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Abstract

A new method feor describing and manipulating the engineering
mcdels is presented.

Three functions are ccnsidered fundamental in mcdel building:
model structure definition, wmedel structure mcdification and mcedel
evaluaticn. The first twe functicns concern to the structure cof
the cbject the user wants tc prcduce while the last function concern
to its attributes.

The cbjective ¢f the paper 1s to propese a methed of medel build-
ing, by means ¢f which both descripticns on the structure and con the
attributes are made in the same framework. Knowledge, represented
in terms ¢f the expanded predicate lecgic, is used feor the purpese in
cembinaticon with the relaticnal database.

1. Intrecducticn

Problem sclving is a process tc generate and evaluate and often
to mcdlfy the mcdel of the problem cne wants to solve thrcugh inter-
actions with computer 730G The prccess lasts until a scluticn
is reached, which satisfies the given cecnditicens.

In this paper, the auther discusses a new framework feor inter-
active preoblem sclving systems. In particular, we discuss a new
methed for building and manipulating the engineering models. We .
censider that there are three basic functions invelved in the medel
building : mecdel structure definiticn, mcdel structure medificaticn
and medel evaluation. The first twe functicns ecncern to the tech-
niques tc define and manipulate the structure of the cbject, that
is, tec define, to represent and to manipulate the ceonstituents eof
the cbject and their relaticns, while the last cne has cencern to
the attributes cf the cobject. Thus, structure and attributes are
the majer topics we discuss in this paper.

Befcre gcing inteo detail, we will ceonsider twe substant1a1 dif-
ferences 1in natures between the real cbject and its model in infer-
maticn.
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1.1 Declarative form of representation

Every object in the real world shows its own attributes. An
object as the physical existence and its attributes are inseparable.:
Suppose, for example, some one. is making a box, given a set of
boards. As soon as he makes the box, the attribute 'volume' occurs,
which has not been existing before. On the other hand, no model in
~information today has this nature but man has to give the descrip-

tion on attributes every time he defines a new object. In other
words the object structure and the attributes are independent to
each other in the model world. Surely, this is the defect of the
model. The author believes that this is not the intrinsic nature
of the model itself but because of our software technique for model
building being not fully developed, yet. We need therefore to
develop a new method to improve the situation.

.The further investigation on this problem leads us to the conclu-
sion that both model structure and attribute have to be represented
in the declarative form. The reason is as follows:

In most cases, today, the model structure is represented in the
data structure while some attributes are given in the form of proce-
~ dure to evaluate their values. This style of representation
involves, at least, two defects in establishing automatically the
object-attribute relationship. First, the attributes referred to
in a process are only part of all what the object possesses. They
are selected in relation to the design goal. Hence, the evaluation
procedure tends to be task dependent, while the object-attribute re-
lationship is essentially task independent in nature. Second, it
is difficult to design a system that generates attributes in the
form of procedure automatically every time a new object is defined.

Hence the attribute also has to be represented declaratively.
This is the major topics discussed in this paper.

1.2 Component structure and complete structure

Second, we note that, in the model world, we can define and ma-
nipulate any conceptual object as we like (under the assumption that
we have a good tool for building models), while we can not do for
some kinds of real objects. Consider, for example, one wants to
design a new chemical compound. In information, we can define any
model and can access directly to any constituent in it, while we can
use only a limitted number of methods, in the real world, to treate
the compounds, such as: heating, adding catalyzer, radiating and so
on. . . Some bondings between atoms in the compound will change by
these processes but some others may remain unchanged. Then, the
content ratios of new and old compounds and their distribution in
the object may affect the properties of the products.

This notion drives us to further requirements to the real model

building system. First, it has to possess the facility to simulate
the effect of the external means of processing object to the change
in its component structure. Second, at least two level structure
is necessary for modelling the object composed of the mixture of
different kinds of constituents: micro structure to represent the
components and macro structure to represent the complete object.
In general, the former has a rather simple, deterministic structure
while the 1latter has a complex and, sometimes, probabilistic
structure. In fact, each structure may require more than two
levels. In this paper, however, we concentrate our effort to the
issue presented in the section 1.1 and we do not touch on above
problem because that one is more fundamental than this one.

The primary object of this paper is, then, to have a system that
integrates three functions of model building into the same fr.amework
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s¢ that the user can use these functions in any crder he likes.

2. Kncwledge Based System Framewerk

2.1 Kncwledge based system as the core of engineering design system

In many real prcblems, the data structure has been used toc repre-
sent the cbject structure. There is, however, nco sclid theo-
retical fcundation ncr unified principle on what data structure te
use tc the problem. Hence the user has tc decide himself what data
structure ad hoc and has tc write down prcgrams tc process it.

Alternatively scme pecple intend to use the ccnventicnal database
for engineering purpcse. Then he can use a set cf func-
tions the database system prcv1des him. Its defect, however, is
that the structure tcday's data mcdel can suppert is sc¢ simple that
he cften fesls inccnvenience in representing the cbject with ccmplex
structure. In both cases, the mcdel structure is unrelated tc its
attributes.

Taking this situation and cur requirements for the mcdel building
presented befecre intc account, we define,in the fecllewing, a fermal-
ism for representing attributes declaratively, tcocgether with the

structure c¢f objects. We need, then, a new scphisticated methed cof
representation and we propese a knowledge base system for the
purpcse. In shert, we use an extended version cf the predicate

lcgic as the main framewerk tc represent the attributes o¢f c¢bject
tegether with its structure. In the feollowing secticns, we cutline
the framewcrk of this system and shew how the system works. '

2.2 Organizaticn cf kncwledge based interactive system
Fig.1 shows the crganizaticn ¢f the kncwledge based interactive
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Fig.l Knowledge based interactive system organization
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system we are working to realize, named KAUS (Knowledge Acquisition
and Utilization System) .82)3) The system is designed to adapt to wide
class of applications.

There are three different information bases: the knowledge base,
the data base and the procedure base. The knowledge base (KB)
includes a collection of task specific knowledge as well as general
rules, theories, facts etc.. The knowledge is represented in a
special form called the knowledge representation. The database(DB)
is the collection of data. The relational database is considered
here because of its basic simplicity and generality{7)#® The proce-
dure base (PB) 1is a collection of built-in procedures. The
procedures are evoked at the evaluation stage of the request by the
inference mechanism.

In the figure, a 01rcle denotes information in the non-procedural
form while a block denotes the procedure that converts the infor-
mation from one form to another. The user uses language and/or
picture to express his request. It is transformed into the inter-
mediate 1language (knowledge representation) by the parser.
Then the inference mechanism transforms the request into another
form_ until it can be resolved into a set of built-in procedures,
which, in turn, generate answers. The result is displayed by the
output generator.

3 Representation of Knowledge and Inference

3.1 Predicate logic ‘
Various knowledge representation languages or schemes have been
proposed including the production ruie(28)(«) , the semantic network
(P(27) , the conceptual dependency® , KRLQX3) , the predicate logic
(14X/f) and so on. If we ignore the details and the difference in
the implementions, however, the objects and some of the basic func-
tions are common to all approaches. The difference, if any, is in
the logical power, that is, one can reresent and manipulate a. con-
cept while the other can not. The logical power depends on what
basic concepts they involve. In the following, we will show how
it depends on the basic concepts by a few examples. We use the
predicate logic as the representation of knowledge for this purpose.
We begin with an example expression:
"If -the melting point of a metal is lower +than a temperature, then
it is in the liquid state at the temperature." ; (1)
The meaning of this expression 1is the complex of the primitive
meanings of the simple sentences composing the complex sentence.
There is close relation between the syntax rule to compose a complex
sentence from the simple sentences and the semantics to define the
meaning of the complex sentence from those of the simple sentences.
This is formalized by means of the predicate logic.
| Let the expression ($2) above is denoted S. Then it is decom-
posed, by introducing variables properly. -
We define the following predicates;

(MELT-POINT x y) : melting point of x is y ($2)
(LESS-THAN y z). : y is less than z ($3)
(LIQUID x =z) : X is in the liquid state at the temperature z ($4)
By substituting a constant into a variable in these predicates,
we obtain a proposition. For example,
(MELT-POINT #Cu #1084.5) : melting point of #Cu is 1084.5(°C) ($5)
(LESS-THAN #1084.5 #1100) : 1084,5 is less than 1100 ($6)
are both true propositions. The symbol # denotes that the term is

constant.
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In the system, the so called many sorted logicQQ is adopted as

the basis, which is, then, expanded in the latter section. In this
logic, the predicate is defined to represent 'the relation between
objects in respective domains'. The collection (or the set) U, of
all objects which we have interests is called the universe. Then a
variable is defined over the certain subset of U, which we call the
domain. Then we formalize the expression S,

(Vx/metal)(Vy/real)(Yz/real)[ (MELT-POINT x y)n(LESS-THAN y z) :
>(LIQUID x z)] (3$7)
where (VYx/metal)- - -(Yz/real), called the prefix, means, for all x
in the domain 'metal', for all y in the domain 'real' and for all z
in the domain ‘real'. The symbols N and 3 are used to mean 'and'
and ‘'imply' respectively. Besides then, Yy, ~ and & are used
meaning 'or', 'not' and ‘equivalent' respectively. YV and 3 are the
quantifiers meaning 'for all' and 'for some’'. The formalized ex-
~pression such as ($7) is called the well formed formula or, simply,
formula and each component (predicate) is an atom. A formula is
defined formally as follows® ; ' '
(1) An atom is formula
(2) If P and Q are formula's, then PUQ, PnQ, ~P, P3Q and PeQ are
formulas,
(3) If P is formula and x is a variable in P defined over the domain
X, then, (Vx/X)P and (Ix/X)P are formulas
(4) formulas are generated only by a finite number of applications
of (1) through (3).

3.2 Inference

Suppose a query;"Is the cupper in the liquid state at 1100°C?" is
presented to the system holding the formulas, ($5), ($6) and ($7).
It is represented (LIQUID #Cu #1100(°C))? There is no information
that matches directly with the query. However, by substituting #Cu
and #1100 into x and z of ($7) Trespectively (it is possible because
($7) holds for every x and z), the consequence-part of ($7) matches
with the query.. Therefore, if its condition-part is evaluated and
proved true, then the query is also true. That is '
(3y/real)[ (MELT-POINT #Cu y)n(LESS-THAN y #1100)] ($8)
is deduced to replace the original query. The quantifier of y
changes from VYV to 3 in this process. We can prove that the formula
($8) is true by using the formulas ($5) and ($6) and by substituting-
1084.5(°C) into vy. This process is the inference. The inference
algorithm for many sorted logic 1is generalized as shown in Appendix -
AT, . .

3.3 Database access and program execution 1 Ag | 961.9
The following points 'are to be considered at Au | 1064.4

the design of the inference mechanism in the real Cr |1890.0

knowledge based system. Fe | 1535.0
First, in the example of ($7), we assumed that Mn | 1244.0

the very simple relations between individual . .

objects such as ($5) are given as the formulas. : :

It is, however, impractical. There can be a good Ni | 1455.0

number of similar relations for possible combina-
tions of objects. Usually they are collected and
represented in the different form, e.g., in the
tabular form. This is very the relational database.
For example, the collection of the formulas such as (MELT-POINT #Cu
#1084.5), 1is5 replaced by the relation ALPHA(metal, melting point)
shown in Fig.2 causing the separation of a portion of the knowledge

Fig.2 A relation
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from the main body. Then, provision has to be made to link the
knowledge base and the database at the run time as shown in Fig.1.
Providing the system with such a capability of dynamic linking will
enable the user to use the commercial databases through the knowl-
edge base system. :

Second, the formula (LESS-THAN #1084.5 #1100) in ($6) is still
impractical to represent not only in logical form but even in the
form of database, for there are infinite possible combinations of
the real values. We begin with the second problem.

The predicate ($6) was necessary to evaluate the corresponding
predicate in the formula ($8) through the matching function of the
inference mechanism. But, because (LESS-THAN a b) is the well de-
fined relation, we can do it more efficiently by providing the sys-
tem with the specific procedure to do it. It also abbreviates the
necessity for providing formulas ($6). Then provision also has to
be made to hold the specified procedure and evoke 1t in the
evaluation process at the run time.

There are a number of similar predicates to the one above other
than binary relations; arithmetic functions such as x+y=z denoted
(ADD x y z), mathematical functions such as sinx=z denoted (SIN x z)

and so on. We prepare a procedure to evaluate each of the
predicate. The collection of the procedures forms the program
base of Fig.1. The procedure is evoked by the inference mechanism
when the predicate appears in the query and becomes evaluable. A

predicate 1is evaluable if independent variable(s), specified in
advance to every predicate (underlined in above examples),is substi-
tuted by the specific value(s). The variable(s) besides the
independent variable(s), if any, is the dependent variable(s).

Then the procedure is defined to make computation using the inde-
pendent variable(s) and then to substitute the result(s) into the

dependent variable(s). For example, the procedure defined to the
(ADD x y z) evaluates (ADD 2 6 z) to be true and substitute 8 into
Z. We call these predicates the procedural predicate. They are

dealt with as the ordinary predicates until it becomes evaluable,
but after then they turn to the procedure calls.

Hence we can solve the second problem by designing the inference
mechanism to involve 'the capabilities to look for the evaluable
procedural predicates 1in the query and to evoke the corresponding
procedure. . ' : .

. In the first case, on the other hand, the linking is performed by
the normal inference operation by providing a special predicate for
each relation(file). Let "relation u contains a tuple (X y,...,z)"
be a predicate and be formalized to (RELATION u; x y...z)(Fig.2).
Then, the relation and its meaning, "melting point of x is y", are
linked to form the formula, :
(yYx/metal)(Vy/real ) (RELATION #ALPHA :x y)=(MELT-POINT x y)1, ($9)
meaning that "if the relation ALPHA contains the tuple (x, y), then
it means that the melting point of x is y". The RELATION is the
procedural predicate to which the procedure is defined to read the
file u, where u is a variable of which the value is the identifier
of the relation. The predicate RELATION turns to evaluable when
the variable is substituted by the specific identification code.
Hence, if 'the melting point of x' is asked, the inference algorithm
changes the request into the file access procedure using the formula

($9). In case of the example before, the inference mechanism will
deduces
(3y/real)[ (RELATION #ALPHA :#Cu y)n(LESS-THAN y #1100)] ($10)

from ($8) and ($9).
:In this formula, the procedure for (RELATION #ALPHA :#Cu y) can
be executed any time because ALPHA 1is fixed while (LESS-THAN vy
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#1100) is deferred executing until y will have been obtained by the

former operation. Thus, the inference mechanism also takes charge
of determining the order of execution among the procedural predi-
cates. This technique of linking the knowledge base and the data-

base is quite effective as follows;
First, note that the directed graph -can be represented in the
table form and is manipulated by the logic system via the formula,
(Vx/node) (Yy/node)[ (RELATION #ARC : x y)3(ARC x y)1 ($11)
where the relation #ARC involves all '
directed arcs of the graph as the
ordered pairs of nodes (Fig.3) and the
predicate (ARC x y) means "there is a
directed arc from the node x to y."
This will be referred to again in the
later section. ‘
Second, though the formula ($9) has
been derived as a definition of the
static file, this idea 1s extended
easily to the dynamic file. Suppose, 1 2 3
given a request, a set of data that
satisfy the request is obtained in the

(¥x) @y) [(RELATION #ARC: x y)=>(ARC x ¥)1

voNounmddWN
PO LN SN

. Fig.3 A graph and its represemtation

temporary file. Let the request be . A
of the form (Q x y ...2). Then, by definition, the description of
the temporary file is ,
(Vx/X)...(Yz/ZYL(RELATION #TF : x...z)2(Q x...2)] ($12)

Through this formula the intermediate results becomes available for
latter processing same as the static files. Then, the system allows
the user to set arbirary subgoals in his goal directing work. It
ensures the results of the preceeding stage being used as the start
of the next stage. V _
Third, assume the situation where a separate relation (file)
corresponds to every item of the parent relation, which involves
more detailed information on the item, thus forming the structure of
files (Fig.l4). Suppose also the relation between an item in the
parent relation and the identifier of its child relation is given in
the other relation, say, BETA, in the form of BETA (item(s) of the

parent relation, child relation identifier). For example, assume
the parent item be a tuple (x y) and the child relation w composed
of the tuples, (u, v), corresponds to x. Let (C-FILE x w) be the

predicate meaning "the identifier of the child relation correspond-
ing to x is w". Then by using the formula

(Yw/id) (Y x/X)[ (RELATION #BETA:x w)3(C-FILE x w)] ($13)
the inference mechanism con-

nects dynamically the parent Linkage relation

and children relations. This . elats BETA x; w;

is not the very special but  ,ATIETEt e VI
rather the normal situation x2|y2 l.-—"" :

that may occur frequently in x3| y3 !

the design process, that is, in -l '

the process to make instances b H : R
of the structured objects from . , _
the materials and to select the . Sl el Bl B Bl I
one among them that has the ' ull | v13 u23 | v23
given property. In many cases . . . .

the databases may be used to

represent the property of the

structures. The object itself Children relations
has to be represented by a data Fig.4 Hierarchical structure of relations
structure. Fig.4 shows a :

simplest case where the structured object is represented by an item
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of the parent relation, to which a child relation corresponds to
represent the property.

3.4 Conversion to the relational algebra

More than one RELATION predicates often appear in the formula in
the various forms. A processing rule is specified to each form as
shown in Table 1. Each rule in this table denotes that the formula
in the left is transformed to the one in the right.

()  (RELATION F: x y)n(RELATION G: x y) = (RELATION FAG: x y), if FAG # @

(i) (RELATION F: x y)U(RELATION G: x y) = (RELATION FVG: x y), if FVG # @
(i) (RELATION F: x y)N(RELATION G: y z) = (RELATION F*G(y): x y z), if F*G(y)#0
(ivy ~(RELATION F: % )U(RELATION G: » ) = (RELATION G : » ) , if GOF

(v) (3x/X) (RELATION F: x y) = (RELATION #F(x): y ), if #F(x) #0
i) (Vx/X)(RELATION F: x y) = (RELATION /F(X): y ), - if /F(X) #0

“where FAG ;'intersection' of F and G,
FVG ;'union' of F and G,
F*G(x); 'join' of F and G with respect to x,
#F(x) ;'projection of F to delete x,
/F(X) ;'division' of F by X

- Table 1 Conversion rule from logic to relational algebra

For example,

(RELATION F : x y)N(RELATION G : x y)=(RELATION FAG : x y)

denotes that the conjunction of two RELATION predicates, both

involving the same tuples, is 1logically equivalent to the single
predicate 1involving the relation obtained as the intersection of
original relations. Here the relation is regarded as the set of
tuples. Note that each rule gives the logical equivalence, that is,
equality in the logical value. The if-part in the right side of
each rule shows the condition for the formula being true. The
table, therefore, gives rules to transform the 1logical evaluation
process into the set-theoretical or relational algebraic operations.

4 Extention of the Framework

4.1 Multi layer logic , .

Though the many sorted logic - possesses a number of remarkable
features as the tool for representing knowledge, its mechanism is
still too simple to represent every concept involved in many real

applications. We show it referring to an example.

Consider an expression "the average of u is v" and denote it
(AVERAGE u v). The syntax seems to be the same as "the melting
point of x is y" denoted (MELT-POINT x y). There is, however, a

substantial difference in the mathematical structure between then.
The meaning of the word ‘'average' is defined as the operation that
maps a set u into a real value v. Hence, u has to be a set in
(AVERAGE u v). . :

Suppose, #A 1is a subset of U involving only integers, say,
#A={2, 4, 6, 8}. Then #A can be substituted into u resulting in
(AVERAGE #A, 5), a true proposition, while a single element, say #5,
can not be substituted. To the contrary, a2 simple element, say
#Cu, can be substituted into x of (MELT-POINT x y) while a set
{#Cu, #Ag,...} can not. In the mathematical term, this is the
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difference between uCU and x&U. In order to accomodate both of
them in the same framework, we need further expansion of the formal-
ism introducing a new mathematical concept, the powerset, 2 , of U
and expanding the universe from U to UY2Y, where the symbol V means
"union" of sets. Then we rewrite ucl as ue2’which is of the same
structure as x€&U and apply it the many soted logic. For example,
the expression "for every (set) u, there is the average of u" can be
represented

(Vu/2V)(J v/real) (AVERAGE u v) ' ($14)
In fact, the empty set should be excluded from the powerset. In
the following, . we denote the powerset but the empty set being ex-
cluded as *U introduding the new symbol ¥. This expansion in the
syntax induces a side effect. By definition, some variable u is an
element of *¥U 1in a predicate and, at the same time, can be a domain
of the other variable(s). For example, "some element of a set is
less than the average of the set" is represented,

(Yu/*U)(3x/u)(Jy/real )l (AVERAGE u y)N(LESS-THAN x y)]. ($15)

where u is an element of *U and at the same time the domain of x.

W:World
H:Polyhedron
S:Surface
L:Line
P:Point

Flg 5 A hierarchical structure

It is easy to extend the idea upward to define a high order
powerset denoted, *¥"U, n>0. It is defined recursively, ¥NUz*(*"y),
It implies that the predicate logic is expanded to include the

hierarchically structured entity as the objects of description. In
the hierarchical structure, a n-th level entity is composed of n-1th
level entities as shown in Fig.5. The set of the 0-th level
entities are referred to the base set. Any substructure of the

structure is itself an entity. If, in Fig.5, levelO, levell, level2
and level3 entities represent the point, the line, the surface and
the polyhedron respectively, then the structure represents a three
dimensional geometric model. Arbitrary description can be made on
the structure or any of its substructure. For example, the expres-
sion "every polygon of the polyhedron H1 has some line of length a"
is represented

(Vx/ H1)(3y/x)(LENGTH y a) ) ($16)
The more interesting 1is the case where the structure is incom-
pletely specified. For example, consider the expression, "Is there
a polyhedron composed of the set of vertices V, of which every
surface has a line of length a?" This is asking a structure that
satisfies the given condition (just the basic pattern of the design:
process!). Since the polyhedron is an element of ¥ V (as shown

below), it is represented as, )
(3u/*3V)(Vx/u)(Vz/x)(By/x)[(E‘zhj(& x)n(FHu)ﬂ(LENGTH y a)l? (317)
¥V denotes a set of all subsets of vertices in V. A line is an
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element of it, that satisfies the condition as the lines (the number
of vertices included in the element is just two). Fi. represents
the condition. ¥2ZV denotes a set of all subset of ¥V, A surface,
if any, is an element of it, that satisfies +the condition as the
surface (composed of lines, lines in the element formthe closed link
and are co-planar, and so on). F; represents it. ¥3Y denotes a
set of all subset of ¥4V, A polyhedron, if any, is one of its
element that satisfies the condition as the polyhedron (composed
of * surfaces which forms a closed body, and so on) which is repre-
sented as Fy. In the formula ($17), the variables u, x and y
represents the polyhedra, the surface and the lines respectively.
- We' call the extended version of the predicate logic multi-layer
logic. :

4,2 Property of ‘multi layer logic

Multi-layer logic has number of 1nterest1ng propertles. It con-
tains, as has been stated, two ways in representing hierarchical
structure of an object; a specific structure as Fig.5 and a variable

structure including power-set operator * as in ($17). A logical
formula is evaluated in the different way depending on which type of
structure description is included. In the following, these cases

are referred to separately as specific structure and non-specific
structure respectively.
Consider a formula

(QQXVX)(QERYXY - = = (QQx”/x)(Qyy/Y)(M x™, ..., x¢ y) ($18)
where Q% , r=n, ..., 0, 1is either Yor 3, X is a hierarchy involv-
ing n+1 1level, (Qyy/Y) denotes another hierarchy shown in the
abbreviated form and (Mx ,..., x{ y) 1is- the main body, usually
called the matrix, of the formula in which the level m of x™ is the
highest among the variables, x",..., x¥, and 1, the level of x¢, is
greater than or equal to zero. By definition, any level is
permitted to n as long as n2m. That is, the levels - of variables
appearing in the prefix - and the matrix can be, in principle, inde-
pendent to each other. However, the formula is, in fact, reduced,
by the following theorem, to the one in which the level of the
variables are related to each other. In the following, we consider
the hierarchical structure being composed of a finiteée base set.
Theorem 1 (specific structure); Let the specific structure X of

level n+1 be

X={AY, A%, ..., Ag} h : ($19a)
and for any s, 0<s&n
A . 3_{A5’...}., ceeey ASL L5} _ ($19b)
RM'-'X {AY «.eyy ooe., AT, ‘QP} ' . , ($19¢c)
- Then
(QR /X)) = = = (Qf X/x™)) - - - (Q £/ x) (Qy y/Y)(M x"‘ , ¥4, y)
(Vx?C)(Q”%"/fO - - - (Q”t?x%(@zy/Y)(M ., x5
if (Q}, ..., Q"‘) v, . V) ($20a)
={ @O (@Y - - = (Q/x) (Qy/Y) (MR, ey X0 ¥)
if (Q2, ..., Q¥)=(3, ...,3) ($20b)
(Y™ B) 3™ - - - (Qxﬁ7x0(Qxy/Y)(Mf“ ceey X5 ¥)
any other cases ($20¢)

where B and C are the structures of level m+2 and m+1 respectively.
B is composed, using A}...lp's by the following procedures;
Let

X'={BIABIA...ABE  if Ql=V
B'VEBIV...VB! - if Q=3

B:.. SE BS:.'J""'"‘B;.J" if Q;j:v - m<s<n
B 5 v...VB; “jk if Q=3

By =SAY piae . AAR g If QR=y
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\AT..qV.. . VAT...gp  if Q=3 ‘ :

X' is then rearranged into the conjunctive normal form

X'=(CRV. .. VCL ) A ALCRY. .. Cllw) . ($21)
Then B is defined as a set of level m+2, B={B}"] ..., BW}, where
BI"={C}, C%, ..., Chy}, i=1, 2, ..., u.

In case of (Q%, ..., QF) being (¥, ...,¥ ) or (4, ...,3),

X' reduces to X'=ATA...AAW or X'=ATV...VAR respectively,
where A7, i=1,...,w denotes an element of the set of all Aﬂ{éS.
Then,

C={AT | i=1,...,w}

Theorem 2 (non-specific structure); :

(QEXY*¥NZ) - = - (QPXYx™) - - = (QFx7/x')(Qyy/Y)(M x*, ..., ¥t y)

= (QERYEMZY(QRT XM/ XM) - - = (XX ) (Qyy/Y)(M x™, ..., xt y) ($23)

4.3 1Inference algorithm for multi layer logic

Theorem 1 and 2 tells us that any formula in multi layer logic,
except the one of ($20c) is reduced to the one, of which the level
of variable in the prefix is at most the same as that in the matrix.
The formula ($20c), in fact, can further be converted to
(AX/B™) - - - (Y x )(Qey/Y)(M x™, ..., X, ¥)Nn - - -
‘ - - = @xXYBM) - - - (XY (g y/YIM X, L., X, y) o ($2B)
Thus we can consider, in evaluation of the logic, only in its stand-
‘ard form of which the highest level of variables in the prefix and
the matrix is the same. This means that, in evaluation, the
inference algorithm of the many sorted logic, given in Appendix 1,
applies at least to the highest level variable. Suppose B and D
are given as in the appendix but in the form of ($18) for some vari-
able. Then inference machine apply the conditions of table A1 to
the variable at the highest level in testing for @iﬁ; and then unify
them by the rule given in table A2. To unify variables at the high-
est level means to make the structure of the objects identical in
both formula and, consequently, to make domains of all variables at
the lower levels identical (X; =Y; in Table A1). Then in testing
for ﬁ#ﬁ; in respect to these variables, only the quantifiers are ex-

amined for not being the Qp; :3 and Qp :V. All the remaining
procedures are similar to those of many sorted logic.
This - is the outline of the inference. We will not include

further details in this paper, but we give an additional important
theorem.
Theorem 3; _
CEXYE) (VM x) - = = (Y (Qea x™ /X)) - - -
- = = [(Fx",...0n(G x™,...), ...]
= (AL *mX)(Qpoy x™ 1/ xm) = = = (G x™, ...)]
n[(Gxy*ermym)y - - - (F x",...)]

Assume to evaluate ($17). On ‘way of evaluation is to begin at
the top of posible structure, that is, to generate ¥3V first and
then test each element of ¥3V for the condition in the main body of
($17). It is, however, almost impossible when the set V is large.
Alternatively, we can start at the bottom and go upward. That is,
we generate ¥V, test and leave only those elements of ¥V that satis-

fy (Fu z)). The set of lines, say L, will be generated such as LC*V
and |Lf << |*V|] where |L}] denotes the numbér of elements in L. Then,
(Fs x) is used to obtain S such that Sc¥L(C¥%V) and so on. . This
might be the way man usually takes in making up a structure. Theo-

rem 3 allows the system to take this procedure.

4.4 Representation and manipulation of data structure
The algorithm for the multi-layer 1logic 1is a 1little more
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complicated in the handling o¢f the variables than that ¢f the many
sorted legic. " Hcowever, the reward by the expansicn is far exceed
the investment, in particular, in its mcdel building capability.

The capability tc represent and manipulate the hierarchical
structure as well as the graph menticned before offer us the pow-
erful means for modeling the real cbjects. Indeed, we can give
the meaning tco and the thecretical basis for manipulation cf the
cenventional data structure which has been used in many applicaticon
prcgrams as a software technique but without any scolid thecoretical
basis. Fig.6 illustrates a few examples of structures that can be
represented by the technique. These structure will ccver: the
chemical compounds, the gecmetrical mecdel, the system assembly and
SO on. '

Once the structure is specified, any kind of descripticn can be
given toc whele structure, its substructure and components within the
framewerk of multi layer logic. For example, we can define the
ccencept of ceonnecticn between ncdes using (ARC x y) in the example
of Fig.6(b) as,

Vu/X)(Wv/X)(¥x/u) (Vy/v) (Vm/integer) (Vn/integer)
[(ARC x y)N(CONNECT y z m)N(ADD m 1 n)3(CONNECT x z n)] ($26)

where (CONNECT x z n) means that cne can gec¢ frem x te z felleowing
the path ¢f length n. Fer latter ceonvenience, however, we extend

it further tc the concept of distance. We assume that the relatien

RMi in Fig.6(b) includes ncot only the pair of ncdes but the distance

between them with the definition.

A(V¥x/X)(Yz/ident) (Wu/x) (Vv/x) (Vw/real) [(RELATION z;u v w)

N(C-FILE2 x 2)3(DIST u v 1 w)] $27)

Then the distance between any twe nodes is defined as

(Vu/X)(Vv/X) (Wx/u)(Yy/v)(VYm/integer) (Wn/integer) (Vd/real) (Ve/real)
(Vf/real)[(DIST x y 1 d)N(DIST y z m e)Nn(ADD m 1 n)N(ADD d e f)
~ 3(DIST x z n )] ($28)
where (DIST x z n f) means that the length of path and the distance
between x and z are n and f respectively.
As another interesting example, consider
(Fu/xX)(Vx/u)(Vy/u) L(RELATION #RQ ; x y)3(ARC x y)1?
This is the question asking some u in X (by (3u/X)) such that , for
all elements, x, y of u, if the tuple (x y) is included in the given
table, RQ, then there is an arc between x and y. In cther words,
it is asking which substructure 1in Fig.6(b) includes a subgraph
represented by RQ. The inference machine, then, deduces
(3u/xX)(Jz/ident) (Vx/u) (Yy/u)[ ~(RELATION #RQ ; x y)
U{ (RELATION #RD ; u z)N(RELATION z ; x y)1}] ($29)

This is evaluated as follows; ‘

(1) The relaticn RQ is read into the working memory.

(2) The relation RD is alsc read into the werking memcry. Each item
cf RD contains the identifier for the relaticn RZi cerrespconding
tc the subset i of X. '

(3) The relation RMi is read cne by cne and is tested for RMiDRQ
accerding to the rule (iv) of Table 1. If RMi satisfies. the
conditicen, then i, the subset name, is an answer.

5. Ccnclusicn

In this paper we have discussed a framewcrk for the problem sclv-
ing system, which is in many respect different from the cenventicnal
infermaticn processing style. The center core cof the system is the
methed te build medel by means of the extended predicate legic sc
that beth the structure and the attributes of cobject can be repre-
sented in the same framework.
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Before end, we give two comments concerning to the efficiency of
the system. The system presented in this paper can be used, if one
wants, as the expert system which contains expert's knowledge in the
applied field®” and aids non-expert users as a consultant. Our
primary object, however, is not in the expert system. Consultation
will needs, in general, a deep inference with a lot of information
as the knowledge 'But many problems are remained unsolved, in
acquiring and maintaining knowledge, in controling the search and
the backtracking, etc (8XDIMN4)  Instead, we focussed our attention
in use of knowledge to build and manipulate model by providing the
system with model description capability. We can expect it being
very effective for non-programmer user to solve problem. As an
example, assume a user has a transportation problem and need to
obtain data concerning to it. The transportation problem may be
represented by means of mathematical model, say, a graph, which, in
turn is represented by means of database. Today, in using database,
he is required himself to have knowledge on what information in what
database and how to access it. But if the system has information
such as Fig.6(b), he will be permitted to use mathematical terms
such as 'arc between x and y' instead of 'the relation name' in ex-
pressing his problem. Further if the definition on the distance is
given to the system as ($28), he can express his problem in termsof

his specific problem. : In this case we need only three levels in
inference and less problems arises in heuristic operations. In
general, at most four or five levels of inferences may produce a

large effect in making the computers easy to use. This is the

first point we like to stress. )

Second, in the system, the problem is automatically transformed
and decomposed to the set of built-in functions in the computer.
Two kinds of processor are used : inference machine and program exe-
cution machine. In order to obtain processing speed, we need to
accelerate both processors. Note here that the processing algorithm
of both machines are, in principle, independent of specific problems.
The inference machine is defined on the basis of the uniform formal-
ism of multi layer logic and the program execution machine is the
- collection of processing units, each of which is defined to execute
a built-in function. Then, most parts of these machines can be
translated. into hardwares which can work concurrently. In
particular, we consider that the use of the database machine is
quite desirable. ' , ~

Many details have been remained undescribed. - Of particular
importance among them concerning to the subject described in this
paper are; organization of knowledge structure, capability to define
local world (frame) in the knowledge structure, capability of an in-
stance structure to inherit the attributes of generic description of
the structure and so on. We will, however, defer describing these
issues to the other paper. . .

Appendix

Let a formula K in the knowledge base and the query H be given in
.the forms of Ain...nAm3B and D¥ ...¥4Dn respectively where ¥ ,
i=1, 2, ..., n-1, denote i-th connective (either n orvuv). If nec-
essary, parentheses are to be used to precisely specify the logical
structure of H! Suppose B3D; is proved to hold for some Di: in H.
Then, we obtain a new hypothesis H' by replacing Di in H by ANn..
.eNAm of K and by modifying the domains and quantifiers of all
variables according to a rule described later. That is, '
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- (Yu/X) (Yv/X) [ (RELATION #RN: u v) > (ARC u v)] =
(Vx/X) (Vz/id) [ (RELATION #RY: x z) > (C—FILE x z)]
(x/X) (Y2/4id) (Yu/x) (Vv/x) [ (RELATION z: u v)

A(C-FILE x z) % (ARC u V)]

(a) An example of hierarchical structure

(Vx/X) (\7‘y/Y) (Vu/x) (Wv/y) [(LINK x y)n(TYPE u #o) o

v A(TYPE v #1i)3(ARC u v)]
(f=/X) ($y/X) [ (RELATION #RN: x y)S(LINK x 1
(\fx/X) (fz/id) W u/x) (Vv/chrct) [ (RELATION z: u v)
‘ N (C~FILEl x z)3(TYPE u v)]
(Vx/X) (Vzlld)[(RELATION #RC: x z)%(C—FILEl x z)]
“(Ux/X) (Fz/id) (Yu/x) (Uv/x) [ (RELATION z: u v)
N{C-FILE2 x z)>(ARC u v )]
W=/X) (Vz/ld)[(RELATION #iRD: x z)$(C-FILE2 x z)]

(b) An example of recursively defined graph

Fig.6 Examples of typical structure
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H'=DJ¥* . . .5 DAl n. . .nAL D¥Dihad ... & ($A1)
where D;, j#i and A, k=1, 2, ..., m, are f) and Ax respectively in
the original formulas but the domains and quantlflers of variables

are modified. H' of formula ($A1) is, in fact, represented by an
AND-OR tree which is obtained by replacmg the node D,, in the tree -
of H by the subtree Ain...NAm of K. :

Table AI :Imphcatxve condition on individual variable.

' R o Qu(0.) CONDITION
m . v v(3) XoY, .
: o v y) X AY:#¢
TIC ) E] v@3@) non-implicative
3 a(v) Xcy;
Qpi, Xi: Quantifier and domain of i-th variable in P
“ Qqi, Yi; Quantifier and domain of i-th variable in Q
START _ , _
If D: is implied by the simple for-
: mula C,i.e., C3D:, then Di is labeled as
o T(true) while, if C3»™D: is proved, then

= . D; is labeled as F(false). If none of
FigAl Deductive inference procedure the cases described above apply for all
. formulas in the knowledge base, then D
is labeled as U(unknown) This is the outline of the deductive
procedure. As shown in . Fig.A1, it is composed of four blocks named
SR, TIC, RR and TT.

SR selects an atom D: out of H, which includes one or more
universally quantified variable(s) "(including constants).

TIC, receiving Dz in H from SR, looks for a formula K 1in the
knowledge base that includes a predicate B such that Bsbi to Dz,
where and TE are the single atom formulas obtained- from K and H.
That is, B(and D:;) is obtained by deleting all predicates and
variables from K(and H) except those concerning B(and Di). K is
said to satisfy the implicative condition to H.

‘ Let
B =(Qper Xiy /X2y )en(Qpin Xin /Xin J(F X oeoXp)
ﬁ&-(Qq‘“ Yis /YJ! ).-.(Qq‘n Yin /Yjn )(F y, ...Yn)
Then, B3D: if and only if the =
following two conditions .are
satisfied (without proof):

(1) For every corresponding | O Cul0u) OCullid)  Z

variable pair, the rela-

Table A2 Derivation rule for quantifier and domain of new query.

tions shown in Table A1 e v %% VG;< + ZY
hold between their do- Y E o v v, EN RL
. . 3 aw v@3) X
mains depending on the
combinations of quanti- - v@ - v® Y,
fi ers. Xy € x, - (v 3(v) ) Y;
(2) There is no indices pair 3 — V@) X,
(i j) sueh that, in the v L= av) X,
prefix of @a they appear Ok, Xi; Quantifier and domain of variable in K corresponding
in the order of ...(Vx/ to i-th variable in H’
X)...(3 xJ‘ / Xj )‘6. . while, Oui, Y3 Qu.antiﬁer' and flomain of variable in H corresponding
in that of i, they to i-th variable in H”

appear in the order of .. Qs Zi; Quantifier and domain of i-th variable in H’

By /Y ) e (Wya /Y)Y .. :

In practice, “H, the negation of H, is wused instead of H for
deductive operations as the processing is simpler. In the text
however, the process is described wusing a positive H for ease of
explanation.

The set of all variables included in either or both H and K may
be divided into two <classes: those included in D; with' their
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corresponding variables in K and the remaining variables. These
sets are denoted x, and x, respectively. The domain and
quantifier of each variable in the new hypothesis H' of the form
- of formula ($A1) is obtained for each combination of the quantifiers
of the corresponding variables in K and H as shown in Table A2.

In the deductive ©process, RR takes charge of generating the new
hypothesis.

. TF watches whether or not the process terminates. , The
deductive procedure terminates either when the logical value of the
query can be determined or when the formula is resulted, which is
composed only of the procedural predicates described in Sec.3.3.
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