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1 Introduction

Artificial Intelligence (Al} and Law is 2 new research field which has attracted researchers from both the
tegal and Al domains, Legal scholars are interested in applying Al technology to represent and study
jurisprudential theories and to develop computer applications to enhance the day-to-day practices of
laywers, judges, and other legal decision makers. Al researchers seek to address some of AT's fundamental
issies through the formal analysis of legal concepts and precedents as well as by experimentation
o knowledge system prototypes. These issues include the interpretation of open-textured concepts,
reasoning by cases and rules, ereating computational decision making models that embody the norms of
saciety, and drawing arguments under apposing viewpeints and different situations. U'he legal domain
offers a rich knowledze repository of human intellectual endeavor, which 15 well docnmented i legal
articles and textbooks, to study such issues.

Typically, a legal reasoning system draws arguments by interpreting judicial precedents (old cases)
or statutes {legal rules) encoded in its krowledge base, and o more advanced system includes both kinds
of knowledge. Surveys and digests en the leading projects can be found in |46, 47, 31, 21, 4] {This field
has been experiencing steady growth recently. For example, the biannual International Conference of Al
and Law has been held since 1987, and two new journals, Jowrnal of Avtificial Intelligence and Law and
Law, Computers, and Arlificial Intelligence, were launched in 1992} Today, however, research into Al
and Law remains small-scale. Most implementations are written in Al programming languages, such oz
Prolog or Lisp, and contain only small sets of cases and rules. They do not have the capability to access
and manipulate large amounts of data and lack database management services such as concurrency
conbrel, nested transactions, and data persistence. Reasoning in law, however, is a knowledge-intensive
endeavor. The luck of appropriate tools to scale up the legal knowledge bases of these prototypes is a
major handicap to the growth and potential contributions of this interdizsciplinary field. On the other
hand, the database (DB} community has yet to develop tools whick are expressive enough to satisfy the
knowledge madeling needs of the Al and Law researchers.

Taking the Al point of view, legal reasoning systems have been a key research activity in the
Fifth Generation Computer System [FGCS) project [42, 43, 59]. The legal domain of concern is penal
code. This project has devised a formal model of legal argumentation, SAA, [EE] and has developed a
Deductive Object-Oriented Database (DOOD) System, QuzxoTe [61], whose representation language
can map the formulation into a computational form on the Parallel Inference Machines (PIM) [53].
The legal knowledge representation is bascd on situation theory [8, 7, a branch of the philosophy of
langnage that is adapted to formalize legal rules and precedents and to reason about vague concepts and
arguments. Our legal reasoning prototype, based on this formulation, includes a control program and
a set of knowledge bases. The control program is written in the parallel logic programming language,

KLt [12]. The set of knowledge bases includes a dictionary of legal ontolagies, a database of old cases,

and a database of statutes,



In this paper, we focus on the formal theory and data modeling aspects of our legal reasoning
research. We discuss the specific features of the QurroTe system, that can be used to support situated
inference and to manage legal databases of varions sorts. In addressing the complex issues of Al and
Law, this study has brought together two previously unrelated fields, deductive ohject-oriented database
and situation theory. We helieve that the principles and techniques discussed can be extended 1o many
other demanding applications. On the other hand, this work, to our knowledge, 15 the frst attempt to
provide an advanced knowledge base management system tool, which includes database management
functions and a single language for both database and programming purposes, to build large knowledge
systems for advanced legal reasoning applications.

The organization of this paper is as follows, Section 2 describes the modeling of legal knowledge
and reasoning at the abstraction level, using the theory of situations. Section 3 discusses the realiza-
tion of this formulation at the database level using Quzyvors, Section 4 illustrates situated inference
mechanisms supported by this database system, and presents legal examples. We discuss the related

work in Section 5 and conclude this paper in the last section.

2 Formal Representation of Legal Knowledge

This section introduces a formal model for legul reasoning, especially, penal code, at an abstraction
level. As the formulation is based on situation theory, we call it a situation-theoretic model (SA), This
model offers definitions and conditions that not only help to carry out a study of legal concepts within
the framework of mathematics but alse gnides the desizn of legal reasoning systems.

We adopt situation theory, instead of elassical logic, because its semantics better captures the notion
of apen-texiurve. A legal concept exhibits open texture in that it i1s precisely defined only for those cases
which have been decided by a court, and there is no precise definition of the concept for cases which have
still to come to court, The interpretation of such vague and discretionary concepts in law depends on the
situations surrounding new cases. Many problems in natural language understanding are also ascribed
to such sitnation dependency, and various semantics have heen proposed, for example, as successors
to possible world semantics |I8] {the first formalization of situatedness), such notions as situations [7],
mental spaces [19], and DRT [27] have been introduced. Although all of these semantics have different
nbjectives and philosophies, they share many similarities. One of the advantages of situation theory
is its uniform way of representing various kinds of siluaiedness, that is, 5 = o, the interpretation of a
phrase or sentence, ¢, under the scope of a situation s.

Various proponents of situation theory do not provide clear definitions on what constitutes a sit-
nation. Consequently, the term situated inference has a number of meanings, with most of them
impractical for designing computing systems. The observation of this study is that situations in law
can be defined abstractly in terms of a set of infons or sentences about a case. SA deals with such

abstract situations, The presumption 15 that abstract situations and the constraints between them



would he adequate to describe the logical fiow of information in real situations [16] and would therefore

be userful to the design of legal reasoning svstems.

2.1 General Terms

The ontologies of SA4 include objects, paramelers, relations, infons, and situations. An object desig-
nates an individuated part of the real world: a constant or an individual in the sense of classical logic.
A parameter refers to an arbitrary object of 2 given type. An weplaced relation is o property of an
n-tuple of argument roles, vy, ra, o slots inte which appropriate sbjects of a certain type can be

anchored or substituted. For example, we can define ‘eats’ as the four-place relation of action type as:
< eats:detion | eater: ANIMAL, thing-eaten :EDIRLE-TIHING, location:LOC, time: TIM =

where gater, thing-eaten, location, and {ime are roles and the associated types, AN/ AL denotes the
type of all animals, EDIBLE-THING denotes the type of all edible substances, LOC and TTM are types
of spatial and temporal location.

An infon  is written as < Rel ay, . 4,17, where Rel is a relation, each argument term ag is
a constant object or a parameter, and 7 s a polarity indicating 1 or 0 {{rue or false). (This notation
15 mtended to emphasize that ‘infors’ are semantic concepts, not a syntactic representation.) If an
infon contains an n-place relation and m argument terms such that m < n, we say that the infon is
unsaturated. 1F m = n, it iz saluraled. Any object assigned to fill an argument role of the relation of
that infon must be of the appropriate type or must be a parameter that can only anchor to objects of
that type.

Further, an infon that has no free parameters is called a parameter-free infon; otherwise, it is a
parametric infon, If o 1s an infon and f is an anchor for some or all of the parameters that occur {free in
o, we denote, by [f], the infon that results by replacing each v in the domain of f that occurs [ree in
o with its value (object constant) f{v). IT I is 2 set of parametric infons and f is an anchor for some or
all of the parameters that occur free in I, then I[f] = {o{f] | ¢ € I'}. In addition, an abstract situation
is sald to be coherent if it does not support both an infon and its negation. Two abstract situations
s and s are said to be compatible if their union is a coherent situation. The situations within a legal
case are presumed Lo be compatible with one another, but no such presumption can be made across
different cases.

A SM s a trplet (P, 4, =), where 7 15 a collection of abstract situations including judicial prece-
dents, a new case, o, and a world, w, that is a unique maximal sitnation of which every other situation

15 a part; A are the defendant and plaintiff agents; and = is the support relation. The latter satisfies

the fallowing conditions [16]:

Condition 2.1 (Supports Relation)

i. For any s € P, and any atomic infon @, s = o if and only if (iff) ¢ € 5.



ii. For any s, any 7, 3,

s l‘or any s that contains {as constituents) all members of u, s = (32 € u)o iff there 1s an ancher,

f, of a parameter, T, to an element of u, such that s |= o|f].

¢ For any s that contains all members of u, s = (Y2 € u)o it for all anchors, f, of £ to an element

of u, we have s = o(f].

iti. For any & € P, and any set of infons [, s = [ if ¢ |- o for every infon ¢ in [. O

Thus, the nolation 5 & o denotes & proposilion about & whose trath values are situation-dependent
and may be at issue, whereas w = [ asserts that @ is universally true. In addition, let v be a parameter.
By a condition on v we mean any finite set of purametric infons. {Ad least one ol these should involve v,
othierwise, the definition is degenerate]. We define a new parameter, ufil, called a restricted parameter.
The 1dea 1s that v||C will denote an object of the same basic type as v, that satisfies the requirements
tmposed by €. This amounts to our placing a more stringent requirement on anchors. Such a notion

ol restricted parameter enhances the expressive power of knowledge representation.

2.2 Concept Matching

We introduce certain specific terms, relevance level, infon matching, and situation matching, to extend
the general SA4 terms into the legal domain. In a legal event, an agent would consider some facts
{infons) to be more relevant than others in reaching an argument. To estimate such weighting on facts,
SM assigns cvery infon in an old case with a level of relevance. For example, the restricted parameter
g = o «relevince-level, o, A, 133, where A denotes a certain weight of relevance.

One distinetion of legal reasoning is the matching of the new facts with those of precedents to
generate similar arguments which may hold in the new casc [42, 4. No two events are exactly alike, but
the idea of precedent-based matching presupposes that a prior decision will control subsequent facts
that are like the first. Yet, given the lack of absolute identity, the decision-maker of the new case must
evaluate the determinant of likeness, To this end, A4 adopts a concept of structural matching. Since
cases are composed of infons, the mode! first defines the matching relation between these basic units of

information. Note that a case infon is always parameter-free.

Condition 2.2 (Infon Matching)

For ¢, and an old case ¢, o = = el ay, . a4, 113 €y, Tq = << Hely, by, o by, 122 € 04,

(a} (Exact): . ~pm oo iff (i} m = n; (i) 1y = 2 {iii) Hely and Helz are of the same type; (iv) for
every argument a; of a non-infon type, there exists by which is of the same role or type and has not
been matched with another argument; (v) for every a; of an infon type, there exists b, that satisfies

the same set of conditions,



(b) (Partial): . =ium 0o if m < n and all argument terms of o, are matched. O

where @ Rel b intends to denote w =< Rel,a,b,13%. Condition 2.2.a s strict and difficult to fulfull.
Condition 2.2.1 relaxes the matching of roles to be partial. Note, such a relazation is predetermined
by and varicd with old cases. Clearly, =, is an equivalence relation while > is an asymmetric

relation. Infon-matching relations are the building blocks for defining situation-matching relations.

Condition 2.3.a (Exact Situation Matching)
For any 5, C Cy, %0 © Coy 8n “eem 5o M for every o of s, [— o, there exists p of 5, | p such that

T e 0, aned vice versa. O

Given the ambiguity and complexity of legal phenomena, it is rare to find an exact match between
cases as depicted. One heuristic is to scarch for an old case whose sets of important propositions match
those of Lhe pending case. This is called the partial matching of situations. important propositions of

an old case are identified by their relevant levels in that case.

Condition 2.3.b (Partiz]l Situation Matching)
For any s, € cu. 56 € oy 8n =spm 5o Iff for every @ of s, | || <relevance-level, &, [,1 % s.t. -

there exists pofl 5, = pst. @ ipm O

When there is no danger of confusion, we shall write ~; fo denote a matching relation between

situations and ==, between infons. Obviously, s, =.en 5o implies s, Zapm 5o

2.3 Situated Inference Rules

Legal reasoning is a rule-based decision-making endeavor. But, the structure of a rule and it does are
complex. Opposing agents extract different information from a common set of cases and statutes Lo
support their arguments. Thus, the debate between the two agents is goal-oriented. Nevertheless, the
information that an agent can pick up and the credibility of such infermation depends on the situations
and hypotheses. Figure 1 illustrates an AND-OR inference tree with a goal as the top node and a set of
nitial facts and hypotheses as leaf nodes. An arc indicates the AND path. The link can be bidirectional,
depending on whether lorward reasoning or backward reasoning is used to derive the goal.

Typically, a legal inference tree can be partitioned into four layers. The bottom layer consists of
a set of basic facts and hypotheses, the second involves case rules of individual precedents, the third
involves case rules which are induced from several precedents or which are generated from certain legal
theary, and the top layer concerns legal rules derived from statutes. An individual or local case rule is
used by an agent in an old case to derive plausible legal concepts and propositions. These rules vary

from case to case, and their interpretation depends on particular views and prierities. An induced case
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Figure 1: A legal inference tree

rule has a broader scope and is generalized from a set of precedents. Legal rules are general provisions
and definitions of crimes. They are supposed to be universally valid (in the country where they are
imposed} and neutral. That is, the applicability of these rules is independent of the view of either side
(plaintiff or defendant) and every item of information (infon) included is of equal relevance. Further,
though it rarely happens, it may be possible for an agent to skip one or two case rule layers in attaining
a legal gaal,

Let us denote ¢ k= T as a shorthand for ¢ = oy, ¢ = o9, ...,¢ = 04, where 6¢, 0, ..., 0, are infons,

then in the rule-criented legal domain, the general form of situatied inference is as follows.

Hule 2.1 (General Rule)
Let Iy, Iy, ..., I, be sets of infons, and sg, 51,..., 8, be situations, ss =l =si =1 = L, .50 =
/B O

This rule can be read as: “if 5| supparts [y, s; supports I3, and so on, then we can infer that s
supports Iy under the background conditions or constraints B." sy = Iy is called the head of the rule
and the other called the body of the rule. The background conditions, B, are required to be coherent
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and satisfied before execution of the rule. We are particularly interested in three rule instances: local

case rules, induced case rules, and legal rules. A local case rule is as follows:

Rule 2.2 {LLocal Rule)
Feree Perremoeel /0. O

where [ is called the antecedent of the rule, ¢ is the consequent infon, and ¢r is the label of the rule,
which is not itself part of the rule but which serves to identify the rule. Sometimes, we simply wrile
o e E e = I/B.. Both & and | are parameter-iree. One unique feature of inference rules in law
is that the copseguent s nol disjunctive and often a single predicate. The reliability and the scope
of application of a lacal rule will be subject to a set of background conditions, H.r. 'The conditions
include information such as an agent's goal and hypotheses; these are crncial in debate to establish the
degree of certainty and the scape of applicability of that rule. Usually, it becomes necessary to take
background econditions into aceount and investizate what they are when the conclusion drawn from the
cage rule leads to conflict with others or a change in circumstances that weakens the applicability of that
rule. Many case rules exist in one case and often yield incompatible conclusions. But, the background
conditions make clear their hypotheses and perspective. When there is no danger of conclusion, we will
write such a rule without stating its background conditions.

The local rules of an old case can be considered as being logical extensions of that case (remember



that a case situation is composed of a set of infons in SA4). In Figure 2, the antecedents of rules e
and o™ are overlapping, hut different conclusions are drawn. Some of these rules were accepted by
the judge while some were not. However, the failed rules of an old case might provide a useful insight
in the new case, as the situation and the judge are now different. In addition, a series of local rules
for the same case may be ‘hooked’ together by the notion of serial composition [16], That is, given
eriieEap=a1/By, .. eryiclE ou_ = 0, /B, we have er: ¢ = ap/ B, where cr = ery;erq; ory to
indicate the ordering of serial compeosition, The set of background conditions of the composite rule 1s
a union of the background couditions of the component rules, i.e, B = By U B;... U B, and 1s coherent;
otherwise the composition would not be permissible. As an example, a court case is usually set up with
two conilicting perspectives: plaintiff aod defendant, and the background conditions of any case rule
can emhbrace only one of them. Composing rules having different perspectives is thus nol permissible.
Another form of case rule is generalized or induced from several precedents. Owing to its generic
nature, an inducerd case rule is represented as a constraint hetween two parametiic situations, rather
than parameter-free situation types. Dencte [' and o' as two sets of parametric infons such that all

parameters Lhat ocour in the latter also appear in the former. An induced rule is written as;

Rule 2.3 {Induced Hule)
Forany ¢),..,c € P,e=¢ Ueg, U Ue, irieEe' = ['/8;,. O

where ¢ 1s coherent and ir is the rule label. Similarly, a legal rule is:

Rule 2.4 {Legal Rule)
lrrwkeo <= I'fB,. O

where Ir is the rule label and Hj. states the background legal theory, such as an aim of punishment

or that of crime prevention, but not both. Such information is crucial in interpreting the antecedent

infons.

2.4 Substitution

A critical process of legal reasoning is to decide which legal rules apply to a new case. For example, the
prosecutor is required to eslablish cranel mibent and cewsalily between the defendant’s action and its
consequence in order to apply legal rules. On the other hand, the defense lawyer tries to refute all such
claims of the prosecutor. Since there are no fixed rules to define the intent and causality, lawyers on
both sides normally seek hints from old cases. This process is modeled as the interaction between the
matching and substitution conditions,

When a situation of a new case, c,,, supports a similar antecedent of a local rule of ¢, one can draw

a conclusion about the new case similar to the consequent of that rule. That is,
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Figure 3: Case substitution.
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Rule 2.5 {Local Hule Substitution}
For cp,co € Pocr®icy =afiferic, =0 <= I/By and ¢ = I'/{B# U B, } such that /">, [. O

where cr® is the label of the new rule, B, is the original background of the new case, I', and the
combined condition after the substitution, B = B..# U B,, is coherent. 'I'he function 6 forms a link
that connects ¢, with ¢,. This funclion replaces all terms {objects and relations) in ¢ and B, that also
aceur in [ with their matched counterparts in /. Figure 3 presents a diagram of such a substitution,
that does not include the background conditions. Note that e, = I'/B implies that ¢, UB = I'. In
addition, referring to Rule 2.5, the substitution merely replaces terms and does not change the polarities
of infons. Also, the information of case matching B, is not related to Bf and thus does not create

compatibility problems. Thus, it foliows that {e, U B} is coherent.

In a court case, both sides {plaintiff and defendant) are normally ignorant about the assumptions and
hypotheses of each other’s claims. An essential technique, used to reveal such ‘hidden’ information, is
cross-examination. Incorporating the background conditions into legal constraints {case and legal rules)

allows us to capture this essential feature of legal reasoning for knowledge-based applications. Given any
¢ € Psuch that ¢ |= [,/ B, and ¢ = Io/ B, if U1 is incoherent, then By and By become incompatible
with each other. The reason is that cU B, |= [; and eU By = I imply {cU B U {cUBs} = LU fy, and
if I, U I, contains some o and its negation, 7, this means that {cU B;} is incompatible with {c¢U By},
Subsequently, B) and B> are incompatible.

Thus, to combine the conclusions supported by different situations, the background conditions of
hoth conclusions is required to be compatible. For this reason, the background conditions of Rule 2.1

must be coherent. Rather than substitution, a consequent is derived from a legal rule {(see Figure 4} or

10
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an induced rule via anchoring.

Hule 2.6 (Induced linle Anchoring)
For ¢y e1,06c € P, such that ¢ = {ey, e, ach it i e B oolfl] il iri e E ¢ &= I/B;y and
Ca ’_IU]."II{Br"'iJFIJBﬂ} a

Rule 2.7 {Legal Rule Anchoring)
Fore, € Poir oy = oif]iflriw ko = /By and o, = I[f]/{Bwlfl U B} O

In this section, we introduced the SAd definition for situation matching and legal implications.
Armed with this technique, we can represent, diagramatically, the flow of information in a goal inference
lree of Figure . In Figure 5, we show such a legal inference in the [orward reasoning manner. For
simplicity, this inference involves only iocal and legal rules. The black circles, I}, I3, and o, denote the
situations of a new case, ¢, while situations I and I are of old cases. Two immediate arguments, §;
and My are drawn using local rules erp and era. Together with &, the goal [ f] is anchored or attained by
applying the legal rule Ir. From the coherency condition of Proposition 2.4, it follows that all concepts
of a single goal tree must share the same legal perspective: the plaintiff's or the defendant’s. This
figure indicates that the matching relation of I is stronger than that of [3. One can also probe into
background conditions, linked by appropriate rule labels, of these arguments to retrieve the underlying

hypotheses and legal theories.

11
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3 Data Modeling of Legal Knowledge in Quryore

T'his section introduces the QurxoTe language and shows how this language can be used to map the
&M concepls in computable form for legal reasoning applications. This QuixoTe language 161, 62] is
a hybrid of the deductive object-oriented database (DOOD) language and constraint logic programming
(CLP) langnage. [t resembles F-logic [28], in that it is a DOOD language that includes powerful ex-
tensions into logic programming such as subsumption, complex objects, and modules. Compared with
conventional CLP language, QurvoTe has a symbolic constraint domain which makes it suitable for
describing the legal situations depicted in legal docunients written in, albeit tight and formal, natural
language.

A typical QuixoTe database includes the following: (i} the subsumption relations ameng basic
objects, (ii) the submodule relations among modules, and (iii) rules. As stated in Section 1, our legal
reasoning system consists of three databases of distinct knowledge contents, namely, a dictionary, a
case base, and a statute base. Accordingly, we first introduce the objects and modules of QuivoTs,
explain the data structure of a legal dictionary, and then describe the use of QuzxoTe rules to represent
case-based rules and statutes.

In QuzxoTe, the concepts of situation theory are rephrased as follows:

12



situation theory

| QurroTe

situation

l _mnd ule

infon

attribute term

relation name

| basic object

tvpe

i subsumplion
|

role

label

supporting relation (=) | membership in module {:}

3.1 Objects, Modules, and Matching

4.1.1 Ohbject terms

The legal dictionary has two parts: the concept lattice and the definition of relafions (viza. the tuples of
roled slots with predicates). We first introduce the GurxyoTs notion of ebjects and subsumphion relation
fur forming the concept lattice, and, thereafter, we describe QUIroTe s atiribute ferms to represent the
relations and infons of sitnation theory,

Object terms, Obi, in QurxoTe consist of a set of basic objects, Bobj, a set of complex objects,
Cobj, and a set of variables, Var. We denote the subsumplion relation, J, as a partial relation between
basic objects such that for any a,b & Hobj, a L b means that a is more specific than b, or, intuitively,
a is.e b. The following is an example of the subsumption relations among basic objects {In QurroTs

syntax, C is represented by '=<'.}

infant C persen, baby C persen, person C creature, lion C creature,

Together with the basic objects L (bottom) and T {lop), we have
Wee Hobj, L Cx, 2CT.

Thus, a concept lattice of basic objects, < Bobj, J=, is a finite bounded complete partial order.

A complex objectis of the form o|l) = v, 1z = vy, - - -], where o € Bobj and for any [; € Hobj, v; € Ob;.
{; is also called a label, The order of labels is not strict, For example, o[1=a ,m=b] and o[m=b,1=al are
treated as heing identical objects. The subsumption relation between basic objects is extended to the
relation between complex objects, or hetween complex and basic objects, in the following manner.

h[l; =vy,.. ] C W1} = vy,...] if hCh,Vidj 15 =1y, vj Cvi’
hlly =vy,.. Ce il hZo

Similarly, the database operations, meet and join, between complex objects are defined as the

greatest lower bound and least upper bound, sinee the basic objects compose a complete lattice. For

example, the following relation holds when we have strangle C hemicide and peison C homicide.

13



strangle|agent — tom| L homicide,
poison agent = tom, coagent = mar;,ri C homicide|coagent = mar;.r]

while therve is no subsumption relation between peisonjagent = tom| and homicide[coagent = mary|.
An affribute ferm is an object term with attached property specifications, 1.2, a set of ‘1=v'. Such
a term for a complex object has the following form.

basic obj, intrinsic extrinsic

. p
o |515U|.---lf|32=1'2.---

complex obj,

Note that we distinguish the properties of a complex object from those of an attribute term. The

former is called an dnlrnsie aliribule while the latter is called an eririnsic attribute. The label-valued

relations of attribute terms are the following three operations:

efft =X iff o | {e.1==1}
ofm—ul iff o {emCuU}
of/in—v if o] {o.n 3V}
where O | C' denotes an object term () with constraint . We introduce the dotted term notation, 0.L,

where U is an object term and L is a label, to specify the value of the | (extrinsic) attribute of 0. By

default, the properties of an object are inherited from related objects via the subsumption relation.

Ife Cp, then ¥1,0.1 C pl

For complex objects, the values of intrinsic attributes override those of extrinsic ones. As an example,
when death/[cause=suicide] holds, death[cause=nurder].cause (= murder) is not subsumed by
death.cause (= suicide) although we have death[cause = murder| L death.

These attribute terms can be used to represent SM infons. Let us consider the following relation

(see Section 2.1):

abandon/[agent=Agent, object=Coagent, place=Loc]
I {a.bandun C act, Agent C human, Coagent T human, Loc O lncatinn} i

This is & QuIxoTe representation of the sentence, “Agent’s act of abandoning Coagent, where both

Agent and Coagent are human.” The subsumption relation stated in the constraints denotes the type

specification in situation theory, such that the corresponding SM representation is:

< abandeon : action, Xy : human, Youj : human >

14



where abandon iz of the action type, ag! {agent) and cgf {coagent) are a type of Auman. The dictionary
maintains a list of legal relations with distinet names, and the object lattice includes the subsumption
hierarchy between the names of these relations. Given the unigquencss of these relation names, this
lattice also implies a hierarchy between these relations.

In the following, we list some examples of infons in QurroTs format,

abandon/[agent=Apent, coagent=Coagent]
I {#gent C human, Coagent C human U object}),
make/[agent=Agent, object=accident/[agent=Agent,of=traffic]]
| {Agent T human},
injure/[agent=Agent, coagent=Coagent] | {Agent L human, Coagent T human},
leave/[agent=Agent, coagent=Coagent] ! |Agent T human, Coagent L human},

death/[agent=Agent] | {Agent T human},

It is worth noting that the infon in line three, make/[agent= Agent, sbject= accident[agent=
Agent, of= trafficll, iz a nested infon. QurivoTe supports such a recursive data structure as the

value of an object, as the following two declarations:

make/[agent=Agent,cbject=accident] | {Agent C human},

accident/[agent=Agent,of=traffic] | {Agent T human}.

3.1.2 Modules

A Qurxore legal database consists of a hierarchy of modules. Each module is identified by an object
term called a module identifier and consists of a set of rules. Like many ohject-oriented programming
languages, the rules of one module are inherited by its submodules. The submodule relation, Jg,
is a partial relation between module identifiers that specifies rule inheritance among modules. For
example, if casel Jg case?, all rules and facts in module caze2 are inherited by module casel. (In
QuTyoTe syntax, Jg is represented by ‘»=".) We called casel a submodule of case? and case? a
supermaodule of casel. Module and rule inheritance are powerful devices for classifying and modeling
situation-dependent knowledge.

Identical objects must have equal properties within a module, bul are allowed to have distinct
properties between different unrelated modules, For instance, the following piece of code is inconsistent,

since the same homicide object has two different agent properties.

sit_1 :: homicidef[agent=tom];;

git_1 :: homicide/[agent=mary];;

On the other hand, the following code is consistent, provided that sit_1 and sit_2 are not related.
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sit_1 :: homicide/[agent=tom];;
sit_2 :: homicide/lagent=maryl;;
3.1.3 Healization of Concept Matching
The concept of infon matching, stated in Condition 2.2 of Section 2.2, is realized in Quurore as follows.
Operation 3.1 (Infon Matching]
For any two attribute terms ol and &2,

1. If 03 exists, such that ¢1 C o3, and 22 C o3 in a given concept lattice, then ol and o2 are

interpreted as being parfial matched infons,

2. If the basic object parts of two attribute terms are found to be identical, the two attribute terms

are interpreted as being eractly mafched infons. O

Under Operation 3.1, for example, abandon and leave are partially matched if the legal dictionary

contains:
abanden C act, leave T act

and abandon/[agent=jim] 15 eractly malched with abandon/[agent=tom]. We next define situation

malching in terms of modules and objests in Qurixere (see Cond. 2.3).

Operation 3.2 (Situation Matching)

For any m_1 and m 2,

1. If, for every attribute term in m_1, there is one and only one attribute term in m_2 that can match it

exactly, and vice versa, then the two modules are interpreted as being exactly maiched situations.

2. I, for any o1 in m_1 whose relevence value subsumes a given object {viz. the threshold level),
there is an attribute terin 02 in m_2, that can be partially matched with o_1, the two modules

AT iﬂterpretﬂd s hﬁing :lﬁn.riinﬂy matohed .u'herlh'm:-.s. O
For example, if two modules contain;

m_n :: {abandcn/(agent=mary, ocbject=june],
leave/[agent=mary, object=junel};;

m_o :: {abandon/[agent=jim, object=tom],
leave/lagent=jim, cbject=toml};;

Quzxore would assert thatl mon s eraclly malched with moo. Consider another pair of descriptions:
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m_n :: {abandon/lagent=maryl, leave/[agent=mary, object=june]};;

m_c :: {abandon/[agent=jim, object=tom] | {abandon.relevance == 13},

leave/[agent=jim, object=tom] | {leave.relevance == 12},

poorf[agent=jim] | {poor.relevance == 11};;
wlhere 11 =< 12 =< 13, we have:
# if the threshold value is 12, then m_n is partially matched with m_o.

e if the threshoid valne is 11, then m_n is nat periially matehed with m_o.

3.2 Situated Inference Rules

A Qurarore rule takes the following form {compare with Rule 2,10,

Nhead head _con straints Denady body _constraints
N i i ’ - . o
myg i H | HCO e=mp:B,...,my Byl BC o

where I or B; is a literal while HC and BC are sets of subsumption constraints, An abject term, my, is
called a meodule identifier. The above rule exists in the module mgp. Intnitively, this means that if every
B; helds in a module m, under the constraints B{, then H and constraints H hold in my, where
H and B,'s are object terms or altribule terms. HC works as constraints in the sense of conventional
CLFP language[24], while BC is processed abduetively, Constraints in QuzixoTe are sets of formulas
in terms of o subsumption relation among object terms and dotted terms. Each formula hos the form
<termZ, <op> <ierm > where <derm > Is an object term or a dotted term and <op> 18 =, C, or
7. Tf the head constraints and module identifiers of a rule can be omitted, the body constraints, BC,

of that rule then constitute the background conditions. Section 4 illustrates the use of this inference

mechanism with lezal examples,

3.2.1 Case Hepresentation

in this study, we regard a case as being a situation, that is, a simple set of anchored sentences. We give

a sample case below, which is simplified from an actual legal precedent [12).

Mary's Case

On a cold winter's day, Mary abandoned her son Tom on the street because she was very
poor. Tom was just 4 months old. Jim found Tom cryving on the street and started to drive
Tom by car to the police station. However, Jim caused an accident on the way to the police

station. Tom was injured. Jim thought that Tom had died in the accident and left Tom on

the street. Tom froze to death.
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In QurxoTs format, the aforementioned case contains objects, such asmary, tom, jim, accident,
and cold, as well as several events, such as abandon, find, make, injure, leave, death, and

causas. [he relevance levels of these events are indicated through explicit attributes with ordering

values.

Ezubsumption;;
11 =< 12 =< 13;;

Erule;;

mary_case :: {mary, tom, jim, accident, cold,
poor/ lagent=mary, relevance=11],
abandon/lagent=mary, ocbject=tom, relevance=12],
find/[agent=jim, object=tom/[statescryingl, relevance=11],
accident/[agent=jim, relevancesml2],
baby/[agent=tom, age=dmonths],
injure/[agent=jim, object=tem, by=aceident, relevance=12],
leave/[agent=]im, object=stom, relevances13],

death/[agentstom, cause=cold, relevance=131};;

In Mary's case, there were many interpretations on the responsibilities of the actions of Mary and Jim.

For instance, a lawer reasoned that:

“If Mary hadn't abandoned Tom, Tom woeuldnt have died. In addition, the canse of Tom’s
death was not injury but freezing. Therefore there exists a causality between Tom's death

and Mary's abandonment.”
Another lawyer, however, argued differently:

“There is & crime of Jim, for hiz abandonment of Tom. And in addition, Tom’s death is

indirectly caused by Jim's abandonment. Therefore, there exists a causality between Tom’s

death and him's abandonmnent.”

These contradictory clains are documented, together with the final verdict as decided by the judge, as
a judicial precedent. In the next subsection, we model these conflicting arguments with a set of case

rules.

34.2.2 Case Rules

The deduction of legal arguments in QuIxoTe observes the following convention.

result facts lawyer's interpretation
Head « By, By, -, B, || Buckground_conditions .
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Namely, £3;'s in the above are the facts that were accepted by both the plaintiff and defendent before-
hand, and the set of Background Conditions is the interpretation of causal relations between events,
scopes of an agent's intention, and so on. For example, we can represent the following case-hased rules

in Mary’s case {see Rule 2.2},

c > ¢rl;;
crl @ respﬂnsible_iur_injur:.r.-" [agent=jim, ta=tom]
€=
accident/[agent=jim] ,
injury/ lagent=tom]

1l { injury.cause=< accidentl};;

The first line, ¢ »>- cri, claims that crl is an extended case of ¢, including the case rule. This rule
claims: when there existed jim’s accident and tom’s injury as facts, and if the injury’s canse was
ascribed to the accident, jim is responsible to tem for the injury. Similarly, €12 is another example

of o case rule, again from Mary's case,

¢ crd;;
cr2 :: responsible_for_protection_for_weak/[agent=jim, to=tom]
L=
accident/lagent=jin],
baby/ [agent=tan] |
injury/[agent=tom],
loave/ [agent=jim, ehject=tom]

[l { injury.cause=< accident};;

3.2.3 Induced Rules

The idea of an induced rule is to abstract some of ground terms in case rules, eithier by common sense
knowledge or by legal theories. For example, il there are several similar accident cases, the allorueys
may draw the following generalization, because the causality between the accident and the injury is
agreed by both sides {refer to Rule 2.3}

irl :: responsible_for_injury/[agent=X, to=Y]
<=
accident/[agent=X1,
injury/{agent=Y] || { X =< person, Y =< person};;

In the above rule, restrictions on variables X and ¥ are given in the background conditions, such that

they have to satisfy certain roles. The following ir2 is yet another, more abstract, form of irl.
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ir2 :: responsible/[agent=X, to=Y, for=Inj]
<=
Ace/ [agent=X],
Injflagent=Y, cause=fcc]
Il {Ace =< accident, Inj=<physical_damage,

X =< person, Y =< pnrson};;

In ir2, traffic accident and injury are abstracted to variable dcc and Inj, and are subsumed by their

super concepts in the legal dictionary.

3.2.4 Legal Rules

Legal riles, or statutes, are formal sentences of codes. They are written in a form having free parameters.

We illustrate this form using actval penal code {Japanese Penal Code, Article 199):

“In case an intentional action of person A causes the death of person B and the action is

uol presumed to be legal, A is responsible for the crime of homicide.”
The following is an cxample of representing the above in a QurxoTe rule (see Rule 2.4):

1r1 :: responzible_fer_homicide/[agent=4, to=B]
€=
Action/[agent=A],
illegal/[act—>Action],
death/[agent=E, cause->Action]

Il {Aetion =< intend, A =< person, B =< persan};;

In the description above, illegal/lagent=A, action -> Action] claims that the action Action done
by A, such as sell-defence, is not found to be legal. The statute for the legality of sell-defence is described
as follows [Japanese Penal Code, Article 38):

1r2 :: illegal/[act->Action]
€=
Action

Il {Action =< intend};;

The following statute (in Japan) states ‘the responsibility for death by abandonment of the weak’, that

15:

“If there is an intentional deed that corresponds to an abandonment of the weak, and the

weak died because of the deed, the agent of the deed is responsible for the death.”
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1r3 :: responsible_for_death_by_abandonment_of weak/[agent->W, to=Y]
€=
death/[agent=Y, cause=C],
responsible_for_protection_for_weak/[agent=X, to=Y],
weak/[agent=X],
D/ [agent=W, object=Y]
| {D=<abandon, C=<D, D=<intend};;

Section 4.2 describes a legal reasoning example which involve 1r3 in its inference.

4 Query and Inference in Quzrore

4.1 Constraints and Answer with Assumption

As mentioned in Section 3.2, Qurrvorys supports two Kinds of constrainis: head constrainds and body

consframnis. During execution, the following transformation 1s performed first,

myo H | HC =my By [ &, - ,my, 0 B, | O | Dot Cstr U (erm Csir;

4

head constraints tundy consbraints

my 2 [ HCO UOterm Cstr <=y : By, ... m, : B, | Dot CstrUCL U UG,

That is,
s constraints (subsumption relation) on object terms (Merm _Ostr) are merged to the head con-

straint (H ('), and are used as background conditions for the applicability of the rule,
e while constraints that includes a dotted term (Dot (Ustr) remain as the body constraint, and

+ constraints on each object in the body (C}} are merged into the body constraint.

To reply to a guery, QuTxoTE often returns answer substitutions with a set of constraints among
dotted terms called assumptions. An assumption is a set of unsatisfied constraints during derivation,
such that they can be considered as being missing information. The control program or the user will
then decide whether to fill in the missing information, or to invoke another query. Answering with
assumptions is a kind of abduction reasoning and plays an limportant role in many Al applications, such
as case-based reasoning svstems and natural language processing. Except for constraints among dotted
terms, QUTxoTE works like a conventional CLP language [24]. However, dotted term constraints in the
body constraints work as assumptions if they are not satisfied in the head constraints. In this respect,
QureoTe supports abductive queries to partial information databases, and such partiality differs from
incompleieness in databases represented as null values or Skolem constants.

The formal derivation in QuzroTe is explained as follows. Let G, be a set of goals in the m-th

stage of an execution, the next set of goals is derived from the rule H|HC & B | BC:
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Gl = (Grrl - {Gi}ﬁl U B4,

where there is a most general unifier & between H and &, Thus, the current goal HE (= GF) is removed
from O, and new goals thatl are in the body part of the rule B# are added. When O, = ¢, execution

eiids. The conclusion is the set of resolved head constraints;
Copt = (Con UHC)B

while a set of assumptions, vr the remaining vosatisfied constraints, A;, beeomes:
A1 = { A WBOWE — O

That 15, A, is the accumulation of body constraints HC'W, some of them being removed from this
accumulation when they are satisfied in HC (= (4, (1), and the final set of assumption, A,,, becomes
the abductive reason for the conclusion.

MAs an example, consider the following piece of Qurvors code, It says that there is a crime and the

Judgement resull s guilty if scli-defence is illegal, but innocent if self-defence s legal.

CAaZeIIorime;
case::judgement [result=guilty] <= crime/[self_defence->illegall;;

CASE: S judgement[result=innccen t] <= crime;"[Sel:t'_dei'l:-nce—blegal] i

The first clause telis us of the existence of an ohject, crime, but nothing about the properties
of 115 self defence attribute. The second clanse means that if crime exists in the case and the
self defence property is subsumed by 1llegal, judgement[result=guilty) holds. When we initiate
a query T-case:judgement [result=Hezult], that is, the judgement result of the ecrime, QuixoTe

returns the following two independent answers,

Result=guilty if case:crime.self_defence=<illegal

Result=innocent if case:crime.self_defence=<legal

Each answer makes an assumption about the self defence property of crime which comes from the
body of the second or third clause. Neither constraint is satisfied by the head constraint, which is

empty in this example, so they are accumulated as assumptions.

4.2  Inference of Legal Knowledge

We list a small case example (a traffic accident) and use it to show how the induced rule ir1 is invoked.

n.case :: injure/[agent=tonm];;

n_case :: traffic_accident/[agent=jim];;
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&subsumption;;
traffic_accident =< accident;;
injure =< physical _damage;;

person >= {jim, tom};;

Esubmodule;

ird =< n_cass;;

MNow, consider the following query to this program:
P~ n_case : respnnsib‘te;’[agent!jim, te=X, forsY].

This guery may he read as “ls Jim responsible to someone, ¥, for zomething {represented variable Y)7"

QuteoTe returns the following answer.

** 1 answer exists #**

#% Answer 1 &%

IF n_case:injure.cause == traffic_accident THEHN
¥ == injure

L == tam

The answer says that if the cause of the injury is the traffic accident in this case, then Jim 15 responsible,
Let us further consider a new case, where QuzxoTe invokes a sequence of case and legal rules to draw

a conclusion, as shown in Figure 3. The new case, hanake_case, contains the following facts:

hanako_case ::{hanake, tare, jiroe,
death/[agent=taro, age=4months],
baby/[agent=tary age=4oonths],
injury/[agent=tarn],
abandon/ [agent=hanake, object=tarc],
accident/lagent=jirc],

leave/[agent=iirs, cbject=tarall;;

Using Operation 3.2, Quzxo7s would partially match hanake_case with mary.case (page 18) with
the threshold relevance value, 12, Thal is, there s a rule substitution, #, on cxr2 (see Rule 2.5):

ﬂ::lhanakufmary, taro/tom, jirnfjim]

where ‘z /1y’ stands far a substitution of 3 for z. The substituted rule, er2_s, as generated, 1s represented

as faollows:
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cr2_s :: respensible_for_protection_for_weak/[agent=jire, testarc]
<=
accident/[agent=jirc],
baby/[agent=taro],
injury/lagent=tare],
leave/ [agent=jire, object=taro]

Il { injury.cause=< accident};;

The concept of anchering, mentioped i Section 2.4, is realized in Qurvore by invoking either induced

case rules or statutes within a case description. Let us suppose the following submodule relation:

Esubmodule; ;
W »- hanako_case;;
w o»= 1r3;;

LSl <
with the following subsumplion relations.

Ezubsumption; ;
leave =< abandon;;

abandan =< intend;;
In addition, we need one more rule that s derived from common sense:
weak =< baby;;
With the query:
?=w:responsible_for_death_by_abandonment_of weak/[agent=X, to=tare].

that means that “Is someone responsible for the death of laro by abandoning the weak person?”,

QUTYoTE replies as follows,

#¥ 7 oanswers exlsl

** Answor 1

IF w:injury.cause =< accident
w:leave.agent »= rasponsible_for_death_by_abandenment_of_weak . agent
wideath.cause =< leave

THERN
I =< jire

¢ Answer 2 k=

IF w:injury.cause =< accident
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w:abandon.agent >= respensible_for_death_by_abandonment_of weak.agent
w:death.cause =< abandon

TIEN
¥ =< hanako

The first answer represents onc iuterpretation of the causality in Hanako's case: if the cause of Taro's
death is some event under Jire's leaving Taro, then Jiro is responsible for the homicide. The second
answer stales yet another interpretation, that is, Hanako is responsible if Taro is killed by Hanako's
intended abandonment. This rather confusing response arises from the fact that there were two deeds,

leave anid abandon, both of which can be regarded as being abandonment. That is, bath belong ta the

same class in the lezal dictionary. To verify this, one can further query the datahase with an additional

comstraint:
7-w:D || {D =< abanden}.
To which QuixoTe replies:

F=w:D || {D=<abandon}.
% O ANSWCTS CXL6T ¥
#= Angwer 1 =&

D == leave
W= Anayer 2 =%

I} == abhandon

The chain of rules invoked in this example is shown in Fig. 6 (see also Figure 5).

Thus, in this section, we have shown that Quryors:

e returns answers with assumptions when there are unsatisfied background conditions for applying

lezal and case rules,
¢ proposes all the alternative solutions to the query program for unsalislied background conditions,
s accepts queries with additional information that has not yet been stored in its databases.

These features confirm the knowledge processing capability of QuTr¥oTs in supporting situated

inference within an OODB framework, and to manage persistent data about case descriptions and legal

rules.

5 Related Work

As with many system-level research projects, this reported work is strongly interdisciplinary. The

technologies involved span many active rescarch fields: deductive object-oriented datahases, artificial
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Figure 8: Situated inference graph in hanako_case.

intelligence and law, sitnation theory, and, to a lesser extent, constraint logic programming. The body
of related work, in fact, covers such a wide area that this section mentions enly the most elosely related
topics, and brielly at that. The references listed, however, would help the reader to probe further into

individual areas of iuterests, or to further explore fruitful cross-fertilization of these fields.

# Deductive Object-Oriented Databases: Tosatisly increasingly complex applications, we need
to extend the expressive power and the processing capability of the current generation of database
systems. The integration of deductive and object-oriented systems is recognized as o promising
paradigm by the database community [14, 30, 10]. The pioneer work to capture complex data, such
as complex objects and partial information, into logic programming has been done by COL (1} and
L£DL 1], To cope with the problems, the early work introduces new constructors, such as tuples
and sets, and related functions. Sucl extensions, however, fall short of providing many genuine
deductive abject-oriented features. QuIxoTe is one of the first implemented DOOD systems
in which object-arientation concepts such as ohject identity, complex objects, type hierarchy,
property inheritance, and the encapsulated method are merged seamlessly into a declarative logic
programming with subsumption constraints. [Jue to space limitations, we are abligad to refer the
reader to (62, 61] for a detailed discussion of the above. Currently, CHIMERA is anather project

persuing similar goal and approach [11].

In line with the tradition of deductive database research [57, 36), the design of QuTxoTE places
strong emphasis on theoretical foundations. (Object-oriented database research is generally em-

pirical [29].] One key distinction of QuzxoTe from other work in this area is that its declarative
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semantics is based on ZFC JAFA, a hyperset theory proposed by Aczel [2, 60] which suppurts a
nested structure and subswnption relations over complex objects, the latter being derived from
the work of Barwise |9] and Mukai [38] on constraints over hypersets. The use of Qurrore to
implement SA4 is largely motivated by the fact that its declarative semantics is closely related to
the domain of naturul language processing.

bn addition, QuzryoeTe uses o single language to achieve both query and programming. This makes
the system inheritantly suitable for knowledge processing applications. At 1C(rL, we have been
applying this databage system to advanced applications i molecular biology, natural language

processing, and legal reasoning [54, 53, 59).

AT and Law: Broadly speaking, the field of Al and Law can be divided inte two camps: ex-
perimental and formal. Researchers in the experimental ciump develop computer programs with
various blends of case-based and rule-based reasoning to address various legal problems while
those in the formal camp are primarily concerned with theoretical ar logical issues of legislation.
Many Al-based programs have been implemented by the first camp. Notably, HYPU for trade
secret law 4], part of a projeet on case-based reasoning conducted by Edwina Rissland and Kevin
Ashley at the University of Massachusetts, CADARET [48], PROLEX [44], and GREDBE rE] can
apply either rule-based reasoning or casc-based reasoning to top-level goals, rule antecedents, ar
matching of facts. Similarly, PROTOS [6] and CASEY [31] use general, rule-like knowledge to

assess the stmilarity of cases.

This work adopts the pragmatic approach of the experimental camp, that is, building knowledge
programs that use both case-based and rule-based methods to reason about legal concepts. It
differs, however, in two major aspects. First, existing programs have no database management
capability, and, subsequently, each can experiment only with Hmited inference methods using a
small sample of precedents. This work proposes to remedy such limitations by integrating an
advanced database system into the overall knowledge system architecture. Secondly, existing
programs often lack a rigorous formulation for representing and analyzing legal knowledge, such
as the interpretation of open-textured concepts and legal inference under different situations. In
contrast, the design of our legal knowledge bases is firmly based on the SAM model, which has
precise definitions of legal concepts and rules, and their associated operations. In this respect, we

are closer to the formal camp.

A representative group of the formal camp is the legal reasoning group at Imperial College, London
|34, 52], who advecale the logical programming approach to study the language of legislation, such
as the British Nationality Act. Since then, many legal reasoning researchers have expanded this
approach with many types of exotic logics covering the temporal, deontic, and abduction aspects
of law (26, 22, 45]. Few, however, have carried the formulation into practical implementation.

In contrast, SA takes the formal approach of situation theory, and this formulation is used to
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design subsequent legal knowledge bases. In Section 2, we showed that situation semantics is
a more natural way to interpret open-texture concepts and to represent legal inference. The
two approaches, however, are not orthogonal. By treating a situation as a set of infons, we can

incorporate many established techniques of classical logic into SA4 [57]

Situation Theory: Situation theory is a recent extension of classical Tarskian logic [33], es
pecially for the study of the philosophy of language and computational linguistics. This field,
however, is still evelving, and there are many alternatives in interpreting its basic concepts, such
as situations and support relation. To aveid ambiguity, we must distinguish abstract sitvations for
formulation and computation from real situations that were structured parts of the real world [15].
The mapping from situations to infons was first proposed by Fernando [20) as s Ea o iff 7 € As,
where A is a suppori-map [unction, from a situation [a structured part of world) to a set of
infans. Based on the properties of the legal cases, in SA, we also delined situalions as scls of
imfons, simiiar to that of Devhin's, and adopted the iatter's definition for types, parameters, and
anchoring [15, 16].

Many features of situated inference were discussed by Barwise and Devhin [9, 16, Of these, two
key features are incorporated in our situated inference framework. One iz the feature of invelves
relation (*=") [7|, which we used to denote legal deduction: s = o and o = r, then s | 7. The

other 1s the use of constraints as background conditions: H <= B || ¢ if HnC < B.

Kowaski and Serpot proposed extending the logic programming approach for situation or event
calculus [33, 32]. The basic idea is to use a metapredicate demo/T, P} which holds when a sentence
named F can be proved (or demonstrated) from the theory about a situation or an event named 7.
This approach, however, requires the representation of two levels of knowledge, object theory and
metalevel theory, in computer programs. Further, it does not intend to support many of the key
features of situation theory, and involves additional programming efforts, and thus computational
overliead, to do so. Though not a database language, PROSIT, proposed by Nakashima [39, 40],
i5 one of the first programming languages for situated inference. In PROSIT, every rule is asserted
in a hierarchical situation, in which rules can be inherited. QurxoTe offers the same modeling
ability, and, further, it extends the simple infons in PROSIT to complex objects. The concept of
complex object of QuzroTe inherits PST (Partially Specified Term) of CIL [37], which realizes the
partiality of information of situation theory. Although any infon is considered as being partially
specified information in CIL, for legal reasoning applications, we adopt Devlin's R" definition
[15). That is, every relation K can define its maximal set of n parameters, and an infon specifies

complete information.

Ta date, sitnation theory has barely been used in actual applications. Hounds’ application to
relational databases [49) seems to be the only example in the database area. That work, however,

showed only a theoretical aspect and is not an actual application. This differs from our pragmatic
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goal of building large, advanced legal reasoning systems using situation theory and deductive

ohject-oriented databases.

+ Constraint Logic Programming: Constiraint solving is a paradigm that searches for a solution
to satisfy the global cousistency of an entire program, from a combination of locally defined
constraints. Constraint logic programming {CLT) language is an extension of logic programming
language with this constraint-solving paradigm. QurxyoTe is one such langnage, together with
Prolog-III [13], CLP(T) [23] that is an instance of CLP{X) [24, 23], CAL, (4], and cu-Prelog, the
predecessor o Quzxore [56]. All of these deal with equalities or inequalities between numbers,
lists, and other domains as constraints, The distinctive feature of QuzrxoTe is that it has only

one domain, that is, objects, and the constraints are the subsumption relations between objects,

The constraints themselves do not specaly the order of exccution. Thus, the delayed evaluation,
a control mechanism to suspend a part of program until all variables of that part are bound,
becomes the most important problem in computation. The cerrent CLI® topic of great interest
is the execution of control concurrently. QuiaroTs does not deal with concnrrent constraints
directly. It is, however, implemented in the concurrent logic programming language, KL1 [12],

such that constraints could be executed concurrentls at the operating system level.

i Conclusions

This work s primarily theoretical but has a concrete application in an interdiseiplinary field, Al and
Law. To the best of our knowledge, this is the first reported work Lhat brings togetler two previonsly
unrelated fields, namely, deductive objectl-oriented databases and situation theory, to design knowledge
systems [or solving complex problems and for modeling human intellectual behavior. It is also the first
atlempl o enlance the ressoning capability and application scale of the current generation of legal
reasoning systems with an advanced database toal,

In this paper, we have outlined the mativation behind this study, presented the basic features of
a formal madel for legal reasoning, and a deductive object-oriented database for implementing this
model. The loundation of this model, $M, is based on the theory of situations and clearly defines the
noticns of open-texture concepts and situated inference in the legal domain. The purpose of this model
is to study the fundamental issues of Al and Law at the abstraction level, to help design better and
more robusi legal reasoning systems. In Section 2, we introduced the key features but leave a more
detailed description in a future paper. In Sections 3 and 4, we described how QuzxoTe, a deductive
object-oriented database system, is used to implement SAM for our legal reasoning applications. In
addition, we have illustrated the features of QurxoTs with implemented legal examples.

QuIxoTe provides a single language for both query and programuing purposes, and it exhibits
ithe inference features of deduction, object-oriented, and constraint logic programming. Most legal

reasoning systems are small programs that lack the database management capability to access and
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store large volumes of data, presenting a stumbling block to the growth of this knowledge-intensive
field. The DOOD approach is proposed here to satisfy such needs. In addition, research into legal
reasoning systems is closely related to a broader and more complex field, natural language processing
{NLFP). The ability of DOOD systems, such as QuTx07£, to model abstract concepts of situation theory
in a database environment may pave the way for the NLT community to tackle concrete, demanding
problems, such as building a comprehensive dictionary database of general linguistic concepts.

An earlier version of the KL1-based control program is fo draw all alternative conclusions about a
legal goal, in paraliel, from cases and statutes [42]. Currently, the legal reasoning group al ICOT is
enhancing the control program with the capability to engage in legal debate, based on queries made
to the underlying legal knowledge bases. The computational model of this program is described in
[43, 58]. In short, the argumentation process of this model can be likened to a two-agent game. One
agent puts forward an argument. The other agent recognizes the situation, generates candidates to
refute the claim, and selects the best one for the next move. The game ends when any one agent
can no longer make a move, that is, all possible alternatives have been exhausted. During the debate,
bath agents would query the underiving set of legal knowledge baszes extenszively to obtain sufficient
information for their next moves. On the other hand, the current QuixoTs system is implemented
using the parallel logic programming language, KL1, on the parallel inference machine, PIM. Both were
developed as part of the FGCS by ICOT. The post-FGCS project is working on porting QurxoTe from

the current platform to the more generally aceessible Unix and C environments.
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