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Abstract—We give an overview of the Theory of Relaxed includes a notion of failure; the unification always succeeds
Unification—a novel theory that extends the classical Theory of and returns a substitution.
Unification. Classical unification requires a perfect agreement
between the terms being unified. In practice, data is seldom
error-free and can contain inconsistent information. Classical Il. RELATED WORK
unification fails when the data is imperfect. We propose the The Theory of Unification is a well formalized and un-
Theory of Relaxed Unification as a new theory that relaxes the gerstood. Robinson [12] was the first to introduce unification

constraints of classical unification without requiring special pre- . . -
processing of data. Relaxed unification tolerates possible errors in 1965. He set forth the basic definitions of the theory,

and inconsistencies in the data and facilitate reasoning under Presented a straightforward algorithm for unifying two terms,
uncertainty. The Theory of Relaxed Unification is more general and proved some theorems and lemmas that are fundamental
and has higher efficacy than the classical Theory of Unification. to the Theory of Unification. Knight [8] provided an extensive
\r/gﬁ,\ ngsfgﬁigggowg?aé‘:sﬁrf' ;?]rl‘fn‘:gfr 8; éifée?eg”'f'ca“o”* a survey of representations, algorithms, and applications of
Index Terms—Thegry of éelaxed Unification, FI)?ea'soning Un- unification. More recently,. I@e” [7] intrgduced an'efficient
der Uncertainty, Unification. general-purpose graph unification algorithm and discussed the
low-level details of its implementation. Although classical
unification has witnessed a great success, its assumption that
I. INTRODUCTION the data is absolutely true isolated it from any real-world

The classical unification function takes two terms as inp@foblems that involve uncertainty.
and produces a boolean value indicating whether the uni-Lee [9] was one of the leading figures who introduced
fication can be performed successfully. In case of a resucertainty into the realm of logic programming. His notion of
of true, the function also returns a substitution that unifidsizzy Resolution, which was based on the Fuzzy Set Theory,
these two terms. The unification fails if the same feature fs opened the door for Fuzzy Logic and the Fuzzy Unification
assigned different values in the objects being unified. Thid€ory. Significant work in advancing Fuzzy Logic was done
process places rigid constraints on the data requiring it to B¢ Mukaidono [10] and Baldwin [5].
correct and consistent. Since real-world data is seldom perfectSeveral attempts have been made to facilitate reasoning
classical unification fails when it encounters the slightest errgf2der uncertainty by defining probabilities over first-order
Erroneous data often contains enough information that one da@fguages. These attempts lacked a unified representation
exploit to overcome the errors. In other cases, it is possiblefdel and were limited in their expressive power. Bacchus
draw approximate or uncertain conclusions. [4] separated probabilities into statistical and propositional

Fuzzy unification is useful in situations when the exadirobabilities, which allowed him to represent and perform
values of some attributes are not known. To benefit froﬁfObabi"StiC inference in a natural and unified formalism.
fuzzy unification, the uncertain values in the data must beMulti-valued attributes have had a limited success in unifi-
described using approximate qualitative attribute values. Suedfion [11], [6], however, their use was specialized and was not
data is normally stored in fuzzy databases. However, fuz@gveloped into a complete general theory. Relaxed unification
unification still requires consistency between the approximdid, [2] was the first attempt to formalize the concept of
values. A single erroneous instance in the data set causesuhidying sets of values. Further work has led to proposing
whole unification process to fail. the Theory of Relaxed Unification [3], which is the first

Probabilistic logic encapsulates the probability theory witgoherent and complete formalization of the theory along with
first-order logic. It provides a mechanism for specifying differan implementation of a relaxed unification system.
ent degrees of belief and evidence to propositions. Although

this area has been investigated for several decades, it is I11. CLASSICAL UNIFICATION
still under development. Inconsistencies in the data set arene present the fundamental definitions in the Theory of
problematic. Unification. A discussion of representation issues and unifica-

Relaxed unification provides a method for extracting irton algorithms can be found in [8].
formation from imperfect data. To achieve this functionality,
we relax the strict true/false result of classical unification and pefinitions

replace it by a real number in the ran@g 1] that indicates the —_ . . .
P y e ] dDef|n|t|on 1 (Classical Function)A function is an element

correctness of the unification. A correctness value of 1 wou, a countablv infinite set of functiong. Each function
represent a success under the classical unification; any o o y ) _ .
@S zero or more arguments. Each argument is a classical

value would represent a failure. Relaxed unification does : :
term. A function symbol is an element from the set =
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Definition 2 (Classical Constant)A constant is an element A. From Classical to Relaxed Unification

from a countably infinite set of nullary functions (functions There is a fundamental limitation in classical unification
that do not have argumentd) i.e, A C F'. A constant symbol hat prevents it from being applied to numerous real life
is an element from the sét, = {a,b,¢,...}. applications. The limitation follows directly from the definition
Definition 3 (Classical Variable)A variable is an element of classical unification, which requires that corresponding
from the infinite set of variabled”. A variable can be fynctions in the unified terms be identical. As a result, classical
substituted by any classical term. A variable symbol is aihjfication is useless if the data is not perfectly consistent and

element from the sety = {z,y,z2,...}. absolutely true. Consider the following examples.
Definition 4 (Classical Term)We construct a term algebra  Example 1:Let ¢, u, and v be three terms where =

T(F,V) from the set of functiong” and the set of variables f(; h(g(b),a),b), u = f(a, h(g(c),a),y), andv = f(a,b,c).

V. Thus, a term can be a constant, a variable, or a function.gthough the ternt is not unifiable with neither the termnor

term symbol is an element from the S8t = {t,u,v,...}. y, the degree of the mismatch betweeandu and betweert
E.g.t=a, u==z, andv = f(z,a, h(D)). andu is clearly different. In the case ofJu, the mismatch is

Definition 5 (Classical Substitution)A substitution is a only in a single element 3 functions deep, whereas in the case

mapping from variables to terms. Usually substitutions contagi ¢, the mismatch is in 2 arguments of the top-level function
a finite number of mapping rules. A substitution symbol i$. Classical unification returns the same result of failure in
one of {o,7,0,...}. Eg., 0 = {z — a,y — f(a)}. The both cases without making this distinction. Let us examine
application of a substitution to a term¢, denoted aso, is what happens when we relax the unification rule and allow

defined as, mismatched items to form a set. The relaxed unification of
w ift—sands —uco andu, denoted§ Uru results inf(a, h(g({b,c}),a),b) whilg
to =1 fltio,... tac) if t=F(tr,... 1) _ the relaxed unification of and v, denotedt Lir v results in
v otherwise f(a,{h(g(b)),b},{b,c}). We apply an evaluation functiof

to both results. For simplicity, let the evaluation functionshe

Basically, we descend through function arguments lookirg the number of non-singleton sets in the relaxed term. This
for variables that have corresponding mappings rule in tiegaluation function returns a numerical value that allows us to
substitution and replace them with the substitute term. E.ggmpare the degree of the mismatch between the unification
if o = {2z~ h(a),y — b} andt = f(x,g(y),z) thente = terms. Itis possible now to systematically conclude thatu
f(h(a),g(b), 2). is a better match, and potentially more accurate, thag v

Substitutions can be composed by applying one substitutibcause; (t Lir u) = 1 is smaller thanj;(t Ug v) = 2. Note
to another. The application of substitutionto o, denoted that é; returnsO if the terms are unifiable under classical
o, is achieved by applying to the term of each mapping unification, which implies that relaxed unification is more
rule in ¢ and adding the mapping rules in to o if they general than classical unification.
are not already iv. Substitution combination is associative, We encapsulate each function of a classical term by a
i.e., (c7)0 = o(76) but generally is not commutative, i.e.,singleton set that contains the function. E.g., the classical term
oT # TO. f(z, h(a),b) becomes the relaxed terfif (z, {h({a})}, {b})}

Definition 6 (Classical Unification)Two terms,t and u, Since the relaxed term consists of sets of functions, each
are unifiable if and only if there exists a unifying substitutios€t may contain any number of elements and not only one,
o such thattc = uo. The term resulting from the unificatione.g,{f({a, h({b}), c})}. To make relaxed terms as general as

is denotedt Ll . In other words: possible, subterms can be shared. Structure sharing includes
sharing of functions, variables, and sets. The next section de-
tUu <= do:toc=uo tails the representation aspects of relaxed terms, both symbolic

. I . . and graphical.
The unifying substitutiorv is called aunifier for the termst

and u.

Definition 7 (Most General Classical UnifierA unifier » B Representation
of termst¢ and u is the most general unifier if for any other Symbolically, shared structures are represented by suffixing
unifier # there exists a substitution such thator = 6. a boxed index to the elements being shared. Graphically, a
relaxed term is represented as a directed rooted graph. The
nodes in the graph represent sets and functions. Edges directed
from set nodes to function nodes are labelled with the function

We begin with an intuitive introduction to relaxed uni-symbols of the elements of the set. Edges directed from func-
fication and present it as a natural extension to classitan nodes to set nodes are labelled with the positional index
unification. After a discussion of some of the representatiaf the arguments, starting froin Variables are represented in
conventions of relaxed terms we introduce the fundamenthe graph by empty sets with the variable symbol attached to
concepts of relaxed unification and give a formal definition tilve label of the set node. Sets cannot contain sets or variables
the proposed theory. Next, we present a high-level algorithes elements. The following example presents the symbolic
for relaxed unification. We conclude this section with a set oépresentations of a number of relaxed terms. The graphical
illustrative examples. representation of these terms is shown in Figure 1.

IV. RELAXED UNIFICATION



Definition 10 (Relaxed Variable)A variable is an element
from the infinite set of variable¥. A variable can be substi-
tuted by any relaxed term. A variable symbol is an element
from the setCy = {z,y,2,...}.

Definition 11 (Relaxed Term)We construct a term algebra
T(Sr,V) where Sp is a set of all of the subsets of the set
of functions F' and V' is the set of variables. A term can
be an empty sef = {}, a set of constants and functions,
or a variable. A term symbol is an element from the set
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a ‘b 3 a/\b Yr = {t,u,v,...}. Structure sharing is allowed and is
0 0 a‘ 0 0 represented symbolically by §uffixing a boxgd ir!dex tq the
0 shared elements. The graphical representation is a directed
rooted graph where each set and function is represented by
(a) (b) (c) (d) (e) a node. Since each node is the root of a subterm, we use the
termsnodeand subterminterchangeably.

Definition 12 (Perfect Term)A perfect term is a relaxed
term in which all sets are either empty or singleton. Each
classical term has a corresponding perfect term that is formed
by encapsulating each function in a set.

{1 Definition 13 (Path):A path to a nodeu in a term ¢,

fi 1 denoted asr(u), is a sequence of edges that connects the

0 root of the graph ot to u. The set of all paths from the root
to u is denoted adI(u).

Definition 14 (Relaxed Substitutionp substitution is a
mapping from variables to sets of functions and from sets
of functions to sets of functions. A substitution symbol is one
of {o,7,0,...}. The application of a substitutiom to a term

0 @) t, denoted ago, is defined as
B e ey sl D eeTens @ [ = andeuco
and (g) combination with variables U if TI(v) NTI(t) # ¢ and
lo — ) V= uEoT
fltro,.. . tho) ift=f(t1,...,tn)
Example 2: {ti0,...,tho} ift= {_tl, cestn}
(@) Empty Set. t otherwise
t={} Basically, the mapping rule is applied if it matches the node.
(b) Set Elements. Otherwise we recursively descend through function arguments
t ={a,b}. and set elements.
(c) Function Arguments. Substitutions can be combined by applying one substitution
t={f({a},{0})}. to another. The application of a substitutiorto o, denoted
(d) Shared Functions. o7, is achieved by applying to the term of each mapping rule
t={r({eh)@, f{RE}H}. in ¢ and merging the mapping rules inwith the mapping
(e) Shared Sets.= {f({a,b} @), h({} &)} rules ino. The merging is done by adding a mapping rule from
() Recursive Structure. 7 to o if o does not contain a mapping rule with the same
t={f{} D)} @. right-hand-side. Ifo does contain such a mapping rule then
(9) Combination With Variables. the left-hand-sides of the two mapping rules are relax unified.
t={ald, f(z,{h({a D} x),a})}. Substitution combination is associative, i.77)0 = o(76)
but generally is not commutative, i.ery # 70.
C. Definitions Definition 15 (Relaxed Unification)Two terms,¢ and w,

Definition 8 (Relaxed Function)A function is an element are always unifiable with a unifying substitutiensuch that
from a countably infinite set of functiong. Each function o = uo. The term resulting from the unification is denoted
has zero or more arguments. Each argument is a relaxedr u- ..,
term. A function symbol is an element from the set =
{f.9.h....}.

Definition 9 (Relaxed ConstantA constant is an element The unifying substitutiorr is called arelaxed unifierfor the
from a countably infinite set of nullary functions (functiongermst¢ and v and must meet the following restriction. For
that do not have argumentd) i.e, A C F'. A constant symbol each mappingy — w € o, if v is a set node themw =
is an element from the sé&t4 = {a,b,c,...}. v U v, Wherew, is the corresponding set ofin ¢ andv,, is

tUgu < do:toc=uo .



the corresponding set af in w. This restriction is necessary ¢ := f(t1,t2,...,t,) wheret; := RelaxUnify (u;, v;)
to prevent substitutions such as= {[rootset] — @} from  end if

unifying terms by changing their structure to a predefined ternreturn (¢,0)

independent of the terms being unified and consequently losiegd

all the information associated with them.

Definition 16 (Most General Relaxed Unifier)k unifier o An e_xternal user-defined correctness funcﬂ_on Is used t_o
. N determine the correctness value of the resulting term. This
of termst¢ and w is the most general unifier if for any other

o . ot function can be as simple as the number of empty and
unifier § there exists a substitution such thator = 6. singleton sets divided by the total number of sets in the term. A
Definition 17 (Evaluation Function)An evaluation func- 9 y :

tion maps relaxed terms to a real number. An evaluati 0srr]noother and slightly more sophisticated correctness function

: . IS to associate with each nonempty set a correctness value
function symbol is an element from the sét= {a, 3,9, . .}, equal to the inverse of the cardinality of the set and with each
Definition 18 (Correctness Function)A correctness func- 9 y

tion § is an evaluation function that meets the followin mpty set a correc@ness value h). The correctness value
criteria: f the whole term is the average of the correctness values

. of each of the sets in the term. A more complex correctness
1) the range ob is (0, 1]; function would take into account the depth of the nodes being
2) for any two relaxed terms andu, 0(t) > o(u) = .t valuated. The user must decide whether shared structures are
is more accurate tham according to some user-defmedﬁoumed once or every time they are referenced and how to
measure of correciness; and , evaluate recursive structures depending on the semantics of
3) Ig:n?ny relaxed ternt, §(t) =1 <= tis a perfect the relaxed term in a particular application.

D. Algorithm E. Examples
A high-level algorithm for relaxed unification is provided Boxed |nd!ces are useq to |.d_ent|fy nodes in general, which
below as the function RelaxUnify (Algorithm 1). A low-levelallows referring to t_hem in un|f_|ers.
algorithm that addresses implementation issues with respecExample 3:Functions with different arguments.
to handling shared and recursive structures is discussed in

t = b

Section V. It takes the roots of the terms to be unified as {rore)}

argumentsu andv and returns the root of the unified graph u = {f({a}E)}

¢ and a unifiers. The RelaxUnify function starts by applying tUpu = {f({a,b}@)},0={0 — {a,b}}

the substitution ta, andv. There are two possible actions. If Example 4:Variables.
u andv are set nodes theh= u Lir v is a set node where

the set is the union of the andv sets. The union operation t = {f@d)}

generates a new set if and v do not contain the same u {f({a} @)}

elements, in which case a mapping is addedrto reflect tpu = {f({e}@)},o={z— O, d — {a}}
this change. During the merging af and v, equal symbols . ) . . .

are recursively relax unified. The second possibility is that 1€ unifier always maps the variables to their positions in the
andv are equal function symbols (a call generated recursivdfg™ and then maps the those positions to an appropriate set.
from the previous action). In this casés a function with the ~ EXample 5:Shared structure at the set level.

same fun(_:tion symbol a_tsc_':mdv. Arguments oft are obtained " (Y@, R({} @)}

by recursively relax unifying the corresponding arguments of

u andwv. The recursion terminates when a constant is reached u = {f({a}B),h({c} B)}
or whenu andv are sets and. N v = 0. tupu = {f({a,b,c}@),A({} @)},

Algorithm 1: Relaxed Unification by Recursive Descent oc={0 ~ {a,b,c}, @ — O}
Algorithm The termt contains a shared structure while the texndoes
global o : Substitution:= () not (indicated by different node indices ir). The structure
function RelaxUnify(u : Node, v : Node) sharing information is propagated to the unification term

= (t: Node, o : Substitution) and{b} is unified with both{a} and{c} resulting in{a, b, c}.
begin The unifiero enforces the structure sharing when applied to

ui=uo u by encoding it in the mappindl — [1.

vi=vo Example 6:Infinite unification.

if u={uj,ug,...,u,} andv="{vy,va,...,0m}

for n,m > 0 then t = w
t := mergeu andv unifying edges with identical labels u = {f(z)}

if t #wutheno :=o{uw— t}
if t#vtheno:=o{v—t}

elseu = f(u1,ug,...,un), v = f(v1,v2,...,0,) The termst and « fail to classically unify but are naturally
forn>0 relax unifiable forming a recursive structure.

tupu = {f({}@)}E,0 ={z— O}



Example 7:Recursive structure at the function level. A. Generalized Representation

t {f{fam}@)u} Each term has a substitution, which initially contains map-
u {(f{a} @)} pings from variables to nodes in the term. This substitution is
_ _ an integral part of the term and it is convenient to store them
tpu = {f{e, fH}@)B},0 ={B — {a, fE}} in the same data structure. For this purpose, we cregtna
V. IMPLEMENTATION—RELAXED UNIFICATION SysTEm  eralized termwhich is a set of two elemen{e (1{}), ¢(1{})}
We implemented a system based on relaxed unificaftih (where the argument ef is a set of mappings and the argument

Systeito demonstrate how relaxed unification can be us ét is the root. set of the term.. Itis always assumed that
and to verify the effectiveness of the unification algorithm &> been applied ta Due fo this assumption, the left-hand-
The RU System is composed of two modules: the interpret%'Pe of each mapping 1o 1S a .refe.rence to a node i The
(RU Interprete} and the inference engin®R( Enging. RU right-hand-side of a mapping is either a variable symbol or a
Interpreter is the interface between the user and the infererq%erence to a node i

engine. Some of the features that the interpreter provides t S we r_nentloned earlier, a set (_element IS repre:sented by
the user are: a node with and edge labelled with the element’s symbol

1) parse a relaxed term: and directed from the set to the node; a function argument is
2) unify two relaxed terr’nS' represented by a node with an edge labelled with the positional
3) evaluate a a relaxed ter’m' index of the argument and directed from the function to the

. . . node. It is not difficult to see that in the graph representation
4) assert a relaxed predicate into the knowledgebase; . . . .
. . .sets and functions are essentially the same. With the exception
5) remove a relaxed predicate from the knowledgebase; a ; o .
. of the root set, we attach to each set its positional index as an
6) query the predicate knowledgebase. . . .
| o . argument of a function. Since the root set is an argument to
Relaxed predicates are similar to the predicates that are u functiont in the generalized term, the labelis attached
n Ioglc; programming Ianguageg such as PROLOG with tqg it. The following example demonstrates this transformation.
exception that the head and tail terms are relaxed terms.

predicate that does not have a tail is called a fact. The qu%[ig ergﬁﬁjizﬁ ttra:sforir?én ! (;{ﬁe }t’e{r?gl)}.begosrlrz]gs
operation is explained in the next subsection. ' ;
RU Interpreter supports batch and interactive modes. Tég(l{})’ t({a D, f(l{a.}’. 2{b})}).}‘ Each pair of
. . . . ackets and parentheses #nis associated with a label.
batch mode allows users to write scripts, a functionality th erefore. brackets' and parentheses’  onl urnose  is
is most useful in initializing the knowledgebase, but can alsg ~ =~ ' par y _purp .
: . . grouping and they can be used interchangeably. To emphasize
be used to create predefined demonstrations (demo script iat we can treat functions as sets and rewriteas
RU Engine is an inference engine that is based on re- 1 1 1 20h
laxed unification. The unification algorithm used is detaile é{)ug}één({ariﬁzeé Jr: gt;t(izon}éllof/vi}ji}t.o treat functions and
in Subsection V-B. Relaxed predicates are asserted into th " . i e
knowledgebase by the RU Intgrpreter. RU Engine differs frofit e S|mllqr[y, eSPec,'a“y during 'the unification process. The
a classical inference engine in a number of ways. sinbse of positional indices of function arguments as edge labels

unification always succeeds, there is no notion of backtrackir} .arbl_trar_y, altho_ugh it is a convenient and useful sz_:heme
When a query is executed, all possibilities are explored a mgmtam con3|sten_cy of a_rgument_lak_JeIs across different
a list of possible answers is created. Of course, not all tﬂéncnons. In fact, this consistency is important only for

possibilities have semantic relevance to the user's query.sﬁmam'c purposes, in particular for the evaluation function.

correctness function (Algorithm 3) is used to compute th-Ehe mference.englne does not enforce this scheme and treats
Il terms as directed labelled graphs.

relevance of predicates after unifying them with the quer?. ; ; )
The user sets a threshold to prune branches of the search tréé Mapping from a variable of the form: +— IS
that have low relevance or low accuracy. transformed in the genergllze term to the fqnctm(ri{} al)
A query is a relaxed term, which usually contains a variabf"d is added to the mappings setinA mapping from a set
as a placeholder for the information we are querying tf the form @ — [ is implicitly represented in the part of
knowledgebase for. A query without variables (or empty set&}e 9eneralized term and need not be repeated im tart.
can be used to verify the consistency of the query term with the
knowledgebase. When a query is executed, an implicit seatch T .
tree is built. The tree begins with a branch for each predicaté Low-Level Unification Algorithm
in the knowledge base. If the predicate is a fact then it is The algorithm consists of an initializing functioRUnify
unified with the query. Otherwise the query is unified with ththat calls the recursive functioRUnifyl, which performs the
head giving a unifier, a subguery is generate with the firstinification. The function RUnify takes as input the roots of
term of the tail as head and the rest of the tail as tail, atide two generalized terms to be unifiediaandv and returns
o is applied to the head of the subquery before executing ine generalized term, which is the result of the unification.
When a subquery returns, its substitution is unified with thEhe use of generalized terms implicitly handles substitutions.
head to propagate information. Thus, information is passedA forward pointer and avisitedflag are associated with each
from the query term, to the head of a predicate, to the tail obde. They are used to handle structure sharing and to prevent
the predicate, and then back to the query term. infinite loops due to recursion.



This algorithm is nondestructive. Although the input terms §:=1.0
are modified during the unification process, they are restored €lse

to their original state at the end of unification. The main
advantage of having a nondestructive algorithm is that the

for eacht; € t do
{ Each child has an equal weight
0 = § + 1/|t| » Evaluate(t;)

problems associated with copying the original arguments with it ¢ is a set nodghen

a destructive algorithm is eliminated.

{ inversely proportional to the cardinality of the set

In developing the relaxed unification algorithm, we were 6 =6/t

only interested in its effectiveness and not efficiency.
Algorithm 2: Low-Level Relaxed Unification by Recursive

Descent Algorithm

function RUnify(u : Node, v : Node) = ¢ : Node
begin

var t : Node

RUnifyl(¢, u,v)

recursively unvisitt, u, andv unsetting the forward pointers

return ¢
end

function RUnify1(¢ : Node, u : Node, v : Node) = ¢ : Node

begin
if w is visitedthen
RUnify1(t, u.forward, v)
replaceu.forward with ¢
else ifv is visitedthen
RUNify1(¢, u, v.forward)
replacev.forward with ¢
else
visit u
visit v
u.forward := ¢
v.forward :=t

mergew andv into ¢t where for eactu € w andb € v :

if a =10 then
var n : Node
RUnifyl(n, a, b)
addn to ¢
end if

end if

end

V1. EVALUATION ALGORITHM

The correctness functioBvaluatetake a relaxed term as
a parameter and returns a double vadu the range(0, 1].

end if
end if
end

In the actual implementation, there are a few considerations
when applying this algorithm to the generalized term. We do
not want the correctness value to be reduced by the fact that
it contains two elements; and¢. Similarly, we do not want
to reduce the value as a result of having multiple variables
in the first argument of. These issues are easily solved by
treating the root set, and the first argumentsafs a function
node during the evaluation, as opposed to a set node.

VIlI. D EMONSTRATION

We build a knowledgebase containing information about
people. For each person, we specify the name, the occupation,
the marital status, and the gender. The following asserts are
used to create the knowledgebase.

assert {s(1{}),t(1{person(1{John()}\
2{student()},3{single()},4{male()})})}
assert {s(1{}),t(1{person(1{Sara()}\
2{student()},3{single()}, 4{female()}H})}
assert {s(1{}),t(1{person(1{Bill()}\
2{student()},3{married()},4{male()}H)}}
assert {s(1{}),t(1{person(1{Diana()},\
2{teacher()},3{married()},4{female()})}}
assert {s(1{}),t(1{person(1{Victor()},\
2{teacher()},3{single()},4{male()}})}

We execute a number of queries to retrieve data from the
knowledgebase. We begin with the query

alpha 0.999
query {s(1{}),t(1{person(1{},2{student()}\
3{single()},4{male()}))}}

We set the pruning threshotdto 0.999 because we want an
exact answer. The result below tells us that only John satisfies

The rationale of this algorithm is twofold. First, sets with moreur criteria.

than one element reduce the correctness value by an amQPtse1 0 t1{person{1{John{}},2{student{}},\
proportional to the number of elements in the set. Second,3{single{}}.4{malei}}> (1.0) ’

nodes closer to the root of the term have higher importance
than nodes deeper down the tree and nodes with the sagjgy
parent contribute uniformly the the parent's correctness. It is
important to note that the correctness value computed by tﬁ!?

In the next query we only specify that the occupation is
ent.

ha 0.999
ery {s(1{}),t(1{person(1{},2{student()}\

algorithm is only meaningful when comparing two values. ﬂ 30,400}

single value that is not equal to 1.0 is difficult to interpret.

Algorithm 3: Correctness Function

function Evaluate(t : Node) = § : double
begin
var ¢ : double := 0.0
if ¢ is visitedthen
if t =0 or t is a function nodeghen
60:=1.0
end if
else
visit ¢
if t =0 or t is a constanthen

The result contains John, Bill, and Sara, who are all stu-
dents.

0 <{s{1{}}.t{1{person{1{Bill{}},2{student{}},\
3{married{}},4{male{}}}}}}> (1.0)

1 <{s{1{}},t{1{person{1{John{}},2{student{}} \
3{single{}},4{male{}}}}}}> (1.0)

2 <{s{1{}}.{1{person{1{Sara{}},2{student{}},\
3{single{}},4{female{}}}}}}> (1.0)
Next, we relax the pruning threshold to 0.99 to retrieve

predicates that are close to our query criteria, though might
not be an exact match.



alpha 0.99 probabilistic models for assigning weights and probabilities to

query {s(1{}) t(1{person(1{},2{director()},\ attributes and values and providing meaningful interpretations
3{single()},4{male(}h}H} for these models; and deriving a scheme for computing the
Since no one in our knowledgebase is a doctor, the ressibchastic correctness of the unified objects.

below gives us as close a match as possible, using the othepe plan to incorporate stochastic relaxed unification into

criteria. logic programming. We are currently building a stochastic
0 <{s{1{}}.t{1{person{1{John{}}\ logic programming environment with a probabilistic infer-
2{director{} student{}},3{single{}},\ ence engine, pruning based on probability thresholds, and
. ign{il{?}{}g{}l}?zréghg{i%\l/ﬁ:@{}}\ backtracking. This environment would allow writing logic
2{directbr{},?eacher{}},3{singlé{}},\ programs that can reason under uncertainty and inconsistency
A{male{}}}}> (0.9921875) of data.
In the last query, we are looking for John, who is a married
male, and we would like to know his occupation. However, we ACKNOWLEDGMENT
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query {s(1{}),t(1{person(1{John()},2{}\ Corporation.
3{married()},4{male()})})}
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of the mismatch between them. Classical unification can be
emulated in relaxed unification by interpreting a correctness
value of 1.0 as true (success) and all the other values as
false (failure). Thus, relaxed unification is more general than
classical unification. We set forth the fundamental concepts
of the Theory of Relaxed Unification through concise formal
definitions and present a unification algorithm.
This work is the first step towards developing the Theory
of Relaxed Unification into a complete coherent theory. To
uncover the full potential of relaxed unification, probabilities
can be assigned to nodes. Stochastic relaxed unification is our
main goal of future work.
Some of the specific theoretical aspects that we will ad-
dress are: proving the correctness and effectiveness of the
relaxed unification algorithm; deriving the runtime and space
complexities of the relaxed unification algorithm; developing

VIII. CONCLUSION



