

H3"
|  F:symmetric, W[F->2] |

IUnify{H1"#L1" H3#L3}

G3

| Z -> lcy; F -> fr.i’é\nd; w '>,Y/7| L3 =L3"

IUnify{H3'#L3’ H4#L4}

IUnify{H3"#L3" H6#L6}

G6 -

Figure 2.10: The lazy list created during solving the DF program in Fig. 2.13.

An efficient?! version of the logic inference engine used in DF, working concurrently on
lazy 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 ... [] ... end
construction, in the inner-called function CRes.

2.3 Beyond interpreting DF

This 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 area
of Machine Translation. This demo translates simple sentences from English into French
and Romanian, using HPSG binary rules.

21With respect to the Oz implementation point of view.
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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’s
object-oriented sublanguage.

Let us consider the simple DF-logic program given in Figure 2.13 (reproduced from
Chapter 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 identification (a[...]) or value (— [- @ _ — v]) positions in the
DF-logic program translate into Oz classes. See for example the Oz classes Person and
Albert in Figure 2.14, corresponding respectively to the references person and albert in the
DF program from Figure 2.13. This point applies also for Top, the highest class in the is-a
hierarchy associated to a DF-logic program.

ii. The ground terms that appear only in the (super)class position of is-a terms (— : ¢)
translate into Oz atoms. This is the case of the symmetric and friend constants in the
DF-program in Figure 2.13.

112 Is-a relationships between “class”-ifiable terms in DF correspond to object-oriented
class derivations in Oz. The Top class is derived from UrObject; the other compiled classes
are derived directly from Top. The so-compiled derivation relationships together with the
remaining others (for instance friend:symmetric) are stored in the global sort signature rep-
resented by the list IsA.22

iv. Ground features in DF translate into Oz features if they appear in functional (uni- or
set-valued) constraints.?? The “translated” features are Oz functions. They will be applied
to the objects sending messages via the Query& High protocol given in Figure 2.15. This
protocol receives a message and try to apply to the sender object a corresponding (possible
high-order) method, starting to search it within the appealing class/object and continuing
(upwards in the hierarchy) with its meta-references,?* eventually applying the occur-check
at each possible message destination. This protocol makes DF-resolution be “reflective” in
the sense of [33].

v. Higher-order functional features in DF translate into high methods, one for each
class containing at least such a higher-order feature. (See for example the high method in
the Top class.) The high method in a class C is a case construct selecting one function
for each higher-order feature of C. The needed occur-check is implemented via the couple
checkln/checkOut methods in the Top class, by adequately testing the attribute check. This
attribute is present in each class derived (directly or not) from Top.

vi. Goal evaluation (or: entailment test for existentially closed constraints in DF) is
managed by the Query function. If no homonymous feature can be found (via the inheritance
mechanism of Oz), then explicit access to a higher-order function appropriate for that feature
is 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 knowledge
it 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-derived
open 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 be
solved in this case is to build up a type-inheritance mechanism on top of that subsystem.

22The {SubType X} and {TypeB O C} functions return respectively the list of all descendents of X, and
True (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.

24Gee the Section 1.3.2 in Chapter 1 for the formal definition we have given to meta-references.
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Note that in this approach, the need for an inference mechanism proper to DF becomes
superfluous. This newly proposed solution for compiling DF into Oz is also subject to our
further work.

2.3.2 A first running example in DF:
A Machine Translation demo with binary HPSG rules

The aim of this last subsection is to show how DF can “take off” as a programming tool
on its own power. We present an MT demo that, working on HPSG (Head-driven Phrase
Structure Grammar) binary phrases, translates simple sentences from English into French
and Romanian. The application here presented was reported in [27]. Our interest for
Machine Translation goes back to CHALLENGER 1.0, the first automate system translating
English 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 is
nice” by using the HPSG grammar rules in Figure 2.16 and the principles in Figure 2.17.2°
It 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 same
work as Gert Smolka’s program and even more: While that Oz program does not obtain a
logical representation for its input, neither supports text generation nor makes agreement
checking, our program uses what we call “automate Skolemization” that enables a simple
form of representation, and starting from the translated form does text generation (via
additional clauses and lexical descriptions). Included in the generation/translation task will
be 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 the
next two clauses. The first one serves to “decompact” lexical entries, while the second
one expresses in DF the HPSG principles of Subcategorization and Saturated Complements
given in Figure 2.17.
W:word[phon =P
cat =C
subcat = S] :- W[word@P,C,S].

P:phrase :- P[headDtr = H[subcat = Y1|Y2]
subcat = Y2
compDtr= C[cat = Y1
subcat = nil]].

As shown above, phrases are assumed to be always binary ones, i.e. they have (the daughters
list?® made of) a head daughter and a complement daughter, provided that the complement
is saturated, meaning that its subcat feature is the empty list (cf. Saturated Complements
Principle). Note finally the link between complement daughter’s category and the subcat

25The [n] marks are identification tags, the operator + denotes string concatenation, the { } brackets
enclose different values for multiple-valued features, _ is the anonymous tag/variable, <> enclose (maybe
empty) 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.
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list of the mother phrase: their cons (in the well-known sense from list processing) is the
header’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 right
sign. Also it marks the fact that this is (not a functional dependency but) a set-valued
relation. (This is why the double angle arrow =>> is used.) It should be noted that due
to this typing rule, when the system is asked for the application of a rule L[rule@R = P],
for instance in the definition of move function given below, the system will query about
the satisfaction of the condition associated to the derivation P:phrase, and only then will
proceed to the rule application.

Left-headed and right-headed phrases are identified by first-order terms: r(L,R), respec-
tively I(L,R).2” These identification terms will play (indirectly) the role of logic representation
form associated to the signs. Right-headed phrases are saturated, while left-headed ones are
not.

r(L,R)[phon =X

subcat = nil

headDtr = R

compDtr= L] :- L[phon = X1], R[phon = X2], X1[appendX2 = X].
I(L.R)[phon =X

subcat =< _>

headDtr = L

compDtr= R] :- L[phon = X1], R[phon = X2], X1[appendX2 = X].
The category feature of the phrase is inherited along the headDtr feature (cf. Head-Feature
Principle). In fact, this is true also for other (“indexed”) features. For instance the gender
of 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 recursively
upwards to a single sign, whose phonetic realization is just the whole input sentence. Lexical
entries 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,nil

gender = fem

properName].
thinks:vintrans[word@thinks,verb,<verb,noun>].
john[word®john,noun,nil

properName

gender = male].
embarrasses:vTrans[word@embarrasses,verb,<noun, noun>].

2"Note 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 names
and types are excepted. In particular, lists are used under the constructor | or the sugared syntax < ... >.
The empty list <> is identified also by the reserved constant nil.
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Let’s see now how the result of syntactic analysis looks like:
Solving the goal?® ?- "the girl is nice” [ parse = Z ] generates the successive goal lists:??

GO: "the’|'girl’|’is'|'nice’|nil [parse = Z].

(+C1) GI: "the'|'girl’|"is'|'nice’|nil [map@f = Z1], Z1[parsel = Z].
(+C2) G2:  thelgirl|is|nice|nil [parsel = Z].

(+C4) G3: the|girl|is|nice|nil [move = Z2], Z2[parsel = Z].
(+C5) G4 g(the,girl)|is|nice|nil [parsel = Z].

(+C4) Gb: g(the,girl)|is|nice|nil [move = Z3], Z3[parsel = Z].
(+C6) G6: g(the,girl)|h(is,nice)|nil [parsel = Z].

(+C4) GT: g(the,girl)|h(is,nice)|nil [move = Z4], Z4[parsel = Z].
(+C5) G8: g(g(the,girl),h(is,nice))|nil [parsel = Z].

(+C3) Go: a

Note that when solving the G3 goal, the program is associating the phrase "the girl” with
the following sign description:

g(the,girl)[ phon = <'the','girl'>
subcat = nil
headDtr = girl[ cat = noun

gender= 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 finally, 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 = nil
headDtr = is[ cat = verb

gender= fem]
compDtr = g(the,girl)].

Translation of a sentence from one source language into another, target language, is
achieved starting from the parsing result, that is an HPSG phrase phonetically subsuming
the whole input. Its logic representation is equally its identification term. Several trans-
formations on this representation are done,?° and then the corresponding new structure is
generated, using dictionary correspondences. The translation and generation rules we used
are given in Figure 2.19, respectively Figure 2.20.

Finally, dictionary links are requested (and also some phonetic simple rules that we do
not list here) so that this demonstrative machine translation program could start. Here
bellow are some dictionary entries we have used.

det[dict@fr = l¢].

prepComplDir[dict@fr = que dict@ro = cal].
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 ¢’ will be assimilated with the list of constant symbols 'a'|'b'|'c’|nil.

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 differences between the source language and the target
language.
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girl[dict@ro = fata dict@fr = fille].
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 frumoasa = La fille est jolie.
John embarrasses Mary. =
John necajegte fata. = John embarrasse la fille.
John thinks the girl is nice. =
John crede ca fata este frumoasd. = John pense que la fille est jolie.
The girl thinks Mary embarrasses John. =
Fata crede ca Mary il necajeste pe John. =
La fille pense que Mary embarrasse John.
Mary thinks John thinks John thinks John thinks John thinks John thinks John
thinks John thinks John thinks John thinks John thinks John thinks John thinks
the girl is nice. =
Mary crede ca John crede ci ... John crede ci fata este frumoasa. =
Mary pense que John croit que ... John pense que la fille est jolie.

The average translation speed for such sentences (except the last one) is about one word
per second on a SUN Sparc 20 station.

Explaining (not necessarily directly) why the previously given translation rules were
written the way they were — and not only that, but also showing how concurrency can
contribute to NLP in the specific settings of the HPSG theory — is in the subject of next
chapter.

Conclusion:

The DF constraint system is implemented in the concurrent environment provided by
DFKI 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 LazyList

meth init(F N<=nil P<=nil)
first <- F
next <- N
pointer <- P
end
meth toEnd(?Y)
case {GetClause Ofirst} \= nil orelse @pointer \= nil then
Y = False
else Y = True end

end

end

meth car(?Y)
case {GetClause @first} \= nil then
Y = {First {GetClause Ofirst}}
elsecase @next \= nil andthen @pointer \= nil then
Y = {First @pointer}
else {Browse 'ClazyList.car: empty list’} end

end
meth cdr
case {GetClause ©first} \= nil then true
else
case @pointer \= nil then
pointer <- {Tail @pointer}
case @pointer == nil then <<cdr>>
else true end
else <<pop>> end
end
end

meth push(Y Goal)
case {GetClause {GetFirst Goal}} == nil then
{Goal cdr}
Pointer = {GetPointer Goal} in
<<init(Y {GetNext Goal} Pointer)>>
else <<init(Y Goal {GetClause {GetFirstCl Goal}})>> end
end
meth pop
case {GetClause ©first} \= nil orelse @pointer \= nil then true
else
case @next \= nil then
pointer <- {GetPointer @next}
next <- {GetNext @next}
<<cdr>>
else true end
end
end

Figure 2.11: Lazy trees implemented in Oz.
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fun {EfQuery Prog Goal}
case {ToEnd Goal} then True
else
HG = {Car Goal}
FC = {GetFirstCl Goal}
LC = {GetLC Prog Goal} in
{CRes EfQuery LC Prog Goal}
end
end

fun {CTry Q Clausel Prog Goal#FC#HG}
FC = {GetFirstCl Goal}
HG = {Car Goal}
HC = {First {GetClause Clausel}}
AS = {New Sub copy({GetSub FC})}
NS = {New Sub copy({GetSub Clausel})} in
case {IUnify HG#AS.list HC#NS.list} then
NewClausel = {New Cl init({Tail {GetClause Clausel}} NS)}
NewGoal = {New CLazyList push(NewClausel Goal)} in
{Q Prog NewGoal}
else False end
end

fun {CRes Q LC Prog Goal}
case LC of nil then False
else
FT TT in
thread
FT = {CTry Q {First LC} Prog Goal}
TT = {CRes Q {Tail LC} Prog Goal}
end
or FT = True then True
[ TT = True then true
[] FT = False andthen TT = =False then False
end
end
end

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.
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create Top from UrObject
% general attributes + methods
attr check: nil
meth checkIn(X 7B)
case {MemberB X ©check} then
<<checkOut(X)>> B = False
else check <- X|@check B = True end
end
meth checkOut(X)
check <- {FilterB @check fun {$ Y} X\=Y end}
end
meth high(HOF ?F)
% specific (compiled) methods
case {TypeB HOF symmetric} then
F=fun {$ X}
Y in
case {ForSomeB {FilterB {SubType Top}
IsInheritableB}
fun {$ W}
case {Query W HOF} == X then Y = W True
else False end
end}
then Y
else NoValue end
end
else F = NoValue end
end
end

create Person from Top
feat happy:
fun {$ X}
Y = {Query X friend} in
if Y \= NoValue then True
else False fi
end
end
create Albert from Person
feat friend: fun {$ X} Lucy end
end
create Lucy from Person
end

% the IsA signature
IsA = [Person#Top Albert#Person Lucy#Person
symmetric# Top friend#symmetric]

Figure 2.14: The DF-logic program in Figure 2.13, pseudo-compiled into Oz.
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NoValue = {NewName}

fun {High Object Feature}
F in {Object high(Feature F)} F
end

fun {CheckIn Object Feature}
B in {Object checkln(Feature B)}
B == True

end

fun {Query Object Feature}
case {MemberB Feature
{Map {Record.toListInd Object} fun {$ Y#_} Y end}}
then {Object.Feature Object}
else
G = {High Object Feature} in
case G \= NoValue andthen {Checkln Object Feature}
then {G Object}
else NoValue end
end
end

Figure 2.15: The Query&High Protocol for execution of compiled DF programs.

[ phon +[2] i
.

subcat nil )
headDtr.phon
phrase | compDtr.phon
daughters >
[ subcat <> -|
headDtr.phon
i [ | compDtr.phon J )

Figure 2.16: An HPSG sign/grammar.

cat '
headDtr [subcat | ] ]

ohrase subcat
cat

compDtr [cat ]

subcat nil

Figure 2.17: HPSG Principles: Head-feature, Subcategorization, and Saturated Comple-
ments.
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(C1) Phon[parse = X] :- Phon[mapf.parsel = X].
(C2) WI[f = F] :- F:word[phon = W/nil].

(C3) F|nil[parsel = F].

(C4) Fs[parsel = X] :- Fs[move.parsel = X].
(C5) F|G|Fr[move = R|Fr] :- F[rule@G = R].
(C6) F|T[move = F|X] :- T[move = X].

Figure 2.18: Parsing rules.

XltranslateFR = 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,I(is,R))[trans@FR = r(X,I(is,s(Y.X)))] :- L[trans@FR = X],
R[trans@FR = Y].
I(L,R)[trans@FR = I(X,I(prepComplDir,Y))] :- L:vintrans[trans@FR = X],
R[trans@FR = Y].
I(L,R)[trans@ro = r(s(pronPers3sAc,R),I(L,I(prepPe,R)))] :- L:vTrans,
R[properName].

r(L,R)[trans@FR = r(X,Y)] :- L[trans@FR = X], R[trans@FR = Y].

I(L,R)[trans@FR = I(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],
DERJ[generate@FR = Y].
t(det,R)[generate@FR = t(det,X)] :- R[generate@FR = X].

I(L,R)[generate@FR = I(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.
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Chapter 3

DF — Application to NLP:
An HPSG Kernel for Romanian

Abstract:

This chapter opens the door for the application of DF, our concurrent constraint
system, to Natural Language Processing. We design a grammar kernel for Roma-
nian in framework of the HPSG theory [82], [83]. The definiteness of noun-headed
NP is studied thus accounting for the high order-freedom in the NP’s topic, and
further 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 ID
meta-rule schemata, one extending the ID schema 1 for subcategorizing multiple
subjects (like multiple determiners in Romanian NP), the other combining the
ID schemata 2 and 6 to concurrently rule over locally ordered UDCs (as it is the
case of clitic pronouns in Romanian).

A concurrent head-corner parser kernel for Romanian is finally implemented in
Oz and DF, using ideas from [103]. !

I This work was completed during the author’s one month visiting at the Computational Linguistics Lab
of DFKI, University of Saarbriicken, Germany, in September 1996.
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3.1 Introduction

3.1.1 Background

The theory of Head-driven Phrase Structure Grammar (henceforth HPSG) is the recent
mature 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 declarative
formalism built up as a smart reconstruction of the theories of Lexical-Function Grammars
[56], Generalized Structure Grammar [46] and Categorial Grammars [100], closely linked to
the recent development of feature constraint typed logics [19], [88], and newly adapting main
issues from Chomsky’s Government and Binding theory [23].

The HPSG theory builds one language grammar based on
e strong lexicalized items (signs), and
e a small number of

— universal grammar principles,> and

— language specific rules.

Key notions for the understanding of the HPSG theory are:

— type-feature-structures (or: attribute-value matrix, or simply: sign), wherein several
features 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, under
the application of the Subcategorization Principle; constraints in establishing head—
complement relationships can be specified using the spec feature;

- the adjunct-daughter feature, that uses its value’s mod feature to extend the semantics
of the head sign it combines with, and

- the marker-daughter feature, using marking tags and serving further in combinatorial
constraints on signs (possibly involving also the spec feature);

— the subsumption relation on signs, satisfied when a sign is a subpart of another sign;’
and

— sign unification, that starting from two signs, builds up a new one that subsumes them
both.*

Most implementations of HPSG involve logic programming. They evolved from relatively
simple systems like [84] to full-fledged programming environments: ALE [20], ProFIT [41],
CL-ONE?, Hdrug®, and Pleuk.” TDL [62] is a notable exception: it was implemented in Lisp,
at the Computational Linguistics Lab of DFKI at the University of Saarbriicken, Germany.
(A comprehensive survey on the mentioned systems is provided in [16].) Demonstrative

2Like the Head-Feature Principle, the Subcategorization Principle, and so on. A selective list of them
can be found in the Appendix A.3, slightly adapted from [83].

3Subsumption is achieved in DF by y-unification via relative simplification rules. M. Kifer, the author
of F-logic [61], uses the name of “into” unification for F-terms subsumption; it should not be confused with
“onto” unification, which in NLP is usually called simply unification.

4H. Ait-Kaci called it matching, in the OSF system. It is achieved in DF via derivation constraints and
the type-inheritance principle.

5See http://coli.uni-sb.de/claus/claus62.html.

6See http://www.let.rug.nl/ vannoord/Hdrug.

See ftp://ftp.cogsci.ed.ac.uk:/pub/pleuk.
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concurrent implementations of small HPSGs were made in Oz. DF, our concurrent constraint
type-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 two
main sections, one dealing with the definiteness, topic and modification of the noun-headed
NP, the other with the relationship between transitive VP linearization and clitics func-
tionality in Romanian. A closing section will contribute with some special, complementary
issues to build up a concurrent parser for a subset of Romanian, based on HPSG.

Upon our knowledge, this is the first HPSG applied study for Romanian.

3.1.2 Meta-language

We propose a simple meta language for (both DF and Oz) logic records that will be used in
the formal description of lexical entries and HPSG rules.

e a frame is a feature structure a[f; = vy...fr, = vg],
where f1, ..., fr are functional features, standing for fi(a) = v1, ..., fr(a) = vg;

e a derivation a : b
is a declarative way to express type feature inheritance.

The symbols a,b and f; in the above syntax are referemces, namely either variables or
constant symbols. Extensionally, a and b can be first-order terms like in Prolog (tuples,
in Oz). The symbols v; are either references or frames, and each f; can be a feature path
fir-fio o -fin,, and a feature f; can take arguments: f;(a;i,a;2, .., aim,;). Elementary
frames 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 = definite].

Equality can be naturally assumed as being overridden to the > relation in the case of
set-valued features.” That means that for instance X.subcat = Y does not excludes X.subcat
= Z for Y and Z having different values. The notation => is reserved for typing single-valued
features, while =>> does the same for set-valued features.'®

The semicolon ‘;' operator used for typing and set-valued features separates different
associated 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]] that
gets “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 of
the well-known subcat feature that determines the valency composition of a sign in left- and
right- sublists, with respect to the head daughter’s position. For example: transVerb[subcat
=>> <np> # <np>]. As an approximation, thorough this chapter, these left- and right

8Such a feature path will be “compiled” into a[fi1 = X;1[fiz = Xia[ ... Xinlfin; = vi] ... ]]], with
X11,...,Xipn, fresh variables.

9S0, [X.subcat = Y] stands for X[subcat ->> Y] in DF, respectively {Subcat X Y} 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 slightly
different acceptation than in the HPSG theory exposed in [83]. There set-valued features are functions taking
as value sets completely specified. 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-functional
relations, in the interpretation of set-valued features and the typing of all (uni- or set-valued) features. Here
we use the term set-valued in the DF acceptation, which is more general.
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lists can be assimilated respectively to the subject’s and complements’ lists; theoretical
arguments 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 ‘| used for
list construction. We use it (only) for pairing. It is left associative and his precedence order
is lower then that of ‘|'. The two constituents of a virtual pair will be addressed by the
reserved features left and right. For lists we similarly use the features first and tail.

The fact that one HPSG sign a has the category feature value b will be declared in the
sequel by means of derivation: a:b.

The dummy variable '_" used in feature descriptions stays for any value in the (maybe
finite) domain of that feature. For instance, nr = _ means nr = sing V pl. In a functional
implementation of the lexicon, such a construction can be thought as being abstracted over
the contained dummy variables, so X[case = _ ] corresponds to local Y::[sing pl] in X"nr =
Y end in Oz programming.*!

Finally we have to make precise the fact that in the lexical descriptions given in the sequel
we will not detail the content feature as used in [83]. We use instead the feature If to store
a weakened logic form associated to the HPSG sign, simple enough to support generation
in 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:
definiteness, topic and modification

This 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 on
NP’s definiteness, we will account for Romanian NP’s topic and order-freedom, with special
attention paid to modification (“adjunction” in [83]).

As related work, we mention first that there is an elaborated account on NP in Romanian
in Melania Florea’s Ph.D. thesis [44], using the traditional derivational approach. She lists
over 360 examples of many different structures for the Romanian NP. Here we will (partially)
recover this exemplifying corpus from the considerably more powerful perspective of the
HPSG theory.

Other studies on Romanian NP are due to Dobrovie-Sorin [37], Cornilescu [35], and
Farkas [43]. Among different HPSG studies on NP in other Romance languages are those
done for French [1] and Italian [9].

The principal characteristics of the Romanian NP are given below:

e The Romanian NP can be headed by nouns and pronouns, as universally known, but
also by numerals, qualitative adjectives and demonstrative adjectives, that usually are noun
modifiers or determiners. For instance:

Al doilea [baiat] a pierdut [jocul]. = The second one/boy had lost [the game].
Negrul [jucitor] cistigd. = The black one/player wins.
Cel negru cigtiga. = The black one wins.

These “second-class” potential nominal headers can carry themselves phonologically the
definite characteristic for the whole NP, when occurring in leading pre-nominal position:

HDF does not include (yet) special support finite 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 variables

in the theoretical background of F-logic, following the mainlines established by Pascal van Hentenrick in
[101].
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[al doileagef+) razboi(gef—)](def+) = the second war = [razboiul(ger+) al doilea](gef+)
[fostul(gef+) Prim-ministru(ges—)](def+) = the former prime-minister
[aceastd(def+) tard(gef—)](def+) = this country = [tara(gef+) aceasta](gef+)-

e There are many possible determiners and modifiers for Romanian noun-headed NPs:
demonstrative adjectives: acest, acel, celalalt = this, that, the other
possessive adjectives: (al/a/ai/ale) meu, tdu, ... = my, your,...
numerals (either cardinal or ordinal): unu, primul, al treilea = 1, 1st, 3rd
NPs in genintive case: mosului, tarii = old men’s, of the country

respectively
qualitative adjectives: frumos, perfect, rosu = beautiful, perfect, red
prepositional phrases: de aici, pe masa = here, on the table
verbal non-finite phrases: arzind, de vinzare = firing, on sale
relative sentences: care trebuie facuta = which must be done.

And there is a great order freedom in combining the NP’s head with its determiners and
modifiers, and sometimes changes in the surface order triggers changes of the associated
morphological roles:

acestidet,def+ barbatinoun,def— curajosiagqj = these brave men

= barbatiinoun,def+ acestiagemadj Curajosiag;
= acegtiget,def+ CUrajosiagj barbatinoun,def—

bravulagj def+ NOStrUpossadj domnitorne,n = our great king/lord
= domnitorul,oun def+ NOStrupessadj Pravag;

= [al nostrulget def+ bravagj domnitornoun,def—

= [al nostrulget,def+ dOMNitOrnoyn def— Hravag;

[al doilea]qet def+ jucatornoun defi— = the second player
= jucdtorulnoyn def+ [al doilea]yg;.

e There are not only def+/def— inflections, as
‘ul’ in ‘baiatul’ = the boy, *-a’ in ‘fata’ = the girl (def+), and
¢, the phonetically null morpheme, in ‘baiat’ = boy and ‘fata’ = girl (def—),
but also case inflections, and that’s equally true for for both NP’s head and its determiners
and modifiers:
e in‘baiat’, ‘acest’, and ‘fatd’, ‘aceastd’ (NOM/ACC), respectively
‘-ui’ in ‘baiatului’, ‘acestui’, and ‘-ei’ in ‘fetei’, ‘acestei’ (GEN/DAT),
and there are of course number inflections, for instance:
‘i’ in ‘baieti’ = boys (plural, def—), and ‘-¢’ in ‘fete’ = girls (plural, def—).
“ii’ in ‘baietii’ = 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 first on NP’s definiteness. We will show
that the classical view of definiteness as predicative feature for determiners’ category is un-
productive in the case of Romanian. Definiteness as marking is stronger but not enough to
entail the explanation of Romanian noun-headed NP’s topic. We prove that a rule-governed
combination of definiteness as feature and definiteness as marking is what explain in full
details the topic of the Romanian NP. This is the subject of the next first subsection.

The second subsection deals with NP modification. The focus here is on lexicality. Differ-
ent categories of modifiers are analyzed. A special point is dedicated to the modification of
NPs of verbal nature (the traditionally so-called “long infinitives”). We give the lexical rules
that govern their syntactic combinatorial capacity, starting from the lexical descriptions of
the associated verbs.
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3.2.1 On NP definiteness and topic

Traditionally, the proclitic article ‘un/o’ (singular, masc./fem., NoM/Acc) has been consid-
ered the “undefinite” tag for Romanian nouns, and it was almost always put in contrast
with the enclitic “definite” article.!? This limited view on definiteness in Romanian, while
offering some pragmatic support in learning Romanian grammar, is obviously insufficient in
a rigorous formalism aiming to explain the Romanian NP’s great diversity.

The following points justify our position with respect to definiteness in Romanian:

1. Definiteness is a NP holistic characteristic, with both phonetic realization and semantic
role assigned. But analyzing the previous examples, we can clearly see that definiteness in
the Romanian NP is lexically related in many cases not to the noun head itself, nor to its
determiner, but to one of its modifiers.

So, we are naturally led to move from the traditional view on definiteness as predicative
feature (def+/def—) towards definiteness as marking.

2. The proclitic and enclitic articles in Romanian, like their correspondents in English, are
exclusive but not complementary. This is explained semantically, from the perspective of
quantifiers’ logic: the two articles have logic quantifiers associated with, 3 and respectively
3*. The first is within the definite case, and the other within the wndefinite case, but
neither one cover entirely its case, simply because the definite case is characterized by a
quantifier sequence ... 3*... , while the undefinite case takes the rest (including for instance
the universal quantifier V, which is never associated to articles).

We will use definiteness as a boolean feature (only) for determiners, seeing the def-/def+
values as function of the determiner’s semantically associated quantifier, as specified above.

3. There are different levels of possible quantifications inside the NP, and they can be
differently marked with respect to definiteness.!?

That’s why we are led to search for a combined rule-based approach to definiteness.
Indeed, we will see that firstly, the definite/undefinite marks are (lexically) associated the
noun head, then we can mark as definite an undefinite a (possibly modified) noun head, and
finally the definiteness mark can be overridden at the (saturated) NP level by a rule that
involves def+ /def- features on determiners.

To sum up, the key point in our approach to explain/order the diversity of Romanian
NP construction from the HPSG perspective, is that we use
def , an HPSG marker sign that is in general phonetically not null, marking for definite,
def , an HPSG predicative feature, hence valued + or -, associated to determiners only, and

DEF, the definiteness rule in Romanian, to govern the relationship between def as marker
and def as feature.

Remark: From now on we will take care to disambiguate from the context between def
as marker and def as feature, so that boldface in writing the first one will no longer be used.

Once considering def as a sign on its own, we can assume that all nouns come from the
lexicon marked as undef. Their definite form will be the def-marking result.
We use the following definition for the noun’s subcategory list:
noun.subcat =>> < (det) > # nil

12The inflective forms of the enclitic article are: “-ul’, -a’, -i’, --le’ for singular/plural x masculine/feminine
X NOM/ACC.

130therwise said: the definite and undefinite marks are not mutually exclusive between different levels
inside the NP structure.
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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) modified and
marked forms.

Figure 3.1 presents an overview of the Romanian NP’s topic, involving noun’s sub-
categories, the definite marker and possible adjuncts (modifiers). There the solid lines cor-
respond to constituent relationships: header (H), and complement-daughter (C). Dotted
lines denote specification constraints; dotted curves refer to marking. Dashed lines identify
modification relationships. The solid arc between def+ and def stands for the DEF rule’s
effect.

(DEF) adp— — — —
A

Figure 3.1: Romanian NP’s topic at a glance.

We think that is good to describe now more formally the concepts we were already
dealing with.'* So:

— a determiner is the (semantically quantified) subcategory of a noun;
— a definer'® is a determiner whose logic form contains the uniqueness quantifier;
— a modifier 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 combines
with.

Figure 3.2 offers an overview of definers in Romanian, together with (undefinite) deter-
miners and NP modifiers. There,

3 quantifier addresses a tuple Z € R* = U;2, R™, while
3" takes its argument from R", and
3* specifies the unique existence of its argument. (R is the quantified relation.)

Derived forms of 3 are 3* and (3")". The is-a hierarchy of Romanian definers is presented in
Figure 3.3. The insertion of this hierarchy in the HPSG sign hierarchy is shown in Figure 3.4.

The lexical description associated to the definite marker in Romanian is:

def:definer[phon = phonFun(self.spec.index)
marking = definite
spec =>> noun ; np
subcat = 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 definiteness in Romanian much closely to the theory of quantifiers’ logic.
150r: definite determiner.
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| Romanian determiners and NP modifiers

Undef. Determiners

undefinite pronouns:

fiecare v
oricare/orice V
ceva

unii/unele E|

undefinite article:
un/o: 3

cardinal numerals 3"

pronominal adjectives:

nici un/o Fil
vreun/vreo 3
nigte 3

Definers

dem. pronouns/adj.:

acestifa] 3
acei[a] El

possessive adjectives:

meu 3I*
mei 3*

definite pronouns:
TOTI V3*
possessive article:

AL + poss.pronoun/gen.NP 3*

ordinal article:

NP Modifiers

qualitative adjectives
geninitive NPs
possessive article
prepositional phrases
non-finite VPs
relative sentences

AL + ord. numeral 3" 3*

demonstrative articles:

CEL + ord.numeral gng*
CEI + card.numeral Eok
CEL/CEI+qual.adjective 3*

Figure 3.2: A synoptic HPSG view on Romanian noun’s complements and modifiers.

Note that the definer’s phon feature value is subject of applying a rule (phonFun) on index
of the marked noun or noun phrase.

We state now the DEF rule, whose introduction was argued before:

(DEF) The Romanian Definiteness Rule
The def+ featured determiners transfer their definiteness onto the whole NP.

Said it in another way: if a noun subcategorizes for a def+ featured determiner, then, after
saturation, it has to be def-marked. Formally, the new, def-marked phrase is described by:
m(X)[ marking = definite
marking_daughter = def
head_daughter = X] :- X.subcat.left first[def+]
where m is, by convention, a Skolem functor replacing the existential quantifier on X in the
logical formula underlying this definite clause.

The constituent structures of different simple ezamples of Romanian NPs are illustrated
in Figure 3.5. The translation of those phrases is given bellow:

: rege[le] = [the] king
mare[le] rege = [the] great king
un rege = a king

[acest] mare rege
[toti] regii
[toti] marii regi

= [this] great king
= [all] the kings
= [all] the great kings.

TE9QE s
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definer

7

poss

ordArt defPro

genNP possArt possAdi demPro demAd] demArt

Figure 3.3: The hierarchy of Romanian definers.

sign
) ajbr minor
7 AN
noun pronoun adj definer art

" poss | ) dem

LordArt  defPro.. \-.
genNoun péssArt possAdj demPro démAdj derﬁArt
Figure 3.4: Romanian definers in the HPSG sign hierarchy.

Note in Figure 3.5.D the application of the DEF rule. More complicated NP examples, like

G:  cei trei regi = those three kings
H: cel mai mare rege = the greatest king
I al doilea rege = the second king
J:  al nostru rege = our king
and
K: trei regi = three kings
L:  acesti trei regi = these three kings
M: toti cei trei mari regi = all those three great kings
N: un al doilea rege = a second king

will be analyzed in the remaining part of this section, when we deal with phrase determiners
in 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 on
concurrent-constraint variables will be introduced.
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A [definite] nondetermined NP

B: [definite] nondet. modified NP

"marele rege”

"un rege"

D: definite-determined modified NP

def

chst mare rege
def+ ... .

"acest mare rege"

E: definite-determined NP

"toti regii”

F: definite-determined modified NP

"toti marii regi"

Figure 3.5: Examples of Romanian simple NPs.
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Phrase determiners
Phrase determiners in Romanian are headed by:

AL —the ordinal and possessive articles, subcategorizing respectively for an ordinal numeral
and a possessive adjective. (The possessive adjective can be a noun determiner on its
own in post-nominal position). AL globally denotes the singular—plural x masculine—
feminine forms: ‘al’, ‘a’, ‘ai’, ‘ale’, and corresponds (when subcategorizing for ordinal
numerals) 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—feminine
forms: ‘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’; corresponding
to the English ‘those’.

The CONTENT/If 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 associated
as expected with the numeral, and Z is the (name of) the modifying relation introduced by
the adjective.

Phrase determiners in Romanian are analyzed just naturally via the ID rule schemata, as
shown 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 in
the remaining part of this subsection, allows nicely for their concurrent constraint analysis.

Now, as we are ready to move to the subject of NP modification, note that we assign
to the possessive article a double role: one as noun determiner, the other as NP modifier
(always in post-nominal position). Here we give the corresponding lexical descriptions:

al:det[spec =>> noun[::index.case = GEN
. subcat = nil#nil

;index = X

zlf =Y
subcat =>> nil#possAdj[::If = Z]
index = X
If = of(Y, Z)].

al:possArt[subcat =>> nil#possAdj[:If = Y]
mod =>> np[:index = X If = Z] ; possPron[::index = X]
index = X
If = of(Y, Z)].

3.2.2 On NP modifiers

We will refer here in depth to some modifiers of the noun-headed NPs. Then we will analyze
modification for NPs headed by nouns of verbal nature, the traditionally so-called long
infinitives.'6

16We are not dealing here with qualitative adjectives as NP modifiers, since in Romanian they are treated
just in a similar way to the English HPSG [83].
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G: definite phrase-determined NP H: definite phrase-determined NP

cei trei regi
K ot g /\c

def+
"cei trei regi” "cel mai mare rege"
I: definite phrase-determined NP J: definite phrase-determined NP

"al doilea rege" "al nostru rege"

Figure 3.6: Examples of phrase-determined Romanian NPs.

Nominative NPs

It is possible that nominative NPs modify (not necessarily noun-headed) NPs like in:

Ton, bataugul = John, the fighter
El, unul ... &~ He, himself ...

We will treat these constructions as co-indexed conjuncted NPs.

Genitive Phrases
Genitive NPs modifying nouns are probably the most simple example in the subject of
Romanian NP modifiers:

numele mamei [sale] = [his/her] mother’s name.

We treat the possessive adjective (‘sale’ = his/her) as a determiner of the noun ‘mamei’, as
the HPSG for English in [83] does. After adjunction, the above NP will have associated the
logic relation nume(X) A mama(Y) A of(Y,3s) Aof(Y, X).

We use the lexical descriptions:

mamei:noun[phon = “mamei”
index = [nr= sing gen=fem pers=3
Case=GEN]
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mod =>> np[:If = X]
subcat = nil # nil
If = of(mama,X)]
sale:possAdj[phon = “sale”
index = [gen=fem nr=sing pers=3
case = GEN] =Y
spec =>> np[:index =Y
zif = X]
subcat = nil # nil
If = of(X, 3sf)].
Coindexation with the possessor NP in the description of the possessive adjective is to be
noted.

A particular NP modifier is the genitival preposition ‘de-’ (roughly corresponding to the
English particle ’s), that links a possessed NP and a genitival phrase headed by the article
AL and complemented by a possessor NP.

Non-predicative Prepositional Phrases

The English NP in the nominative case, that modifies another NP usually corresponds in
Romanian to an accusative NP complementing a prepositional phrase (PP) headed by the
non-predicative preposition ‘de’:

the gold ring = inelul de aur

The logical form If corresponding to such a PP — namely, inel(X) A de(aur,X) — will
be naturally associated to the NP by the classical modifier mechanism in the theory of
HPSG. (See the Semantics principle in the Appendix A.3.) The lexical entry associated to
preposition ‘de’ is

de:nonPredPrep[phon = “de”
subcat => . nil # < np[::index.nr = sing
Hf=Y] >
mod =>> np[:lif = X]
If = de(X,Y)].

The order in which different modifiers can affect an NP in Romanian seems to be con-
trolled by the following constraint:

(MC) Romanian NP Modifiers Constraint

Modifiers that affect a same NP can occur freely up to the following conditions:
i. the words come before the phrasal modifiers;
1. modifiers headed by non-predicative prepositions come before the predicative ones.

It should be added also that the possessive article in post-nominal position cannot be
contiguous with the noun it determines. The following modified NPs exemplify the points
stated above:

casa mea [cea] noud = my new house
house my that new

casa noud [* a mea] = the new house [of mine]

the house new  of mine

casa aceasta [noud,] a mea = this new house of mine
the house this new of mine
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o casda noud de-a mnoastra = a new house of us

a house new of wus

o casd mnoud din padure [* de lemn] = a new house in the forest

a house new in forest of wood

casa noud [de lemn] din paddure = the new [wooden] house in the forest

the house new of wood in forest

o casd de lemn [* noud] = a [new] wooden house

a house of wood new

casa noud [de lemn] = the new [wooden| house
the house new of wood

Long infinitive NPs

The focus in the sequel will be on those Romanian nouns that traditionally were called long
infinitives. These are words that

— lexically are inflected like nouuns,
— semantically express a verb action’s result, and

— syntactically inherit — under certain constraints'” 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 infinitive of the verb ‘(a) intenta’, and its modifiers — ‘unui
proces’ and 'ministrului’ — correspond respectively the direct and the indirect objects in the
subcat feature of the verb ‘(a) intenta’. Obviously, the CONTENT/If feature of the (whole)
NP will be constrained similarly to the verb.

We will examine in the sequel the case correspondence, trace possibilities and relative
position changes that could while passing from the verb’s subcat to the subcat of its long
infinitive.

Intransitive verbs (but also transitive ones with traced objects) that possess long infinitive
forms — henceforth assigned to the longinf feature — allow their modification by a GENitive
NP acting as the verb’s subject:

trecereayoy timpuluiggy = time flying

So, assuming a congruence relation on NPs’ set up to different case forms, we could
formulate the following lezical rule:*®

X:verb[ longlInf =Y N Zopx[ mod =Y
subcat = Z:npyoy | - # - | If = subject_of(Z, Y)]

The case indices (NOM, GEN, DAT) denote the corresponding case form of the NPs they
subscribe for.

Transitive verbs in Romanian also enable their long infinitives to subcategorize for the
verb’s direct and/or indirect objects:'®

17See for instance the Strict Indirect Object Constraint introduced bellow.

180r, taking longlnf as noun’s predicative feature (of one argument):

. . 7. ZGEN[ mod =Y
Y:noun[longInf@X:verb[subcat = Z:npxom | - # - ]] — If = subject_of(Z, Y)].

19But only for “full” objects, not also for clitic objects!
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X:transV[longInf =Y
subcat = < Subj:npyon > # < DODbjinpace (, 10bj:nppar) >]
_)

Y.subcat = nil # < (‘de citre’ Subjuos) ({ deDggb”O“ }) (, 10bjpar) >.
GEN

Here above, the parenthesis express optionality. Examples:

predarea | limbii roméane | studentilor straini
predarea | limbii romane | de citre noi ...
cumpérarea | de catre trust | a uzinei

intrarea | sportivilor ...

trecerea | lui Eminescu | ... [in postul de revizor|

Obviously, verb modifiers, like adverbs and prepositional phrases can intervene. Details
are given in the next section. The following constraint that is related to the modifica-
tion of long infinitives reinforces the OFP principle (on Order Freeness and Preferentiality)
formulated in the following section.

(SIO) The Strict Indirect Object Constraint

If the indirect object 10bj is present in the long infinitive’s subcat list, then it has to be
preceded by one of the other two complements, Subj and DObj. The last two can be inverted.

Non-finite verbal modifiers of the Romanian NP

Here we simply list the following possibilities that can occur for non-finite verbal modifiers
of the Romanian NPs:

1. NP + ‘de’+infinitive {(+ DObjacc) (+ IObjpar)}:
placerea de a invata = the pleasure of learning

2. NP + supine:
lectia de invatat = the lesson to be learned

3. NP + gerund {(+ DODbjscc) (+ IObjpar)}:
un glas cintind un cintec = a voice singing a song

Here the brackets denote that the order of the surrounded components is free.

3.3 On transitive VP linearization and
clitic pronouns in Romanian

Here we present a fragment of HPSG for Romanian that, dealing with syntactic linearization
of transitive verbs, makes a special reference to clitic pronouns.

This topic addresses the subject of word-order freedom in Romanian verbal phrases, and
is linked to some important issues in the general theory of HPSG like unbounded dependency
constituents (UDC), relative and interrogative constructions, and expletive pronouns.

Precedent studies on the nature of Romanian clitics are [34] and [42]. HPSG studies on
clitics in other Romance languages are well represented; we cite those for French [67] [68]
and Italian [70].

Several inferred linear precedence rules and specific ordering constraints are stated for
the Romanian transitive VP that. Together with the universal HPSG principles presented
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in [83], and using adequate lexical descriptions, they will serve to explain a significant frag-
ment of the Romanian language.?’ A concurrent kernel system for parsing this fragment of
Romanian, implemented in both Oz and DF, our feature constraint system, will be reported
at the end of this chapter.?!

3.3.1 Specific background

Let us start the presentation of our subject by making firstly the general observation about
Romanian that — as a primary support for its high order freedom — it is a very inflected
language. For instance, a Romanian verb normally has 30 inflections = 2 x 3 x 4 + 6, where
the ciphers stand respectively for number, person, time and mode?? inflections. Also, a noun
has 12 = 2 x 2 x 3 inflections, counting respectively the definite and undefinite form, the
number and case inflections.

Just following down the flow of this thought, we have to say also that there are three
inflected cases for Romanian: NOMinative/ACCusative, GENitive/DATive and vocative.?* To
get disambiguation between NOMinative and ACCusative, respectively GENitive and DATive
cases, syntactic rules plus lexical specifications are used, such as

i. complementing the different subcategories of a verb, or

ii. saturating a (predicative or non-predicative) preposition, and respectively a possessive
article or a NOMinative noun.

For NoM/Acc dissociation see (i.) the example of the noun phrases ‘TIon’ and ‘fata’, and
respectively (ii.) the prepositional phrases ‘pe fatd’ and ‘in parc’ in the examples:
(1) John kisses the girl. =
a. IOH(NOM) saruta fata(Acc). =
b.  Ion(yoy) 0 sarutd pe fatd(yoc)-
The girl is in the park. = Fata(you) este in parc e

Here above, ‘in’ is a predicative preposition, while ‘pe’ is a non-predicative one.?*
Examples of DAT/GEN case dissociation are:
(2) a. John gives Mary the book = Ion(yey 1i dd Marieipar) cartea(aec)-

b.  a orasului(gey) = of the city
¢ fatayom/acc) Mariei(ggy) = Mary’s daughter.

Now, concerning the double translation (1) from English into Romanian, we emphasize
that the two Romanian versions are semantically perfect equivalent.?> In the example (1b),
compared with (1a), the clitic pronoun ‘0’ 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) Definite Trace Constraint

(SIO) Strict Indirect Object Constraint

(SSC)  Wh-Strict Subcategorization Constraint

21The present formal specifications are equally intended to improve/replace the generation module in our
MT system CHALLENGER 2.0 [27] that translates English into Romanian.

22Romanian inflected 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’.

25 And also with:
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saturates now (in undefinite form) the the non-predicative preposition ‘pe’. The mentioned
clitic is the unstregthen form of the third person singular feminine pronoun in the accusative
case. It is linked to the ‘pe’-headed PP in that the clitic index-copies the utterace of the
direct object’s head, and it could even substitute/fill the whole PP, like in:

Ion o0; saruta —; = John kisses her.
John her kisses

Now, how to put these phenomena into the HPSG perspective, having also in mind to
build up a concurrent processing strategy?

While from the HPSG theory’s declarative perspective, clitics can be generally accounted
for as unbounded dependency constituents, by using the ID Schema 6 (Head-Filler) to bind
links open during during the application of other ID schemata, from a concurrent perspective
these facts will be managed mainly by making the ID Schema 2 (Head-Complement) and
Schema 6 combine in a suitable manner. The “superviser” control that’s synchronizing that
combination is provided by a complex of language specific rules and ordering constraints.
These rules and constraints justify for

e syntactic generation of Romanian clitics by object duplication
e the controlled/limited order-freeness in Romanian predicative constructs.

3.3.2 Immediate dominance and
linear precedence in the Romanian transitive VP

We came to the point where we could start the presentation of some Romanian specific
HPSG rules for transitive verbal pharses. The first rule to be introduced presently triggers
off the possibility of (semantically) equivalent sentences like those given in example (1), by
introducing the direct object as a non-predicative ‘pe’-headed PP saturated by an NP in
the accusative case.

(NPA) The Non-Predicative Accusative Rule

The accusative case for a Romanian definite’® NPs headed by
i animate featured common nouns
. proper names of animate beings
pronouns, or relative pronomial adjectives
can be, respectively
have 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
sf =Y]>
If = V].
Since for the cases . and ii. the first part we have already given examples, here bellow
are some other examples for the second part of the ii. case in the (NPA) rule:

Saruta lon fata. = O saruta Ion pe fata.
Ton, fata o sirutd. = Ion, pe fatd o sdruti.
Fata, Ion o saruta. = Pe fatd lon o saruta.
Fata, o sarutd Ion. = Pe fatd o sdruta lon.
Sdrutd fata Ion. = O sdrutd pe fatd Ion.

up to a certain contextual strengthening.
261.e. definite marked. See explanantion on Romanian noun-headed NP’s definiteness in the precedent
section of this chapter.
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El o saruta pe ea. = He kisses her.
Pe cine o sarutd [el]? = Who is he kissing?
El va intilni fata pe care a sarutat-o. = He will meet the girl he has kissed.

(DT) The Romanian Definite Trace Constraint

Traced (direct or indirect) semantically definite objects can be subcategorized by transitive
verbs.

Said it in a somehow reverse way: (only) definite objects in Romanian may be traced,
and if so, by effect of the (CP) rule given bellow, they are cliticized. We use the following
description of the Romanian noun object trace:

traceObj[phon = *”
index|[ person = _ number = _ gender = _
case = _ |
marking = definite
If = _

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 are

o ‘pe’-subcategorized, or traced objects

. indirect objects

have to be, respectively

can be copy-cliticized, i.e. duplicated by unstrenghten®” pronouns coindexed w.r.t. number,
person, gender and case.

This rule accounts for the occurrence of clitics in Romanian sentences, like ‘0’ in (1b).
The lexical entry for the clitic ‘o’ is:8

”

o:cliticPro[ phon = “o
index = [nr = sing pers = 3 gender = fem
case = Acc] = X
spec =>> = transV
If = spec.subcat.right.first.If
to-bind.slash = X]

Procedurally, the (CP) rule is responsable for the correlation of nonlocal inherited features
for 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 a
transitive verb like

saruta:sTransV.subcat => <npxow > F# < Npace>
these rules justify for the presence of ‘pe’ and ’o’ in the example (1b), here re-uttered:

Ion o sarutd pe fatd. = 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, the
equal sign is overiden to the ‘containing’ relation, that is inverse to the ‘belonging to’ (3) relation.
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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 Constraint

The “strict” obliqueness hierarchy in which the Romanian clitics enter is:

infPart CLDAT
{ subjPart } < neg < { reflPron < CLace < AUX < clAdv < verb

with the following exceptions (when the clitics appear on the right side of the verb):

verb mperative, AFirm)vGERund < CLpar < Clace

neg < Clpar < AUX < clAdv < verbpast < CLaco sivg rem

CL and AUX in the above notation denote clitic pronouns, respectively auxiliary verbs.
Then infPart, subjPart and reflPron denote respectively the infinitive particle ‘a’; the subjunc-
tive particle ‘sa’, and the accusative reflexive pronoun (‘mé/te/se/ne/vé/se’) in Romanian.
The index past stays for past participle. Also, clAdv denotes the so-called clitic adverbs:
‘mai’, ‘gi’, ‘tot’.

The fact that — in the definition given for the (SO) constraint — the order in the
obliqueness hierarchy is “strict” means that nothing?® can be interpolated between that
signs. Formally, < is a strict non-transitive order relation in the following algebraic sense:

r<y=HAz:x <2<y

Surely, not all members in the given obliqueness hierarchy have to be simultaneously
present in a syntactic construct but, those that occur have to respect the given obliqueness
order. The following examples illustrate the use of the (SO) constraint.

—9,Ion i -0, d&  Mariei;. = John gives it to Mary.
John her it gives to Mary

Dia -mi-o! = Give it to me!

Give me it

[Eu] [i1-] am dat -02 —1 —2 = I gave it [to him)].

I him/hergave it

Note: 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 Combination
Constraint (CLC) must be stated, but we will not introduce it here.

One should remark that the Strict Obliqueness constraint (SO) imposes a certain surface
order in the Romanian predicative phrases. In our concurrent-oriented approach, clitics
accounted 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 strictly
ordered, we’ll see that the Romanian verb’s subcat list is freely-ordered (so, one can see it
in 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 specific rule that, complementarily to (SO), states the limited order-freedom
in Romanian verb phrases is the following one:

291.e, verb modifiers like adverbs or prepositional phrases. These modifiers can freely intervene between
the verb’s subcategories.
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(OFP) The Romanian Order-Freedom and Preference Rule

The linear order of complement daughters in a Romanian verb phrase is free, and preferential
up to the verb’s subcat feature.

By “preferentiality” here we understand the fact that, statistically speaking, the identity
permutation of the subcat list is implicitly the most probable one. So, the natural order for
ditransitive verb’s subcategories in Romanian is: subject, verb, indirect object, and direct
object.3® We do not treat here the semantic strength associated with different permutations
of the subcat list.

What the (OFP) rule implicitly states is that transitive verb’s subcategories can float (or:
be permuted) around the island built upon the verb head by clitics, according to the already
given strict obliqueness hierarchy. For instance, starting from the given subcat feature of a
lexical sign like

sarutd.subcat =>> < npyoy > # < nNp,c >

~—~— ~—~—
Subj Obj

the (OFP) rule allows one to permute its components (the sign ‘#’ included; it marks the
position of the verb itself), like in

< Obj, Subj > # nil.
Applying the (NPA) rule for an animated definite Object, we obtain

< pp(‘pe’, Obj), Subj > # nil.
and then, by joint effect of (CP) and (SO), we get

< pp(‘pe’, Obj), Subj, ‘o’ > # nil.
The corresponding phonetic realization for Subj = “Ion” and Obj = “Maria” will be

Pe Maria Ion o saruta.

Note: The attentive reader should observe the technical subtlety here: not subcat list itself
is transformed, but (one of) its “work copy” that we call subcatx.

Now we will extend the (CP) rule with a new case:

(CP) The Clitic Pronouns Rule (complementary case)

Romanian NPs which are

i11- direct or indirect object in verb-inverted position
have to be cliticized.

That rule case refers to objects placed — by virtue of the (OFP) rule — in front po-
sition in the subcatx list. We should remark that this extension of the (CP) rule, coming
after (OFP), does not involves circularity. In fact, we could “pop” up (OFP) as the first
rule to be presented in the present approach. However, in order to ensure the gradual
understandability, we did our presentation the way we did.

Of course, parsing should reverse the above exemplified steps, ending up with identifying
which permutation of the header’s subcat feature value was chosen to instantiate the subcatx
list.

30We estimate that the probability measure on different permutations of the verb’s subcat list is equal the
reverse of the number of pair inversions with respect to the identity permutation.
As a consequence, a sentence like

Lui Ion i- am dat cheia eu. = I gave John the key.
To John him gave  the key L

is of lowest probability among different possibilities to permute the verb’s subcategories.
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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 Rule

If one of the subcategorized daughters of a verb is an NP headed/modified by a negative
determiner, or the verb is modified by a negative adverb, then the verb phrase must take its
negative form, i.e. it should be modified by the negation

neg:adverb[phon = “nu”
mod =>> verb[::If = Y]
If = not(Y)].
Examples:

Nimeni nu e absent. = Nobody is absent.
Eu n-am vazut pe nimeni. = I saw no one person.
[Ei] n-au vazut-o niciodata. = They never sow her.

3.3.3 On Romanian clitic pronouns

Now, as “corollaries” to the Romanian specific HPSG rules on transitive verbs, we present

e dative clitics as semantic disambiguators in interrogative/relative UDCs,
e accusative clitics as definite (long distance) markers, and

e expletive pronouns related to clitics.

Dative clitics in interrogative/relative UDCs

We will show here how clitic pronouns in DATive case could act as semantic disambiguators
in interrogative/relative unbounded dependency constituents (UDCs) in Romanian.
Let us take the following example:

Cui 1i; spune — Ion cad [el] i-o a dat 5 cheia?
[Whom him/her tells John that he him/her has given the key?]

2 Who is John telling to — that he has given the key to —7?

The above question in Romanian allows for two interpretations:

— one corresponding to the identity between John’s addressee and the receiver (of the
key). This is also the interpretation of the English translation given above, which
implies/obliges for the presence of a parasitic gap; and

— the other standing for the interpretation: addressee # receiver.

The questioner (interrogative pronoun) ‘cui’ in the above example can be bounded to
either one or the other gap/clitic filler, depending on the semantic context. Let us examine,
however, the two slightly different questions:

Cuiy spune Ion ca [el] i-o a dat —y cheia?
Whom tells John that he him/her has given the key

= Who, is John telling that he has given the key to —»7

and
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Cui; 1y spune —; Ion ca [el]a dat cheia?
Whom him/her tells John that he has given the key

= Who; is John telling to —; that he has given the key?

These questions make use — by contrast with the previous ones, that involves ditransitive
lexicalization for both verbs — a simple transitive lexicalization for exactly one of them: ‘a
spune’ = to tell, respectively ‘a da’ = to give. What is significant in this case is that the
questioner ‘cui’ is definitely 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 and
relative constructions, and

— clitics (in either Acc or DAT case) play a double role in interrogative UDCs: they are
both fillers of objective gaps, and object-traces co-indexed with the interrogative/relative
pronouns.

The lexical description to allow for such a double role is:

narn neon

fi:pPron[ phon = "1i" ; "i
marking = definite
subcat = nil#nil
nonLocal = [ inherited.slash =Y
to-bind.que = Y] ]

We appreciate that the solution presented above for the Romanian clitics’ functionality
in wh-phrases is quite simple and robust: an object trace is bound by the corresponding
clitic — if it has to be present by virtue of linear precedence rules presented in the precedent
section, and the clitic will be further slashed by the questioner/relativizer — or directly by
the questioner/relativizer if there is no clitic in use there.

We add here a new constraint that limits the (OFP) rule’s effect in relative and inter-
rogative constructs:

(SSC) The Wh-Strict Subcategorization Constraint

Interrogative and relative pronouns are strictly (OFP)-subcategorized, i.e.
if an interrogative or relative pronouns is the subject of a verb®!
then it is bound (also) to the first position in the subcatx feature.

Examples:
Pe cine; 13-ai vazut? = Who; did you see —17?
x Li-ai vazut pe cine;?
Cui; iy 1p-ai dat —2 7 = Who; did you gave ity to —17
x L-ai dat cui?
[El/ea] a mincat ce; a gasit —;. = He/she has eaten what he/she has found —;.
* A mincat a gasit ce.

31That means that it is the first component of the (left side of the) verb’s subcat list.
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Accusative clitics as long-distance definite markers

Clitics are always definite marked. 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 specified NP is not adjuncted,?? then
by ‘pe’-subcategorization it has to occur undefined (i.e., undefinite marked).

Example:

Ion sarutd fatagefinite). = lon o sarutd pe fatd(yndefinite). =
John kisses the girl.

The fact that the NP that suffers the above definite-to-undefinite “degeneration” is ex-
plained by the “transfer” of the definite feature from slashed NP back to the the binding
clitic. Putting it in a formal way is not difficult at all using the dedicated features here
introduced strictCat and subcatx.

From clitics to expletive pronouns

Expletive pronouns have by definition no semantic role associated with. In English they are
two, namely ‘it’ and ‘there’, and they occur notably in time and weather expressions, and
in 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 deductible
from the verb’s number X person inflections.
— weather-like expressions in Romanian make use of impersonal verbs, copula here included:33

It rains. = Ploua.
It is late. = Este tirziu.

However, there are in Romanian two expletive pronouns that relate to the singular clitics
and ‘o’ (in the accusative case), and ‘i’ (dative):

Take it easy! = Ia-o usurel!

Take it for good! = Na-ti-o buna!

Go! = Dati-i drumul! = Sterge-o!

Forget it! = Da-o incolo! = Las-o baltal

We should remark that these expletives occur especially with the imperative case. Their

lexical entries are the same as those of the clitics, except that they lack the CONTENT/If
feature and the non-local inherited and to-bind.slash features. For instance, the accusative
expletive pronoun in Romanian is:

n_n

o:explPro[ phon = "o
index = [ pers = 3 nr = sing gender = fem
case = 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, since
the two corresponding DATive clitics has the same form for masculine and feminine, and in
fact it is not co-indexed with any object.

32Gee the next section for a detailed discussion on a finer-grained distinction between adjuncts and non-
adjuncts.
33The following lexical (partial description) for the impersonal copula is assumed:

fizverb[index = [pers = 3 nr = sing]
subcat = nil # nil].
while the personal copula is characterized by subcat = <_ > # nil ; <_ > # <_ >.
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izexplPro[ phon = "i
index = [ pers = 3 nr = sing gender = _
case = DAT |].

Also, as a second source of expleteness in Romanian, the reflexive impersonal form of
finite verbs is used in situations like:

It is said that ... = Se spune ca ...

Such constructions are supported by the following lezical rule that acts in Romanian, to get
the reflexive impersonal form for virtually any main verb w:

w'[subcat = < se.p[index = X] > # w.subcat.right

index = X].
where the impersonal reflexive pronoun se.p has the expletive-like lexical description
secp[phon = "se”
index = [nr = sing pers = 3]
case = ACC]

deduced from the reflexive pronoun singular, third person:

serp[phon = "se”
index = [nr = sing pers = 3] = X
case = ACC
If = 3s].

3.3.4 More on the NPA rule and NP modification
Examples like

(3a) * Ton sidrutd fata [cea] frumoasa.
John kisses girl that beautiful

(3b) Ton o sdrutd pe fata [cea] frumoasid. = Johns kisses the beautiful girl.
John her kisses ‘on’ girl that beautiful

(3c) * Ton o sdrutd pe fatd [cea] frumoasa.
John her kisses ‘on’ girl that beautiful.

lead us to revise the Non-Predicative Accusative rule:

e the case i. has to be limited to non-adjuncted NPs, and also

changing the NP’s definite mark into undefinite — as exemplified when we were pre-
senting clitics as definite “long-distance” markers— does not apply for adjuncted NPs,
as illustrated by the example (3c).

e 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-adjuncted
NP as presented so far, while being exclusive, they are not complementary: they do not
exhaust the concept of modification! 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) * lon  sarutd mama.
John kisses the mother

(4b) Ion o sarutda pe mama. = Johns kisses my mother.
John her kisses ‘on’ the mother
In any Romanian sentence, the NP “mama” (the mother), when not explicitly specified,
is referring to speaker’s mother: “mama mea/noastrad” (my/our mother). This is why we
say about this NP that it is semantically indirect adjuncted.>*
But, in a context like

(5a) Ton 1si  sdrutd mama  [* lui] = John kisses his mother.
John him kisses the mother his

(5b) * Ton 1si o sarutd [pe] mama lui.
John him her kisses ‘on’the mother his

the NP ‘mama’ is meant “his mother”. This is because this transitive verb uses now as
indirect object a dative pronoun that modifies the semantics of the direct object:

saruta(Subj = john, DObj = mother(gef1), IObj:pron[index.case = DAT]) —
saruta(Subj, DObj) A of(DObj, I10bj)

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 adjunction
is shown in Figure 3.7.

From the example (5b) also comes a new case for the NPA rule:

34SQuch cases must be specified lexically, by using a new, dedicated feature.
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(NPA) The Non-predicative Accusative rule (continued)
iti. Syntactically indirect-adjuncted NP direct objects are not ‘pe’-subcategorized.

Note: If we admit reflexive verbs as a subsort of transitive verbs, as a consequence of
(NPA) case i., it follows that objects of reflexive verbs must be ‘pe’-subcategorized, like in

Ton se vede pe sine in oglinda. = John sees himself in the mirror.

But in this case, the CP rule (extended to pronoun-headed NPs) must generate reflexive
pronouns in the corresponding clitic’s place. (And, simply, why do not admit such an
extension!)

The fine-grained distinction operated in this subsection among different forms of NP
adjunction explain (via NPA case ¢ii.) why sentences like (6a) and (6¢) are accepted, but
(6b) is regarded as ungrammatical.®®

(6a) Luilon i- am vizut [eu] fata. = I met John’s daughter.
To John him met I the daughter.

(6b) * Luilon i- am vizut-o [eu] pe fatd. =~ John’s daughter, I met [her].
To John him met her 1 girl.

(6c) Fata, i- am vdzut-o [eu] luiIon. = John’s daughter, I met [her].

The girl him met her I to John

In the above examples, the NP in dative case ‘lui Ion’ syntactically indirectly-modifies the
direct 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 (6¢) are accepted.

The Romanian verb ‘a vedea’ = to see, has a primary simple transitive description with
the subcat feature

vedea:diTransV.subcat = < npyxou > # < Npacc >.

Example (6a) comes out from the following combined action of the Romanian HPSG
specific rules:

(OFP): < Tonpar > # < [euyoum] , fatasee >

(NPA): < Tonpar > # < [eunou] , fatasee >

(CP), (SO): < Ionpar , i- > # < [eunom| , fatayee >

Phon: Lui Ion i-am vazut fata. = I met John’s daughter.

The sentence (6¢) is accepted by filler and gap dependency, making use of the Definite
Trace Constraint and the corresponding (trace extension) case of (NPA):

(6¢') Fatay, [eu] i>- am vazut -o; —1  (lui Ton)s.
(OFP): < [euyom] > # < —1 acc , lonpar > (inherited.slash{1})
(CP), (80)3 < [euNOM] y i-par > # < -Opcc, —1,ACC Tonpar >
Fatag, ... (toBind.slash{1})

35These examples were proposed to us by Agnes Farkas-Bende from the University of Budapest during
the ACM Summer school on Logical Interfaces in Human-computer Communication, held at Belig-Fintinele,
Romania, in July 1996.
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In fact, the verb ‘(a)vedea’ in the above context,?¢ has associated the dative clitic as a
obligatory complement in the position stated by the Strict Obliqueness constraint. So, a
more realistic description of its subcat feature is the following one:

vedeaz:diTransV.subcat = < npyoyu CL[:iindex = X :If = Y] > #
< nppar[:index = X :lf = Z], npace[::lf = Z A of(Z,Y)] >.
The reader could note how this lexical description specifies that the direct complement is
semantically modified by the indirect object.

VP

T | AN
|

| | | verb
Eu i- am vazut prep ! NP | | |
AN . | NPA // \ lui lon Eu i- am vazut parintii
. > 7
~ e S~ 7
~____ pe- noun NP A -
CPG | o CPG -7

parintii  luilon -1 -7

-~ < -

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 vedea;

to vedeas in an example like

[Eu] i-am vazut; pe parintii lui Ion. = I saw John’s parents =

Lui Ion i-am vazut, parintii.
which is illustrated in Figure 3.8. The verb ‘a vedea’ passes from simple transitive to
ditransitive status by “exploding” the PP created by the effect of the (NPA) rule on the
simple transitive ‘a vedea’: the head of the NP that saturates the preposition ‘pe’ is retained
as the direct object of the ditransitive homonymous verb and the genitive NP modifying
that head is moved up, changed to the dative case, and finally becomes the indirect object
of the that (ditransitive) verb.

3.4 Constraint-concurrency issues
complementary to the Romanian HPSG kernel

This section will add an operational counter-part to the HPSG kernel for Romanian pre-
sented in the precedent two sections. We propose firstly a solution to the problem of multiple
determiners in the Romanian NP based on logic constraint variables, then a generalization
of the ID schemata 2 and 3 with free adjunction, and finally 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’s
relatives, in contrast with the usual form ‘a vedea ceva’ = to see something.
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The core of the HPSG RoCK system that we started to implement (both in DF and Oz) is
presented in the end.

3.4.1 Open constrained determiners

The following categories:
the ordinal article

— cardinal numerals

— the possessive (singular, feminine) adjective, and

— demonstrative pronouns
while being determiners on their own, have the following particularity: they allow for
adding supplementary determiners on their own position in the list representing the NP’s
complement-daughters feature value (henceforth denoted compDs).

For example:
toatd aceastd [ mare] casd = all this [great] house
det det adj noun
casa noastrd cea [mai] mare = our great[est] house
noundet det

We 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 occurrences
when it appears in the leftmost position of the subcat feature of the head it saturates. These
multiple subjects form a list that occupies only one place in the NP’s compDs feature value.

As already exemplified, in Romanian we have the phenomenon of open determiners.
Operationally, an open determiner can load/stack upon itself another determiner (see the
above 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 of
determiners.

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 a
recursive extension to the ID Schema 1 (the so-called Head-Subject Schema in [83]). It was
inspired to us by the use of logic variables in concurrent constraint programming, notably
in the Oz Programming Model.

(M.ID 1) The ID Meta-Rule Schema 1: Head — Multiple Subjects

Multiple subjects
are selected by the ID schema 1 triggered recursively by open+ categories, and
are “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 the
application of the ID schema 1 and the Subcategorization principle. We could eliminate this
meta-level, by stating an ID schema on its own, but we could not eliminate recursion in its
formulation.?”

37We guess that this stand-alone characteristic, implied however by the logical quantifiers’ semantics, made
C. Pollard and I. Sag hesitate to introduce such a rule in the general framework of the HPSG theory. This
is why, as pointed out by H. Uszkoreit (personal communication), HPSG did not explained (yet) English
constructions like “all these men”.

Our proposal on open determiners is for sure a non-orthodox one but, from the operational point of view to
be introduced presently, it is enabling constraint concurrency in a clean enough way (we think, cleaner then
conventional approaches) to be considered as a further step towards an improved analysis of the Romanian
NP.
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Operationally, in a concurrent constraint approach, things go simply, somehow in the
reverse order:

1. An open+ subject S, selectable by the ID Schema 1, initializes the single element in
the compDs list of the mother sign to be build up with the open list X =S | X' = _ .

2. Any subsequently stacked (possibly open+) subject S’ constrains further this list: X'
=S| X"'=_, ...

3. Finally, a subject S” closes this list by constraining the last introduced dummy variable
to S" | nil, and then the Subcategorization principle is applied, thus saturating the
mother sign.

Constraints concerning which new subject can be accepted by an open one, can be
specified via lexical description, using the spec feature. For instance, in the analysis of the
multiple-determined phrase

acest al doilea rege = this second king
this the second king

the following (partial) descriptions are involved:
acest:det[ open—].
al:possArt[ open+
reverse(spec.subcat.left).tail.first =>> demAdj].

The If (CONTENT) result for the application of the ID meta-schema 1 is obtained by stack-
ing quantifiers (DETs) and by logically conjuncting the quantified relations (RESTRINDs). We
hope that our idea on open determiners is made clear by the following example:

Example 3.4.1 The analysis of the NP
toti acesti trei regi = all those three kings

is done in the following steps: after applying for a first time the (selection test in) the ID
schema 1, the NP’s compDs feature value is reverse([trei | _ ]), where reverse is the function
reversing a list. The dummy variable (yet unconstrained) allows to stack the determiner
‘acegti’, and constraints the compDs feature’s value to reverse([trei | acesti | _ ]). Finally,
the (closed) determiner ‘toti’ is accepted, and it closes compDs to the value [toti acesti trei].
Accordingly, the If’s value evolution is:
3%, % € Rege?;
3*Z,% € Rege® A these(Z);
Vy3*T,y € T,T € Rege® A these(E). -
Other examples of multiply-determined NPs in Romanian are graphically presented in
the Figure 3.9, L-N. There, the labels F and T are used respectively for the first and tail
positions in the determiners’ list. As already said, this list is the single element of the NP’s
compDs feature value.

It is possible that open determiners be placed on inverted position with respect to the
noun they determine, and even on different sides of the noun. For example:

toti regii acegtia = all these kings
all the kings these

That situation is managed by using the inv+ feature in the lexical descriptions associated
to determiners that have to appear in post-nominal position.
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K: undefinite-determined NP L: definite phrase-determined NP

trei . regi def
def-  regi K . . .
R SR ~ acesti trei regi
“trei regi" ‘ def+ .
"acesti trei regi”
M: definite phrase-det. modified NP N: undefinite phrase-determined NP

toti acesti trei mari regi
def+
"toti accesti trei mari regi" "un al doilea rege”

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 observation
that constructions like
al doilea rege al nostru = our second king
a doua noastra regina = our second queen
are prefered respectively to
(?) al doilea nostru rege
(?) a doua printesd a noastra.
Therefore, a slightly different lexical description must be assumed for the feminine possessive
pronoun compared to the masculine one:
nostru:possAdj[open—].
noastra:possAdj[ open+
reverse(spec.subcat.left).tail.first =>> ordArtP]

though the feminine possessive article is similar to the masculine form.

3.4.2 Free adjunction into the Romanian VP

The 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]
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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-permutation
of the verb’s subcategorization list. But nothing was specified there about modification.
Modifiers 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 down
to saturated or almost saturated phrases.?® Obviously, this does not cover “free” adjunction
into 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 key
In order to solve this problem, firstly we will introduce a special property, M-inversability,
and a weak form of phonetical contiguity, called M-contiguity, and then we will generalize
the ID rule schemata in [83] to allow free-modification.

The M-inversability is specified by a predicative feature invM assigned to lexical signs.
By definition, we assume that all Romanian VP modifiers (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 definition, intended to allow (M-inversable) ad-

juncts to interleave freely with the subcategories of the sign they modify.

Definition 3.4.1 Given two HPSG signs A and H, we say that A is M-inversable w.r.t. H
if and only if

— A is invM+ and has the mod feature defined,

— H has the synsem feature value identical with the A’s mod value, and

— A is contiguous with either H or another modifier A' M-contiguous with A or

one of the H’s subcategories, with the assumption that

if A is M-contiguous with H, and C is contiguous (in the usual sense) with A, then C can be
considered for the H’s subcat list.

Said it equivalently, a is M-contiguous with h if they are in the language generated by the
regular expression A¥(CA)*H(AC)*A*, where the As and Cs signs must modify, respectively
be subcategorized by H, under the (usual) contiguity condition.

Now, generalizing the ID schemata in [83] by replacing phonetical contiguity with M-
contiguity,®® we will get immediately the recognition of HPSG signs like Romanian VPs in
which modifiers 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 does
not affect the HPSG for English as exposed in [83].

3.4.3 Towards concurrent parsing of the Romanian VP

Now let us view some additional issues in the HPSG approach, as preparations towards a
concurrent processing for Romanian VP:

1. Consider the two additional features subcat*, the copy of subcat list obtained by
application of the (NPA) and (OFP) rules,’® and strictCat, the list of clitics created by joint
effect of the (CP) rule and (SO) constraint.*!

381.e., phrases having the subcat list of length one.

391n fact that’s needed only for the schemata 2 and 3.

40For non-verbal lexical entries subcatx is assumed equal to subcat.

41 As a consequence, the phonological realization of a VP, up to modifiers’ interleaving, will be
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2. Build up a new ID meta-schema that combines Schema 2 (Head-Complement) with
Schema 6 (Head-Filler), correlating in fact head—complement and head-filler relationships:

(M.ID 2/6) The ID Head-Complement-Filler meta-schema

For any slashed subcategory of a word, build up one head-filler-structure having the head-
daughter feature value equated to an open path to that head, and the filler-daughter feature
valued to a saturated sign almost slashed*? co-indezed with that slashed component of the
subcatx list.

The above formulation is a procedural, parsing-like flavored. A reverse generation-like
reformulation, and a declarative equivalent statement are not difficult to figure out.*3

Obviously, we have to manage the “closure” of the open path stated in the formulation of
the ID meta-schema 2/6. This can be nicely achieved when the language specific rules that
govern 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 defines this
path inside the VP construction. That path is just in “one-to-one” correspondence with the
previously introduced strictCat feature. (See Figure 3.10.)

complement2 [~ filler2

head complement1 N _i_ - fillerl

—— subcat« strictCat

Figure 3.10: Concurrently combining the ID schemata 2 and 6.

Moreover, based on the ID meta-schema 2/6, in the particular case of the Romanian
transitive VP, the subcat* and strictCat list can be processed concurrently, with constraint-
based synchronization between several processes, as shown in Figure 3.11. So:

subcatx.left 4 strictCat.left 4 verb.phon + strictCat.right + subcatx.right
where the + sign denotes string concatenation.

42Te., having the inherited.slash feature a singleton.
43In fact we use in the Romanian VP’s analysis a third version, with filler < slash recognition order.
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clitics will be processed strictly ordered, cf. (SO), on the verb’s left side,*

complements will be processed nondeterministically (relative to verb’s position, inside the
difference list associated), but constraint-concurrently with respect to clitics; and

modifiers will be identified in the background by a third concurrently run process.

complements

P
SN

modifiers

Figure 3.11: Constraint concurrently processing the Romanian VP.

This conclusion naturally leads us to implement a concurrent head-corner parser extending
the sequential one introduced by Gertjan van Noord in [103], that will be presented in the
last subsection of this chapter.

We hope our idea behind the application of the ID meta-schema 2/6 will be made clear
by the following example:

Example 3.4.2 Let’s do the syntactical analysis of the sentence:

Cheia, i-am dat -o [eu] deri Ilui Ion.
0 12 3 4 5 6 7T 8 9
= I gave the key to John yesterday.

After the verb head identification (in the position2#4), the application of the M.ID 2/6
schema proceeds to find out the clitics. The (SO) constraint immediately tells: clitics are
in the 1#2 and 4#5 positions. Here the ID schema 6 is applied twice, one time for each
clitic viewed as a filler and a non-determined/non-instantiated (yet) head. That head is the
same for the two applications of this ID schema. Correspondingly we build up the structure
shown in Figure 3.12.A. As a consequence of clitics’ identification, the verb’s subcategories
are constraint to be identified now within the interval 0#1; 5#9.

There come the time now to apply the ID schema 2, extended with M-contiguity. Using
the (OFP) rule, the verb’s indirect object?® is found in the position 7#9, after having
passed over the adverb in the 6#7 position. We can think that this adverb is poped up for
a concurrent/further application of the ID schema 5, so our structure extends now as shown

44With the notable exception of ‘-0’ pasted to the right side of participles.
45 Constrained, cf. the (CP) rule, to the third person, singular, the dative case.
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ID1

ID5

D - - - - >

ID6

ID 2

< < --

am dat lui lon cheia

Figure 3.12: Example of the application of the ID meta-schema 2/6.

in Figure 3.12.B. Further on, the direct object is found in inverted position w.r.t. the verb:
0#1. Now, the application of the M.ID schema 2/6 is over and the generated structure,
completely constrained, is that shown in Figure 3.12.C.

Finally, by applying the ID schema 1 on the non-consumed input 5#6, after having
identified a pronoun-headed NP on that position, the analysis of our sentence ends up. The
output structure is that given in Figure 3.12.D. 0

The reader should note from the above example that the M.ID schema 2/6 could be
naturally seen as including also the (concurrent) application of the ID schema 5. (This
corresponds to adverb extraction from intra-VP positions.) For the sake of simplicity how-
ever we gave its definition the way we did. A similar meta-schema would combine the 1D
schemata 3, 6 and 5.

3.4.4 Head-corner parsing in DF

Doing parsing means (i) to establish whether a given sentence/formula is well-formed with
respect to a grammar that defines the language under analysis, and (i¢) to produce a struc-
ture of the input sentence if it is indeed well-formed.

Technically speaking, a program accomplishing the above first point is called a recognizer,
and if it is extended to accomplish also the second point, it is a parser.

46Many times in the literature there is a need to disambiguate whether a referred “parser” is doing (only)
recognition or is really making parsing, i.e. structure generation. This is true also for [103], from which the
implementation here discussed is inspired.

104



There are different methods for doing parsing natural language. A first method was al-
ready used inside the MT demo given at the end of Chapter 2: parsing as logic deduction.*”
There 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 parsing
methods where developed, like chart-parsing (based on work going back to [40]), left-corner
parsing [79], head-driven parsing [60] [102], and head-corner parsing [103]. Here we will
concentrate on this last mentioned approach.*®

The head-corner parsing method works not only for HPSGs but also for any grammar
whose 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 a
sentence, 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), until
all descendent daughters become instantiated and the input gets consumed.

A simple head-corner recognizer based on HPSGs and written in DF is presented in
Figure 3.13. Its extension to a head-corner parser (besides the lexical analysis, the definitions
of predict and between functions which remain the same) is presented in Figure 3.15.

We give firstly 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 associated
to each input word. For instance, in the well-known sentence in demonstrative NLP

Time flies like and arrow.

the word like is categorized as preposition and verb too.

Given an input sequence viewed lexically as a difference list EFO#E, the predict function
will non-deterministically choose — In the “sense” acknowledged by the set-valued function
between — a position QO#Q within the input EO#E, together with one category associated
to QO#Q.

The head_corner method takes QO#Q as a presumable head, chooses a rule represented
by Mother and LeftDs#RightDs, and then concurrently searches towards left and right for
input daughters corresponding respectively to LeftDs and RightDs categories. New borders
QL#QR are thus attained, and then recursively expanded to RO#R. The method parsel puts
predict and head_corner together, in a single function definition, making the predict output
be the input of the head-corner function, and reporting its result. If the output of parsel,
RO#R, is just EO#E, then the input was recognized as belonging to the category Cat, and
this is returned as one possible result of the parse.

Parsing (the reader is pleased to refer to Figure 3.15) modifies recognition in the following
manner:

— instead of working on categories, as the recognizer did, the parser works on phrase
structures, here identified by X-prefixing : XSmall, XMother, XLeftDs, XRightDs;

— finally, it is checks out whether the “produced” output XCat is a subcategory of the
category Cat asked in the beginning.

47Tt 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-known
Definite Clause Grammars [80] and other logic grammars [3].

48 A number of important studies developed during the last years deal parsing schemata, i.e., generating
different parsing strategies within a single framework. See [91] for parsing as rewriting, and [90] for parsing
as deduction.
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PO#P[parse ->> Cat] :- PO#P[parsel ->> Cat|P0#P].

EO#E[parsel ->> Cat|RO#R] :-
E0#E[predict ->> Small|Q0#Q],
Small|Q0#Q[head_corner@EO#E ->> Cat|RO#R].

EO#E[predict ->> Small|Q0#Q] :-
EO0#E[between ->> Q0#Q],
Q#Q[lexical_analysis ->> Small].

EO#£E[between ->> Q0#Q] :- Q0 = E0, Q = Q0 + 1.
EO#E[between ->> Q0#Q] :-
El = EO + 1, E1 < E, E1#E[between ->> Q0#Q].

Small|Q0#Q[head_corner@EO0#E ->> Small|Q0#Q].
Small|Q0#Q[head_corner@EQ#E ->> Small|RO#R] :-
Small[satP -> Mother ;
subCat -> LeftDs#RightDs],
{ LeftDs.reverse[parse_left@Q0,E0 ->> QL],
RightDs[parse_right@Q,E ->> QR] },
Mother|QL#QR[head_corner@EQ#E ->> Cat|RO#R].

nil[parse_left@QR,EL ->> QR].

H|T[parse_left@QR,EL ->> QL] :-
EL#QR[parsel ->> H|QL#QR],
T[parse_left@Q1,EL ->> QL].

nil[parse_right@QL,ER ->> QL].

H|T[parse_right@QL,ER ->> QR] :-
QL#ER[parsel ->> H|QL#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 engine
that was presented in Chapter 2, via the syntax { ... }, surrounding two or more atoms.*’
See the use of this syntax in the second clause of the definition of the head-corner method in
Figure 3.13 and 3.15, where left- and right-complement daughters are parsed in a concurrent
manner. An Oz version of this head-corner parser is given in the Appendix B. Extending
the parser here presented with the previously introduced ID meta-schemata 1 and 2/6 raises
no technical difficulty.

49Tt corresponds to the Oz 2.0 thread ... end notation.
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E

a
LeftDs RightDs
H H
T T
QL QR
EL - Q1L QR QL Q1 - = ER
b. c

Figure 3.14: Head-corner parsing.

Conclusion:

This chapter has introduced an HPSG study for Romanian. The definiteness, topic and
modification of Romanian noun-headed NP is analyzed, and Romanian clitics’ functionality
is explained based on transitive VP linearization. A generalization of the ID Rule schemata
in [83] is proposed, based on the newly introduced notion of M-contiguity, and that’s suitable
for natural languages with high free-order adjunction, like Romanian. We design also two
meta-schemata on top of Pollard and Sag’ ID rule schemata: the ID Meta-Schema 1, for
stacking subjects (like Romanian determiners) and the ID Meta-Schema 2/6, for locally
ordered unbounded dependency constituents. These two ID meta-schemata put concurrency
to work within the constraint framework of the HPSG theory. A concurrent implementation
of this HPSG kernel for Romanian, both in DF and Oz, was started.
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PO#P[parse@Cat] :- PO#P[parsel ->> Cat|P0#P].

EO#E[parsel ->> XCat|RO#R] :-
EO#E[predict ->> XSmall|AO#A],
XSmall|Q0#Q[head_corner@EQ#E ->> XCat|RO#R].

XSmall|Q0#Q[head_corner@EQ#E ->> XSmall|Q0#Q].
XSmall|Q0#Q[head_corner@EQ#E ->> XSmall|RO#R] -
XSmall:Small, Small[satP -> Mother ;
subCat -> LeftDs#RightDs],
{ LeftDs.reverse[parse_left@QO,E0 ->> QL#XLeftDs],
RightDs[parse_right@Q,E ->> QR#XRightDs] },
XSmall(XleftDs,XRightDs)|QL#QR[head _corner@EQ#E ->> XCat|RO#R].

XSmall(XLeftDs, XRightDs)[head -> XSmall
subCat ->> XLeftDs#XRightDs].

nil[parse_left@QR,EL ->> QR#nil].

H|T[parse_left@QR EL ->> QL#XH|XT] -
EL#QR[parsel ->> XH:H|Q1#QR],
T[parse_left@Q1,EL ->> XT$QL].

nil[parse_right @QL,ER ->> QL#nil].

H|T[parse_right@QL,ER ->> QR#XH|XT] :-
QL#ER[parsel ->> XH:H|QL#Q1],
T|[parse_right@Q1,ER ->> XT#QR].

Figure 3.15: A head-corner parser written in DF.
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SUMMARY

This thesis presented DF, a feature constraint concurrent system that brings together
several interesting ideas from some recent directions in logic programming: Object-Oriented
Logics (represented here by F-logic), Feature Constraint Systems (OSF and CFT systems),
Concurrent Constraint Programming (the cc and Oz models), with the final aim to develop a
demonstrative system for natural language concurrent processing based on HPSG grammars.

The DF system coupled a declarative constraint semantics a la F-logic with an operational
semantics based on concurrent rewriting rules. While conceptually, with respect to the
typing discipline, DF can be seen “in between” the OSF and CFT systems, it has its own
personality due to the principle-based concurrent treatment of open conditional hierarchies
of finer grained featured descriptions.

We did a prototype implementation of DF in the multi-paradigm concurrent language
Oz, by defining an object-oriented typed alternative to its open record subsystem. DF is
applied to Natural Language Processing — parsing, generation and Machine Translation.
We have started a study for writing a HPSG kernel system for Romanian, with concurrent
implementation.

The definiteness, topic and modification of Romanian NP is analyzed, and Romanian
clitics’ 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 on
stacking subjects (like Romanian determiners) and the ID Meta-Schema 2/6, for correlation
of quasi-ordered unbounded dependency constituents (as clitics inside Romanian transitive
VP). These two ID meta-schemata put concurrency to work within the constraint framework
of the HPSG theory. An extension of ID Rule schemata 2 and 3 in [83] is proposed, based
on the newly introduced notion of M-contiguity, and that’s suitable for natural languages
with (partial) free-order adjunction, like Romanian.

Further work

Further 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 reference

sort signature is still needed
— A renewed implementation for DF, according to Oz 2.0 updated features, mainly based

on developing concurrent compiling techniques.
— Passing from the demo/prototype level to a robust concurrent constraint-based NLP/MT

system 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.?® Then I was afraid I will not be be able
to end it. There is indeed a metaphoric sense in which the feary tail of Grimms brothers
about Eliza, the prices, happens to be true for me now: something (like a sleeve, for the last
swan) is missing here, even I tried to do my best.”!

But in another sense, I realized that’s good that this work remains in fact not finished.
And this makes me particularly happy, because I hope some insights here presented are
worth enough to be continued and developed in the near future, by me and my students in
Romania.

If there would be an end for this work, then it is not worthy!

A

50Gince practically I was not allowed by the political regime in my country.
511 know about what’s missing, and the reviewers will see it much better then me.
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A.1 An overview of F-logic

We give here a brief outline of F-logic, slightly adapted from [61]. For convenience we
restrict the presentation, assuming Datalog terms instead of Prolog ones in the definition of
syntactic constructs in F-logic (in particular, F-terms). Also, for the sake of uniformity, we
do not define atoms on top of terms; we introduce instead predicative (or: boolean) methods
in the F-term’s definition. All results are naturally preserved in these new settings.

A.1.1 F-Logic syntax

Let be C a set of constants ranged over by a, b, ¢, ... and V a set of variables denoted X, Y, Z, ... .
Both constants and variables will be called in the subsequent references, and we will range
them over by s,t,u,v, ... .

Syntactic constructions in F-logic are defined by the following BNF grammar:

is-aterm = s:t

equation = s=t

frame-term := s[method ; method ;... ;method]
method = uQuy,...,v, quasi-type t
quasi-type = — |=> | = | = |b

Frame-terms are usually simply called F-terms. The reference s in the f-term’s definition
is sometimes called the F-term’s identification part. The reference u in the method specifi-
cation corresponds to the well known notion of feature, and the (possibly empty) sequence
of arguments vy, ..., v, is commonly referred to as the context of feature’s application. There
are five kinds (we call them quasi-types) of methods: functional methods which correspond
to the quasi-type —, set-valued methods (—»), function-typing methods (=), set-typing
methods (=), and boolean (b) methods.

All these methods are assigned to partially defined mappings. Functional methods are
single-valued, while set-valued methods are multi-valued mappings. Function-typing meth-
ods and set-typing methods are multi-valued too, and they define which types the values
taken by functional methods, respectively set-valued methods should belong to. Boolean
methods act like functional methods whose range is restricted to a set containing only one
value: T, here a denotation for the truth value true. (Therefore, the explicit writing of this
value becomes superfluous.)

F-logic formulae are defined as one would expect, using logical connectives and quantifiers
over is-a terms, equations and F-terms.

A.1.2 F-Logic semantics
F-logic declarative semantics

The declarative semantics of F-logic is an intensional one, meaning that relations defining for
instance functions and predicates are associated to symbols’ denotations in the interpretation
domain (instead to syntactic symbols themselves, as the first-order logic usually does).

A semantic F-structure over an alphabet C is a tuple
§=< D;j;-[C;I—HI:MI—H;If»;I'P >

where:
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e D — the domain of interpretation — is a non-empty set;

e < is a partial order relation on D;
if x <y, then we will say that z is in the class y, or: z is of the type y.

Ic : C — D is the interpretation of constant symbols;

I, : D =[], Partial(D"*!, D) is the interpretation of functional methods.
Partial(A4, B) denotes the set of all partially defined functions from A to B.

(I%(m))(n) (u,uq, ..., u,) denotes, when defined, the value taken by the functional
method m when applied to the object/class v with the arguments wu, ..., .

I : D — [],>0 PartialAntimonotone(D”“,2?8) is the interpretation of function-
typing methods.

2? denotes the set made out of all upward-closed subsets of D.

A subset A of D is in 2? iff for every & € A there follows that every set y C D such
that y D x, also belongs to A.

Given A and B, two sets partially ordered respectively by <4 and <p, a function
f: A — B is antimonotone iff whenever f(z) is defined then f(y) is defined for every
y <a z,and f(z) <p f(y). (The antimonotone property is used further for argument
subtyping.)

(I:(m))(n) (u,uq, ..., un), when defined, has the following meaning: the value taken by
the functional method m called by u in the context wq, ..., u, belongs to each one of
the classes in the set denoted by (/= (m))(") (Uy ULy ooy Uy

o I, : D — [[,s, Partial(D™*1 2P) is the interpretation of set-valued methods.
2P denotes the powerset of D, i.e., the set of all subsets of D.
([_,(m))(n) (u,u1, ..., un) denotes, when defined, the values taken by the set-valued
method m when called by u in the context of uy, ..., Uy-

eI :D = [[,>0 PartialAntimonotone(D”“,2? ) is the interpretation of set-typing
methods. -

(1= (m))(n) (u,uy,...,u,), when defined, has the following meaning: all the values
taken by the set-valued method m called by w in the context wq, ..., u, belong to each
one of the classes in the set denoted by (I (m))(") (Uy ULy ooy Up)

o Ip:DS = [L.>o 20" g the interpretation of predicative methods.

For each n > 0, the (Ip(m))(") component of I'p(m) denotes the set of all tuples
< u,Uy,...,u, > that make m be true when appealed by u in an n-ary predicative
context.

The well-typing conditions that link the interpretation of one method’s values to its
associated types are stated as follows:

if g = (Iﬁ(m))(")(u,ul, <o, Up,), then ¢ < r for each r € ([i(m))(n)(u,ul, cey Up,), and
if ¢ € (I (m))™ (u,u1, ..., un), then q < r for each r € (I (m))™ (u,uq, ..., un).
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The notion of variable assignment in a given F-semantic structure S is defined as usually.
The satisfiability of is-a terms, equations and elementary F-terms! is defined by the following
formulae (assuming that « is a variable assignment in the F-semantic structure S):

S,a s tiff a(s) < aft) in D;
S,alE=s=tiff a(s) = at) in D;

S, b ulm@Quy, ..., un — o] iff (I (a(m))™ (a(u), a(ur), ..., a(uy)) is defined and
equal to a(v);

S, E ulm@Quy, ..., up = t] iff (Is (a(m))™ (a(u), a(u), .., a(uy)) is defined and
contains a(t); similarly for —» and =»; and finally

S,a F umQuy, ..., uy] iff (I%(a(m)))(n) contains < a(u), a(uy), ..., a(uy) >.

F-logic operational semantics

F-term unification is defined in the case of is-a terms and equations via unification of arrays
of (Datalog) terms. Given an F-term s, we say that it unifies “into” the F-term ¢, and o
is one of their unifying substitutions, if the set of elementary F-subterms of s is included
into the set of elementary F-subterms of ot.

The notions of more general unifier and complete set of most general unifiers in these
settings are defined as one would expect. Note that distinct most general unifiers of two
F-terms are not necessarily identical up to variable renaming.

The F-inference rules are the following:
1. Resolution

-TVvC,TVvC,0=mgu(T,T
o(C v ()

2. Factorization
TVT'VC,0=mgu(T,T
(T v C"
=TV -T'VC,0=mgu(T,T"
0(-T"v C)

3. Paramodulation
LTI)vC, (T"=T")Vv ', 8 =mgu(T,T")
O(LIT" v CVvC)

4. Is-a Reflexivity
X:X
5. Is-a Transitivity

P:QVvC,Q :RVC,0=mgu(Q,Q")
O(P:RVCVC(C"

LAn F-term is elementary if it contains only one method. Of course, any F-term is equivalent to a
conjunction of elementary F-terms.
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6. Is-a Antisymmetry

P:QVvC,Q :PVv(C, 0=mgul<P,Q><P,Q >)
(P=Q)vCVvC)

7. Well-Typing Conditioning

P[MQQy,...,Qr — RV C, P[M'QQ1,...,Q), = RV,
0:mgu(< P7M7Q17"'7Qk >7<PI7MI7 i)"')Q;@ >)
O(R:R'vVCvVvC(C)
Similarly for set-valued methods: replace — by —», and = by =».

8. Type Inheritance

P[MQQ,,...,Qr = T|VC, S : P'VC', 60 =mgu(P,P
9(S'TMQQy, ..Qr > T]VCV )

Similarly for set-valued methods.

9. Argument Subtyping

PIMQQs,...,Qi, ... Qr = RIVC, QY : QL vV C", 6 = mgu(Qs, Q})
9(PIMQQ:,...Q7, . Qv = RIVC V)

Similarly for set-valued methods.

10. Range Supertype

P[MQQ,,...,Qr = R|VC,R : R"Vv ', § =mgu(R,R)
O(PIMQQ,,...Qr = R'IVCV(C"

Similarly for set-valued methods.

11. Functionality

PIMQQ,,...,Qx — RV C, P'[M'QQ), ..,Q, — RV (",
0= mgu(< P; M;Ql;---;Qk >, (< PlaMlanla---aQ;c >
R=RVCVC)

12. Merging

Pl..JvC, P'..]vC', 0 =mgu(P,P'), R = merge(8(P[...]),0(P'[...]))
RvO(CvVC

13. Elimination

~T[]vC
C

The 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 with
respect to the declarative semantics priorly given. That is, for any unsatisfiable set S of

F-clauses, there is a derivation of the empty clause from S using the above given inference
rules.
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A.1.3 Semantic F-structures vs. DF-constraint algebras

Finally, the correspondence between semantic F-structures here defined and DF-algebras
introduced in Chapter 1, is quite natural.
Let be the DF-semantic structure

S =< D% <s,18, 15,1515, IS, IF > .
We define the DF-algebra

"4(8) =< DA; '<A7 16'47 (1114_,17)%177 (szﬁﬁ)uﬂfn (szl_»z’))uﬂﬂ (I;l#z’))u,@: (I{é@)uj >

by taking

DA = DS U{T}, with T & D?,

<4==s U{(u, T)|u is maximal element in D, wrt <s}.

14 =18,

(I )™ (m) = {(u,w)eDA|(IS,(m))™ (u,)) is defined and equal to w}, where

n is the length of the sequence v,

(I;;‘jq-))(”) (m) = {(u,w) € DA|(IE (m))" (u,d) is defined and contains w},

similarly for =+, and for ==, and finally

(I )™ = {ue DA|(LF(m))™ contains (u,?)}.

Due to the well-typing conditions stated for F-semantic structures, A(S) satisfies all the

axioms stated for DF-algebras but the axiom (C).2 Moreover, for every ¢ DF-logic formula
and every « valuation in §, it follows that

if S, = o then there is a valuation 3 in A(S) such that A(S), 8 = ¢,

where ¢ is the DF-constraint formula naturally corresponding to DF-logic formula ¢.
Conversely, given a DF-algebra
A=< DA: <A, [é: (1114_,17)%177 (Ifjﬁ)u,ﬁ: ([{:l_»q‘;)u,t‘n ([{:;ﬁ)u,t‘n (Iﬁq‘;)u,t‘) >
we can associate it a DF-semantic structure
S(A) =< D%, =s,18,15, 18,15, IS, | I >

by defining its components in the following way:

DS = DA,

<s==4 (=24 denotes the reflexive and transitive closure of < 4),
IS =14,

(I(ft(m))(”) (u,0) = w iff In{}q”-} is true for (u,w), for gt #b.

(1% (m))™ contains (u,v) iff I45 is true for (i.e, contains) u, where
n is the length of the sequence denoted by .

It’s not difficult to verify that due to the DF-axiom that the algebra A verifies, it follows
that S(A) is indeed a DF-semantic structure, and it satisfies the well-typing conditions.
Moreover, for every DF-constraint formula ¢ and every valuation « in A,

if A, = ¢ then there is a valuation 3 in A(S) such that A(S), 8 = ¢,

where ¢ is the DF logic formula corresponding to DF-constraint formula ¢.

2The (C) axiom only selects for the effectiveness of semantic interpretation of DF-formulae.
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A.2 More on Oz Essentials

A.2.1 The Oz underlying functional constraint calculus

This subsection is devoted firstly to a short presentation of the formal calculus which models
the computation in Oz. We concentrate on p-calculus, the most recent and comprehensive
theory developed along with Oz (and over-passing in fact its limits). Then we give the
needed insights on its incarnation in Oz programming base constructs.

The p calculus is parameterized with (constraints from) a constraint system A. Such a
constraint system could be any theory, i.e. a set of closed first-order formulae over a signature
of function and predicate symbols. The p’s definitory elements, namely expressions, the
structural 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 A denotes the logical conjunction over constraints,®> Ha is the relation of
logical equivalence of first-order formulae over A, and FV(E) and BV(E) denote the set of
free, respectively bound variables in E w.r.t. abstraction and declaration.

Extending v with ‘names’ — unfakable constants identifying procedures — allows for
higher-order functional computation with full compositionality and for rigorous embedding
of object-orientation [49].%

Niehren and Miiller have proven [77] that:
1. p(xz = y), the p calculus with equality is bisimilar to 7.
2. p has a uniformly confluent subcalculus dy which is also a subcalculus of Milner’s m-
calculus [69] and embeds eager and lazy A-calculus through a continuous passing style [81]
without logic variables, while maintaining the computational complexity.?
3. p(0), the p-calculus over the empty constraint system is Turing complete.

Complexity of computations in p has been studied in [76].

We will show now how the p-calculus is made concrete in the Oz programming model.

Figure A.2 presents the elementary syntax constructs in Oz. There the dots (...) following
a syntax construct denote possibly multiple occurrence of constructs of the same type. The
correspondence between these Oz constructs and p-expressions is almost immediate.

Values, variables and names are Oz primitives. Oz values are stateless data structures:
numbers (integers or floats), symbols, tuples, lists,® virtual strings,” records, procedures
and objects. Oz variables are like Prolog variables. Oz names are unfakable constants
specially disigned to support procedure and object/class identification. They enable in a
straightforward 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 the
famous “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 A C represent the new state of the store. Oz

3Not to be confused with A, the concurrent composition of expressions.

4Note that the initial cc model [85] is non-compositional and restricted to first-order procedures.

5¢§-calculus, the corresponding subcalculus of v has been introduced in [78], and was studied in depth in
Niehren’s Ph.D. thesis[75].

<list> == nil |
'|'(<expression> <list>),

The last form is usually sugared to [<expression> ... ].

"Virtual strings are ’#’ labeled pairs over numbers, strings, and virtual strings.
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e Expressions:

E,F.G:= z:j§/E abstraction
Ty application
EANF composition
dxFE declaration
¢ constraint
if ¢ then E else F'fi  conditional
Ty cell
T null expression

e Structural Congruence:

() free renaming of bound variables

(ACT) associativity, commutativity and
idempotency (E A T = E) of composition

(Exch) Jz3yE = JyIzE

(Scope) TazEANF =3x(EAF)if xz & FV(F)

(Eqw) 6= 0 if ¢ Hav and FV(6) = FV(¥)

(A is the parameter constraint system)

e Reduction:

(Ap) dANz:G/ENT'Z—> oAz :g§/ENE[Z]Y]
ifoEaz=2"and V(Z)NBV(E) =0

(Cp) $1 A 2 = b if 1 Ad: Hat

(Cellp)  odAz:yAz'uv s> PpAz:uAv=yif ¢plEpa =1

(Thenp) ¢ Aif ¢ then Eelse Ffi > ¢AEif ¢ =a ¢

(Elsep) ¢ Aif¢p then Eelse Ffi 5> oA F if ¢ Ea

Figure A.1: An overview of the p-calculus.

automatimatically checks if S A C' is a satisfiable formula. If so, then computation proceeds
to a further reduction. Otherwise a run-time error is issued and computation is aborted.?

Composition in Oz EF (corrensponding to the p-expression E A 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, there
is a single thread. Every time a thread becomes empty, it is dequeued. Conversely, each
time an expression leads to suspension, it is moved to a newly enqueued thread. When the
composition EF is poped from a thread, F and then E are pushed on (top of) the same
thread.

A declaration local x in E end is reduced to E[y/z], where y is a new variable that replaces
all occurences of z in E.

A conditional expression if ¢ then E; else E5 either reduces to Ej, if the current store
entails ¢, respectively to E», if the store disentails ¢, or suspends if ¢ is neither entailed nor
disentailed by the current store.

Names are constants whose internal identity is hidden to the programmer. They can be
created (without any repetition!) and assigned to variables like in X = {NewName}, just as
ordinary Oz values can be.

8See the implementation of concurrent sateful variables in our project in order to have an example of
not-aborted computation computation when the constraint store becomes unsatisfiable.
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<expression> ;= <constraint> |
<expression> ... |
local <var> in <expression> end |
if <constraint> then <expression> else <expression> fi |
proc {<var> <reference> ... } <expression> end |
{<var> <reference> ... } |
<var> = {NewCell <expression>} |
{ExChange <var> <reference> <var>} |

true
<constraint> ::= <reference> = <reference>
<reference> ::= <value> | <variable> | <name>

Figure A.2: The Oz base syntax

An abstraction (procedure definition) = : §/E reduces by chosing a fresh name &, then
writing the constraint # = £ into the constraint store and the (un-brokable) pair (¢,7/E) to
the procedure (part of the) store. An abstraction deletes itself from the thread that pushed
it off.

An application zj suspends (therefore is pushed in a new thread) until there is a name
& such that the constraint z = £ is entailed by the constraint store and a pair (£,z/E) has
been written in the procedure store. Then it reduces to (i.e. replaces itself in the thread
that pushed it off with) the new expression E[j/Z].

A cell declaration z : y reduces by chosing a new name ¢, and writing the constraint
x = £ into the constraint store, and the mutable/brokable pair (£,y) into the cell (part of)
store.

A cell exchange (simultaneous read and write) expression zyz suspends until there is a
name £ such that z = £ is entailed by the constraint store and the cell store contains a pair
(&,u), and then writes z = wu into the constraint store (u is the old content of the cell £
identified by z), and (£, y) into the cell store.

A.2.2 Concurrent object-orientated programming in Oz

Oz has incorporated object-orientation just by extending its functional model with states —
non-monotonic links between cells? and values. Then objects (and classes too) can be defined
as functions receiving different messages as arguments and computing states according to
different associated methods. Obviously, methods are functions too.

We will remake this way in the sequel by introducing concurrent notions: streams, ports
and agents. These notions serve both to exemplify the abstract constructs of Oz previously
introduced and to explain the presentation of some other constructs introduced during the
implementation of the DF interpreter, in Chapter 2.

A stream is a variable S incrementally constrained to a list, namely by telling constraints
on every element (head and tail) of the list:

S = X1|51, S1 = X2|52, 52 = X3|53,....

A port is a procedure P connected to a stream and writing down its “defining” constraints.

9Better: cell names; they act in fact like pointers to cells’ addresses.
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A stream can be seen as a concurrent data structure(!), since it allows several concurrent
computations to write consistently on a single stream.

An agent is a computational abstraction processing messages received through a por
while maintaining an internal state. Obviously, it may also send messages to other agents.
The functionality of an agent is given by a function

10
t,

Serve : State x Message — NewState.

Thus we arrived naturally to the point where concurrent objects can be defined:

An object is a modular programming abstraction for concurrent data structures with
states. Objects act like applications {Object Message}, where Message is a tuple of a method
name and associated actual arguments. The functionality of an object is given as a function

Serve : State x Message x Sel f — NewState.

A class in Oz is a procedure that constructs a method table (to be further used in
creating objects belonging to this class), and a state — a correspondence between attributes,
features and cells on one side, and between methods and their defining functions, on the
other side.

Generic object creation can therefore be done as

proc {Create IState MethodTable ?Obj}
Cell = {NewCell IState}
proc {Obj Message}

end
end

% example:
{Create state(val:7) CounterMethodTable Counter}

Inheritance in Oz is defined via a precedence relation between classes similar to CLOS [98].

A.2.3 Encapsulated search in Oz

Now, concerning the search, Oz does not address backtracking, as Prolog does. In order to
ensure an even more powerful search capability, Oz is equipped with

e a “distributable disjunction” construct
or C1 then E1 [] C2 then E2 ... [] Cn then En ro
that corresponds to extending the underlying functional calculus of Oz, with

or(Dy V ...Dy)

e the predefined high-order “solver” abstraction
proc {Solve Q U} solve [X:{Q X}; U] end

that corresponds in the formal functional syntax to

solve[z: E; U].

10More exactly: through the stream associated to a port

119



The principal idea that supports encapsulated search in Oz is to exploit the distribution
law for logical disjunction:

z/(AvB)ANC— >x/ANC,z/BAC, if (AvB) A C is stable.

That leads to spawning a local computation space for each guard Ci in the distributable
disjunction construct introduced above.!! 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”,'? and the global computation space
entails 37, where § are the variables defined in the local computation space, then the dis-
tributable disjunction reduces to a computational abstraction for z/E; and a computational
abstraction corresponding to the remaining choices.
From the formal semantics point of view, the structural congruence relation in the Oz

calculus is extended with:

™ A solve(z : E;uvw) = m A solve(z : m A E; uvw),

if 7 is a constraint or an abstraction such that x does not occur free in 7.

Reduction now includes:
solve(x : E;uvw) — solve(x : E'; uvw), if E — E'
solve(x : false A E;uvw) = u

solve(x : E;uvw) — Jadb(vabAa: x/E2Ab: x/E3),
if 3z F is stable, E = 3a(E1 A or(C V D)),
E2 =3u(E1Aor(C)), and E3 = 3a(E1 A or(D))

solve(x : E;uvw) = Ja(wa Aa : z/E),
if dx F 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 to

failed,
distributed(proc{$ x} or C1 ro E end proc{$ x} C1[] ... [] Cn ro E end),
solved(proc{$ x} E end)

as possible outputs for the Solver’s application.

Finally, a primitive Search object is “encapsulated” in Oz allowing one to program its
own search strategies. DFKI Oz comes with already programmed depth-first, one solution,
all solutions and best solution search procedures.

1 Spawning local computation spaces appears also in the “parallel” if construct
if C1 then E1 [] C2 then E2 ... [] Cn then En else F fi

If all Ci/local computation spaces reduce to false (i.e., is disentailed by the global computation space), than
failure is reported. If one Ci is entailed, then the remaining computation spaces are discarded and the if
construct reduces to Ei.

121.e., it is not failed, and no actor can be further reduced.
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A.3 Appendix: HPSG Principles

Here is a selective list of the HPSG principles that we used in the HPSG kernel grammar
for Romanian exposed in the Chapter 3 of our thesis. These principles are sensibly simplified
w.r.t. [83] in order to facilitate their memorization.

e Subcategorization Principle: In a headed phrase, the subcat value of the head
daughter is the concatenation of the phrase’s subcat list with the list of complement
daughters (compDs).

e Head Feature Principle: The category feature of any headed phrase is structure-
shared with that of its head.

e Immediate Dominance Rule: This principle states the schemata for the direct
(de)composition of HPSG phrases:

(1) Subject Schema: A saturated phrase'® may combine a non-slashed “head” sign'*
with a “complement” sign.

(2) Complement Schema: A phrase can be built up by almost-saturating!® a lexi-
cal head (word).

(3) Subject-Complement Schema: A phrase can be built up by saturation of a
lexical head.

(4) Marker Schema: In a head-marker phrase, the marking value of the mother is
token-identical with that of its marker daughter. (The head must be unslashed.)

(5) Modifier Schema: In a modified phrase, the mod value of the adjunct daughter
is token-identical with the synsem feature value of the head daughter. (The head
must be unslashed.)

(6) Filler Schema: A saturated VP may combine its head with a “filler” phrase
whose to-bind.slash feature value is a singleton, if the inherited.slash feature value
of the head contains an element token-identical with the filler’s local feature value.

e Specifier Principle: If a non-head daughter in a headed structure bears a spec
value, it is token-identical to the value of the synsem feature of the head daughter.

e Semantics Principle: In a headed phrase, the content / If value is token-identical
with that of the modifier daughter if the phrase is a modified one, and with that of
the head daughter otherwise.

e Raising Principle: Let E be a lexical entry whose subcat list L contains an element X
not specified as expletive. Then X is lexically assigned no semantic role (in the content
/ If feature) in the content of E if and only if L also contains a non-subject'® daughter
Y[subcat = <X>].

131.e., whose subcat feature value is the empty list.

141 e., whose to-bind.slash feature value is the empty set.

15 An almost-saturated HPSG sign is one whose subcat feature value is a list of length one.
16].e., non-leftmost element in the head’s subcat list.
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Romanian specific HPSG rules

¢ (DEF) The Definiteness Rule
The def+ featured determiners transfer their definiteness onto the whole NP.

e (MC) Modifiers’ Constraint
NP-modifiers can occur freely up to the following conditions:
i. among different modifiers of a same NP, the words come before the phrasal mod-

ifiers.
ii. among different PPs that modify a same NP, those headed by non-predicative

prepositions come before the predicative ones.

e (SIO) The Strict Indirect Object Constraint
If the indirect object 10bj is present in the long infinitive’s subcat list, then it has to
be preceded by one of the other two complements, Subj and DObj. The last two can
be inverted.

e (NPA) The Non-Predicative Accusative Rule
The accusative case for a Romanian definite NPs headed by
i. animate-featured non-adjuncted common nouns
ii. proper names of animate beings,
animate-featured adjuncted common nouns
pronouns, or relative adjectives
can be, respectively
have to be non-predicatively ‘pe’-subcategorized.

iii. Syntactically indirect-adjuncted NP direct objects are not ‘pe’-subcategorized.
e (DT) The Definite Trace Constraint

Traced (direct or indirect) definite objects can be subcategorized by transitive verbs.
e (CP) The Clitic Pronouns’ Rule

Romanian NPs which are

i ‘pe’-subcategorized, or traced objects

ii. indirect objects, or objects in verb-inverted position

have to be, respectively
can be copy-cliticized, i.e. duplicated by unstrenghten pronouns coindexed w.r.t. num-
ber, person, gender and case.

e (SO) The Romanian Strict Obliqueness Constraint
The “strict” obliqueness hierarchy in which the Romanian clitics enter is:

infPart Clpar
{ subjPart } < neg < { reflPron < CLace < AUX < clAdv < verb

with the following exceptions (when the clitics appear on the right side of the verb):

verb(imperative, AFirm)vGERund < ClLpar < Clace
neg < CLpar < AUX < clAdv < verbpast < CLacc,sing,rem

e (OFP) The Order-Freedom and Preference Rule
The linear order of complement daughters in a Romanian verb phrase is free, and
preferential up to the verb’s subcat feature.
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e (CN) The Copy Negation Rule
If one of the subcategorized daughters of a verb is an NP headed /modified by a negative
determiner, or the verb is modified by a negative adverb, then the verb phrase must
take its negative form, i.e. it should be modified by the negation adverb.

e (SSC) The Wh-Strict Subcategorization Constraint
Interrogative and relative pronouns are strictly (OFP)-subcategorized, i.e.
if an interrogative or relative pronouns is the subject of a verb
then it is bound (also) to the first position in the subcatx feature.

HPSG Meta-Rules

e (M.ID 1) The ID Meta-Rule Schema 1 (Head — Multiple Subjects)
Multiple subjects

are selected by the ID schema 1 triggered recursively by open+ categories, and
are in block object to the application of the Subcategorization Principle,

taking (as a list) a only one place in the mother’s compDs list.

e (M.ID 2/6) The ID Meta-Rule Schema 1 (Head-Complement-Filler)
For any slashed subcategory of a word, build up one head-filler-structure having the
head-daughter feature value equated to an open path to that head, and the filler-daughter
feature valued to a saturated sign almost slashed coindexed with that slashed compo-

nent of the subcatx list.
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A.4 A head-corner parser implemented in Oz

% A head-Corner Parser written in Oz declare
fun{Between EO#E}
Sublnt = Q0#Q
in
Sublnt ::: EO#E
Q =: Q0+1 % more general: Q0 <: Q
{FD.distribute naive Sublnt}
QO#Q
end
fun{Headed_Rule}
R in
choice
R = vp#s#[npl#nil
[] R = n#np+#[det]#nil
[] R = n#tnp#nil#nil
[ R = n#np#n]#ni
[1 R = v#tvp#nil#nil
[I R = v#vp#nil#[pp]
[I R = prep#pp#nil#[np]
end
end

fun {Lexical_Analysis QO#Q}
or QO#Q = 0#1 then
choice n
[] vend
[] QU#Q = 1#2 then
choice n
[] vend
[] QO#Q = 2#3 then
choice v
[] prep end
[] QO#Q = 3#4 then
det
[] QU#Q = 4#5 then
n
end
end

fun {Predict EO#E}
QO0#Q = {Between EQ#E}
Small = {Lexical_Analysis Q0O#Q}
in
Small|(Q0#Q)
end
fun{Parsel EO#E}
Small|Q0#Q = thread {Thread.setHighIntPri} {Predict EO#E} end in
{Head_Corner Small|Q0#Q EO#E}
end

fun {Parse PO#P}
{SearchAll
proc{$ Cat}
thread {Parsel PO#P}end = Cat|PO#P
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end}
end

fun {Head_Corner Small|Q0#Q EO#E}
choice Small|Q0#Q
QR QL
{Headed_Rule} = ISmall#Mother#LeftDtrs#RightDtrs
in
{Parse_Left {Reverse LeftDtrs}|QL#Q0 EO0}
{Parse_Right RightDtrs|Q#QR E}

case Mother|QL#QR \= Small|Q0#Q then
{Head_Corner Mother|QL#QR EO#E}
else Small|Q0#Q end
end
end

proc {Parse_Left RLeftDtrs|(?QL#QR) EL}
% {Browse parse_Left#RLeftDtrs|(QL#QR)#EL}
case RLeftDtrs
of nil then QL = QR
[] H—T then
Q1 in
H|1#QR = {Parsel EL#QR}
{Parse_Left T|QL#Q1 EL}
end
end

proc {Parse_Right RightDtrs|QL#?QR ER}
% {Browse parse_Right#RightDtrs|(QL#QR)#ER}
case RightDtrs
of nil then QR = QL
[] HIT then
thread
Q1 in
H|QL#Q1 = {Parsel QL#ER}
{Parse_Right T|Q1#QR ER}

end
end
end
% -TESTS:
% {Browse} = {SearchAll fun{$}{Head_Corner n|0#1 0#2}end}
/*

{Browse} = {SearchAll fun{$}
{Head_Corner v|2#3 0#5}
end}
*/
% {Browse} = {Parse 042}
% {Browse} = {Parse 3#5}
% {Browse} = {Parse 0#5}
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