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Abstract

ROVALSL is a PL/L program which synthesizes quasi-
minimal formulas of the wariable-valued logiel system

under cost (or complexity) functionals desipgned by
a user Prom a set of available criteria. The paper
presents a brief functional description of AQVAL/1 and
raports current results of its application te two
pattern recognition problems:

1. The synthesis of a classification rule for
distinguishing between patients with cancer of the
pancreas, primary copcer of the liver (primary
hepatoma} and normal patients.

2. The design of spacisl filters for non-uniform
texture digerimination.

1, Intreduction

The concept of a variable-valued logic system (VL
gystem} was [irst introduced st the IFIP Working
Conference on Grophie Languages in Vancouver, Canada,
May 1972.1 This concept assumes that every proposition
{whieh conveys certain information or a deseription of
a physical or sbstract objeet) and all the variables in
the proposition (used to represent any objects, £.g8.,
ather propesitions) can assume their own number of
"truth-valuea' which are gelected based on semantic
and problem-orisnted considernticnz. This assunption
pakes the system easily applieable to a variety of
 practicel problems, in particular as a tool for

describing objects or classes of cbjects. The ascump-
tion is supported by the observation that humana wvary
and adapt the 'degree of truth' or 'descriptive
precision’ of their statements aceording to the needs
of the situation, And do so by changlng the 'degree of
truth' er 'guantization' of conecepts represented by
individual words or phrases in the statements. (E.g.,
when describing & person's height, different degrees of
precigion may be appropriate in various sitvations, so
we may say that someone iz 'tall', or is 'fairly tall’
ar 18 '@ feet 2 inches tnll'. Each of these phrases
implies the use of g different gquantization of the

coneept ‘height'.)

From the standpoint of formal logie, traditional
binary logic systems and many-valued logic systems are
gpecial cases of a VL system.

Paperl defiped and discussed a particular VL
gygtem, called b.I'LT Important features of the ‘.rl..l
system are:

1. The formulas of the sy.tem {called VI, formulas)
have very simple interpretation and cam be very
easily handled and evaluated (especially using
parallel-sequentisl techniques}.

a, The system is applicable for expressing and solving
a variety of problems of discrete mathematics,
especially problems which are intrinsically non-
linear or involve variables which are measured on a
nominal scale {i.e. when volues of the variables
gre 'numerical names' of ipdependent objects and,
therefore, arithmetlie relationships between these
values have no meaning). The last feature makes
the system applicable beyond the area of

applicability of established patiern recognition
methods, such ag statistical technigques {parametric
or nonparametric) or discriminant function methods.

The necessary condition for practical application
of the system is the computational feasibility of its
implementation, which means, in particular, the
gynthesiz and minimization of VI, formulas.

A computer program, called® AQVAL/1l, has been
developed for the nbove tasks and the first trial
applications of AQVAL/l to various problems were quite
satisfactory.

This paper gives a brief functional description of
AQVAL/L and presents current results from its applica=-
tion to two problems: the synthesis of classification
rules for medicnl diagnosis, and the design of a set of
spacial filters for non-uniform texture discriminaticn.

2. Definition of the '-"Ll Systenm

To describe AGVAL/1, knowledge of the VI, system

has to be assumed. Therefore, to meke the paper self-
contained, we will review briefly the definition of ‘JI.I

{as in paper® with slight modifications).

is an ordered

The variable-valued logic system '.'1.1

'qu.l.nt.upl-u-:

(X, ¥, 8y Ry By} (1)
where

X is a finite non-empty (f.n.) set of input variables
Xys Hgaeees Xy

whose domaing, called input or independent name sets,
gre f.n, sets, respectively:

HI’ Hﬁ"“’ Hn
where I, = [':'119?1-'-1’1]1 1=21,2,...,n, ﬁi--&
natural oumber.

Y consiasts of one ocutput wariable y, whose domain iz a
f.n. set, called output or dependent name set:

H=[0, 1, 24.--, K], K--2 natural nusber,

(Constants in N m:euent'tmth-ralua!‘ which may be
taken by statcments (formulas) in the system. )

8 1s the set of 13 Improper symbols:
= £V A -~ » ¢ [ 1 0 ) 5 =
R, is a set of formaticn or syntactic rules which define

well-formed Tormulas (wffa] in the system (VI
formilas )¢

* The name AQVAL/1 was derived from 'Algorithm A2
applied for the synthesis of Variable-Valued Logic
formulas.



y{e} 13 called the mumber of the event &. For example,
the number of the event e = (2,3,I,5] in the space
E(5,4,2,5) i85z #{3) =4 + 1'5 + 3.2.5 + 2.4.2.5 = 119,

Assuming that the domains of varigbles in the
formula (2) have cardinalities: c(ul]l =3, Q{HEJ =6,
BIHS) =7, c[‘l!h} =2, c(HE] = 5 and the cardinality of

H, c(H) = 5, the formula is interpreted as an
expression of a function: )

f: E(8,6,7,2,5) = [0,1,2,3,4) (3]

In practice we ususlly deal with functions which
may have an unspecified value for =ome events, that is,
with functions:

f: E-=H (¥ (71
where * demotes an unspecified value {'don't cara'),

An incompletely specified function [ ean be
considered equivelent to a set [fi' of completely

specilfied functions ri. each determined by a certain

gzsignment of specified values (L.e., values from f)
to events e for which fie) = » 3 VL, farmula which

expresses any of these functions I‘i will be acceptad as
8n expreszsion for L.

Functions of the type (7} will be called wnriable-
valued logie functions [VL functiens).

In general, there can bte a very large number of ‘.'11
Tormilas which express a given VL function {U‘Lr

expressions of ). Therefore, a problem nrizes of how
t0 construct a formula which is minimnl under an
assumed cost (or complexity) fundtional, Depending on
the spplication, different properties of 1.."1.1 formulns

may be desirable when expressing a given VL function,
€.8., the minimal mmber of terms, of zelectors, the
mioimal 'cost' of evaluation, ete. Thus, it ia
desirsble that in a computer program which synthesizes
minimal VI, formulas, there be available a number of

cost functionals, from which the user may select the
most appropriate for his type of application. - For
computational feasibility and convenience it ig
degirable to assume, however, ihat the avallabile
functicnals be expressed in ene standard form. .

In the program AQVAL/1 (see Chapter ) which
synthesizes and minimizes disjunstive simple VII
formulas fU'u't.l formulas), a functional 4 measuring
their minimality is assumed to be in the farm:

A =<a-list, v-list> (a)
vhere

a-lizt, called sttribute (or criteria) list, is a
vector a = tal,a.f,...,a!,'l, where the 8, dencte

single- or many-valued attributes used to
characteriza .'I}'.I'L.l formul as

T-list, called tolerance list, is s wector
T m ':'1"2""‘715’ where 0 3 Ty S 3 [
i=l,2,...,¢, and the T, are called tolerances
for ettributes By
A mrr.l formula V is said to be a minimal B'ﬂ.l
expression for f under functional A iff;

alv) & A(v,) {
where
Av) = (a,(V) , 8,(V) 4uue) 8 (W)
ijJ = (alivj}, aghrd},..., nl('.rd}]
aI(V}, aifarj} dencte the value of the attribute 8; fo
formula ¥ end v.i’ reapectively, '-rd. F7l3233 000 ==gll

irredundant mrr..l expressions for f (a D“'l expression
is called irredundant i1f removing any term or selecto
mikes it no Longer an expression for ).
% denotes a relntion, called the lexicographic order
with tolerance 1, defined as:
a.lﬂfj:l-al{?}}'l']

"

ar Oiol{'-"d }-31{?]5"?1 and aE['."JJ-a?(\I'}.-

AlV) -Ea.{vJ} if
?l‘ -

or S SR L . | ljf?dj-afli‘-'_]a

Ty = tyle

A -m?x{aif‘-'jj}. 8 n -mjn{ai{‘-"ll}

e ainin}’ i=1,2,...,¢

lote that if t = (0,0,...,0) then ¥ denotes the
lexicographle crder in the ugual senmse. In this cage,
A will be specified Just as A = <p-list>,

To specify a functional A one selects a set of
attributes, puts them in the desirable order in the
8-list, and sets values for telersnces in the T-ligt.

[ Synthesis of ‘-"Ll Formilas

%.1 Basic Concepts (rom Covering Theory

The . synthesis of a minimal V‘Ll formuls for

expressing a given furction f under 2 functiona A is
based on the results of covering theory 2:3s%,5,6,
This theory deals with the problems of expressing sets
as unions of certain standard subsets { "building

blocks') called complexes. One of the basie concepts
iz that of a cover of a set against another zet.

Let BJ' and B be disjoint event sets in & univerge

E and sets i :
L J—] x:‘ (10)
1el
where L= Hi.’ I=([1,2,...,n) {11}
x‘i" O e B 1 €A1 (12)

'building blocks' which are used to express event sets.
Event sets L are called cartesian complexes and sets

f"' -=cartesian literals.

i
A gartesian cover C{Elll-:o]' of set on against £ 1s
a set [I.i; of cartesian complexea Ly such that

E g Ur.i ¢ E~£° (13)

If sets Ai are restricted to sequences of conzeputive
numbers from Hy, then the complexes L are called




determining the walue of variable xi, and I is the
set of indices of those variables (among Xy 1Epsress
X specified in the input data) which sct?uall:r
appear in the output Tnl'l.1 formala,

b. g(V) - the 'degree of generalization' defined as:

&(V) g; f f

=l =l

g(L,) {13)

where
elly )

Yomm A
gLy, c{L“I"! =

LM--t.he set of events whieh sabtisfy® the f-th term
in the sequence of terms in V with the constant

L --number of terms with the copstant k

gy -=total number of terms in V
Fa [e|f(e) = x)

5. oV} - the ordering criterion {not single-valued
attribute). This criterion can be used when events

in each set I’-‘k, k = {,f-1,...,0 are assigned weight
w(e) (which represents,e.g., the frequency of even’
occurrence or 'importance' of the event} and a E'Ll
formila is desirable, in which the first term

Tkl of each sequence of terms I[T];,T;,...} with
constant k, kX = K,¥-1,...,1 will have maximal
possible weight H{'l'kl}, then the next term ‘JI; will

have the maximal possible weight, ete., where:

Wr) = T wle)

szi

(20}

and B:--the set of events from Pk, which satisfy
If, but do not satisfy 1.{_1, T:-E""‘
Formally, o{V) = ﬂ-w{'rl}, -HI:TEI,...:‘ and minimum

oV} means that

ol(V) « u{'lfi] (21)
where Vi--a.ll other VLl formules expresging [
< the lexicographic order

6. 1{¥) - the total length of references:

t
Hv) = T} {22)
( :,).:1 (ry

whare

#ry) - iiEIJ tx,)

£ By set of events which satisfy the term T is meant
the set of all events which satisfy every selecter
in T.

I,-~the index set specifying variables ocecurring in

J selectors of the term TJ

g{xi]--the runber of constants in the compressed
reference of the variable Xy iel

t--the number of terms in V

T. r{V) - relative scope of references:

(V) = i r(1,) {23}
J=
where
e
r(r.) = Z [ :ruax-cmin+l ]
J e, | fe'M
cmin,cmx--ndnim and maximal value in the

reference of the variable xl,

1, (x;)--the number of constants in the extended
form of referesnce of variable xl,

t,Ij--deﬂned aa previously.

5.3 Type of Variables
-

A simple selector [xift]‘, #e (mf, vhose
reference ¢ is €yic, OF ¢, is called cyclic selector.
A cycliec selgetor in which '#' i3 Just '"=' 1s called
an interval selector.

If we want the ULI formula te be synthesized to

inelude only cyelic (interval) selectors for a given
variable x,, then x, is called {in the program) s

»oyelie (interval) varisble, otherwise a cartesian
Yariable. -

AQVAL/1 permits a user to specify the type {eyelic,
interval, or cartesian) of each input wariabie
independently. Some guidelines for the specification
of the type of the input varisbles follow.

Intervel (and secondarily, cyelic) selectors are
usually the simplest for evaluation (depending, in
general, on the way the selectors are represented and
on how the formula iz evaluated--by a computer program
or by a specialized machine), Also, the synthesis of
minimal vﬁ“ﬁ.m“ usually toakes considerably less
computational time and memory if variables are specified
as interval (or secondarily, eyelle) rather than as
cartesian variables, On the other hand, 'ﬂ.l formilas

with interval (or eyeclie) selectors will usually have
considerably more terms and selectors than formulas
obtained when no restrictions on the selectors were
asgumed.

If a variable takea values which have natural
linear order (e.g., represent temperature, height,
length, grey-level of a picture element, ete.) then it
i3 usually advisable to specify it as an interval (or
eyelie) variable. If this is not the case (e.g., the
varisbkle represents & set of independent objects,
relations, properties, ete, i.e. iz measured on &
neminal scele), then the variable should be specified
as g cartegian variable. :

5.h Restricticon Parameters <mz,cs>

Parameters <ma,cs>, called max-star and gut-star,
are 'tree pruning' parameters which are used to control

7



Admitting Information 1

Xy = fge (years) {hju?}
Blood Biochemiztry & lematology ~

¥, - Sodium (meqft) (h,, =h)
K:"d; - Potnssium (men/1) {i]E;=5]
X 2 = Chlorides (mea/1) {hoz=h)
x;n - Festing Glucose {mg/l0C me) {1)§H=?}
X,q - Blood Urea Hitrogen (mg /100 me) {he!}-ﬁ}
xfa - Serum Olutamic Cxaloacetic

s Transaminase (5G0T) (units) {hjﬂ'?}
Xy - Alkaline Phosphatose

E |King-Armstrong units) I:h‘.li-é}
Xy, = Bilirubin: Total (mg/100 my) (hyy =6)
x;g - White Cell Count (# per mm>) (n%:é}
x5, = Hematoerit (4) ; Ifh“g-E]
x?; - Neutrophiles (1) (hi-=5) .
%7 - Eosinophiles (1) [h?‘g.u)
xl:l - Basophiles {7) {h;l=5}'
% 5 - Lymphoeytes (1) (b, 5=5}
xJ;} - Monocytes (4] fhna'sj
Urinalvsis

x = Casta (count) [hr5=“}
xlig - WBC/hpf (count) “"Jf‘o:s)
th:.r - RBC/hpf [eount) [hh:j}

The ranges of variability of each of these varisbles
were quantized inte discrete units whose mumbers {hi}
are shown on the right-hand side of the above list
(the quantization was done according to the thresholds
deseribed in Loew?, cmze 'A'), Thug, the dakta
characterizing each patient (i.e. each eaze) cmn be
considered an even® in the spnee E = E(7,.,5,4,7,3,7,
51616!'6:5rhrﬁlﬁrjjhpsgs}- All veriables were assumed
to be interval.

The set of BT events characterizing patients with
elther case of cancer {'cancer eventa') was parti-
tioned into two sets:

. learning set of 4O events,

™ . testing set of LT events.

The set of 63 events characterizing normal
patients ('normal events') was partiticned into two
sets:

| learning set of LO events,

17 - testing set of 23 eventa.

The learning sets consisted only of completely
gpecified events; the testing sets included completaly
and also incompletely specified events.

AGVAL/1 was applied to find two formulas:

Vle/n) ('eancer versus normal') and V{nfe) ('normal

versus cancer'), D"JLI expreasgions of o function
f: E = [u,l) {24)

which satisfies the conditiona:

[e/r{e} =1) =F° and [eff{e) =0) =F" - for vie/n)

{efle) =1) =¥" and [e/f{e) =0) =F° - for V(n/e)
Such a patr of formulas, (V(e/n), V(nfc)),is

:a.ue? a conjugate poir of formulas and is dencted by
¥(c*n). S

Assuming the cost functional A = <(t,s,z)> (vhere
:{:lc_l]', coats associated with variables x,, were all

asgumed t0 be 1) and restriction parameters <ms,c8> =
<15,5%, AQVAL/1 produced the following formulsa:

1. v{efn) = Ex}a=2:hith2n€}][xh}{0] W
(= 3:51 x5 43 )ity a2 (x5 ) [, = 1:3 ) [, =0 W
{xjaﬂ[xw-l][xjaafhhl Vo De=2,3]{xg=3]1 (25)

The formula comprises L terms, which consecutively
cover {or are satisfied hy) IEB.EBS, {7.7), (6,3) end
(2,2) events in the set FS, respectively (the first
nuzker in each palr denotes the total number of events
covered by a given term, and the second--the number of
events covered by a glven term and not covered by any
of the previcus terms)., The formula depends in toto
on only seven variables ocut of 19. The execution time
on the IEM 360/75 was = %9 seconds.

2. Vinfe) = [xe= 1:3](xg85 ] (xgy st Mg =1,2] A
Alxﬁfap.i]hhs““] {26)

The formula comprises only one term (whieh covers
all ko events) nnd depends in toto on only six varisbler
{out of 19}, (Hote that with one exception all
variables in this formula are different from those
used in the formuln V{efn), which ls quite surprising.)
The execution time was = 22 seconds.

The faet that ¥{n/e) haz only ens term and is
considerably simpler than W(e/n) {4 terms) seems to
confirm the common intuition that cases of 'normal
health' are more or less similar, i.e. all parameter
values fall simultanecusly into eertain 'normal’
ranges, unlike cancer cases whieh may be quite
different because they may represent different types
of cancer. (Wote that in an interval DL‘I.L formula

each term corresponds to exactly one multidimensional
interval in m subspece of E.)

Translating the mi valuas of variables back inte

real values of tests (expressed in units given in the
1ist of variables), the formula V(n/c) can be
parsphrased:

[3< - iﬁ][xag 5253&:}0 s90][5 ‘ﬁty_ £25] A
A [5000< x,¢ 511000} x, 5 51 (27)

[In the bookl? 'normal' ranges of the wariables used
in this formula ere listed as: 1§ s:qu £5; 9 i‘gg =203
v
=="n

10 8%, =403 4 ixm 1% LOOD £x & 2 11000; X5
few casta may be present normally', page 164, )

The formulas V(c/n) and V(nfc) were appiied
individuslly and jointly (as n conjugnte pair) to
clazsify events in testing sets T and TA,

In individusl testing of the formilas we assumed
that: Wie/n) preduces a correct result when a 'cancer
event' efT%, iz covered (L.e. setisfies the formula),
or a 'normal event' ecT", is not covered by the formula;
V(n/c} produces a correct result when the opposite is
true, i.e. an eeT" is covered or an ecT¢ is not
covered.



2. vipfe) = Irl=ﬂ][x51=21fr}5=:?:h][x!.,'::}] '
Eth-E:hl[xEéaj][x?_ﬁg2][xja=3]

ExEBHE:il[xw-h}]ix}rlrE] (29)

The formula eomprises 3 terms, which consecutively
cover (9,9), (5,5) and (5,t) events, respectively, in

set FF, The forpuls depends on 10 variables, 4 of
which “Eh' Xags Xag) x}'}] were used in the formuln

Vitfp). Tne execution time was 56 seconds,

2, Testing phase

The formulas V(#/p) and Vip/t) were applied
individually and jointly to classify events in testing

etz 'l‘! and TF,

The perforsmance of tlie formulns in hoth cnses WEE
summarized in table 3, Sinee the purpose of the
formulas was to diseriminate belween two forms aof
cancer, lhe performance cntegories in joint testing
were chosen slightly differently, as shown in the
right half of table L (diseriminntion categories ).

As_can be observed in table %, the performance of
the formulas in individual and, as well, in joint
testing was completely unsatisfactory (with the
exception of classification of panereas events by
formula ¥(#/p}, which was 95% correct). HNote also that
the joint testing gave a very high percentage of
indecisions {33%).

There can be few poteptial reasons explaining the
results:

(1) the size of lenrning sets was too small for
the program to make & proper generalizat ion,

(2) the 22 variables used in the experiment,
which are all general medical tests, may not
have included any testz which are relevant
in a sufficlent degres to the digtinetion
between cancer of the pancreas and cancer of
the liver, thus ruling out the possibility
of obtaining positive results in thia
experiment,

(3) the quantization of variables was not fine
enough ’

{4) the type of generalizations of input data,
which AQVAL/L is able to produce, is not
adequate for the particular problem,

{5) the medieal data which we used had errors
(e.g., some cases listed im ocur data as
cancer of the pancreasz cases might have been
in fact cases of cancer of the liver, or
conversely).

1. With regard to reason 1 (learning sets too small),
recall that the learning sets included only 16

{set F"} and 18 (set F&) events, which makes it
quite probable that they were of insufficient gize
for making adequate genmerslization. (To more
clearly imagine the problem, note that the Program
wag given enly 16 + 13 = 3; specified events out

of = 3.5'1015 events constituting the event epace.)
2. In view of the present poor results as compared to

the previous quite satisfactory results (1004 of
cages of cancer (47 cases) were detected), reason

2 {irrelevant variables) seems to be more probable,
Hamely, in the cancer detection experiment, AQVALSL
wag able to produce good rules also based on
relatively small learning sets -- 4O + A0 = 80

specified events sut of = 2,10%" {though = 100

times larger, relative to the size of the event
space, than in the cancer discrimination experiment)
Thus, it seems to imply that the verisbles used in
the experiments were sufficiently relevant for
detecting the cancer but were not suffieciently
relevant for diseriminating befween the two cancers.

3. It is matural to expect that di fferences in general
tests, which were used in the experiment, will be
much more subtle in 44 stinguishing between two
types of cancer than in distinguishing between
cancer (either type) and 'normal health', Theree
fore, for the cancer digerimination experiment a
much finer quantization of variables might hawve
been required. Since essentially the same
quantization was used in the ecancer detection and
the enncer discrimination experiments, reazon 3
(quantization of varlables not fine enough) isg
perhaps a very significant factor here {new
experiments ucing a finer quantization of verisbles
are desirable).

% Peason b (inadequate type of generalization) seems
uniikely in view of the good results of the First
experiment.

5. FReason 5 (incorrect data), of course, would
undoubtedly cause bad results, if true,

Finally, it should be noted that the problem of
cancer diserimination using general medical teste is
nat of very significant interest for medicine becauge
there exists a specific test ('alpha-feto protein
test') which ean engily Jdiseriminate between these
two cancers (once the presence of cancer has been
uetected). This imparts a greater vnlue to the
experiments on cancer detection than to those on
eancer discrimination, when only general medical tests
are used.

6.2 Texture Diserimination
— s St iminaticn

This experiment deals with a problem of describing
and diseriminating non-uniform textures, AGVALSL
together with zome auxillary programs has been applied
to a solution of this problem. Far the lack of space,
we will give here only a very brief deseription of the
general idea of the method applied and then illugtrate
it with an example (various aspects of aafl-ler versions
of this method were described in papersl,13,1),

Suppose there is glven a set of texture claosses
{':'k}, k=0,1,3,...,, =nd the problem is to find an
operator t, vhich applied to any texture TF ¢ T°
produces the yvalue tI{Th} = k. We will assume here that

the T ¢ 1%, k=0,1,...,}, represent digitize textures,
namely @ x B matrices with entriea, called picturs
elements, being positive integers between 0 and some
number g, inclusively. We will also assume that the
scale and positicn of the pietures of the real textures
are 'appropriately' adjusted before the scanning and
digitizing operations are applied (for learning and,

ag well, teating phases).

The operator t (a 'texture deseriptor') is assumed
here to be a compomite operator:

E=@,08,9 00 )od (30)

m



——— — b -5 &

&' - of events which are in ' but not in 5,

2 _ of events which are in both E° and EV.

Columns o(El), <(7) and o(i7) give the length of these

sequences. In constructing the filtering operators ¢1,
a cutting operator (considered as a part of the
operater EE was spplied to the sequences jo and 31
"which: e e
1. removed from £° and EcI all vectors which cogcur in
these sequences less then r times (r - coourrence
threshold),
2. computed for the rest of vectors the parameter 3,
defined as:
1
Ao} = —EiE (z2)

e(Eh) + e(e”)

where e(E'), e(E°) - number of times the event e
oeceurs in El and Eu, respectively.

3. removed from EU all events for which A > 1b, and
frem El - all events for which & < ub, where 1b and
ub are parameters called lambda lower bound end
lambda upper beound, respectively, 0 < 1b 2 ub < 1,

h. produced sets .I'O and Fl consisting of all distinet
events remaining in sequences £” ana Rl, respec=
tively (note that due to the operation 3, FO and pt
are disjoint). Columns Q(E'U) and c{F‘l} glve the
numbers of events in sets F- and E"l.

The experiment consisted of six computer runs(jobs):

1,2 - in which operators v were conatructed as 'rLl
i
formulas ".I'I,'E'l,"Flj, which mssume value 1, if an
event e ¢ FB and value O, if @& ¢ F‘l.

were constructed ss
formulas F{Flfi‘o:l which assume value 1, if e ¢ F‘l,
and value 0, if & ¢ F‘o.

3:%,5,6 = in which operators v

In table ke by vm{s-c'frl} is meant
v I:FﬂfFl:l oV f.?nfl'l}, i.e,, first is applied operator
o B 0, 1 £ /0 1,0
W (E/F7) and then V,(F/F B (v (P, ﬁE}{F /F),
ete., have snalogous meaning. )

Parameters ¢l and ct (table Lo ) called correctness

ratie for learnimg area and correctness ratio
testing area, respectively, are deflned:

ar
—

cl.:% ct *%

where CL and CT are total numbers of events which
formula classified correctly (i.e., produced for

them value 1, if e ¢ E1 and value O if e ¢ E:O}, in
learning and testing aress, respeetively, T and TT
are total number of entries in learning and testing
areas, respectively,

Figures 3b,c and Figures b,c show the transformed
textures of lst and 2nd lteration, i.e. » rasults of
applying operators -ti =aoloporvwr, i=l,z, to

pictures in figure 15 and figure 16 where a, f, p and v
are defined in table 1 (jobs 1 and 2}, As we can see,
the densities of "0s' in figure 3c and 'ls' in figure

Le are very large, both in learning and testing areas
{they are measured by cl snd ct). Thus, the operator
d will give the correct recognition decizions even if
the samples taken from pictures in figures %e and he
are relatively very small {recall that the deciczion
will be correct if: the number of '0s' is greater than
the number of 'l3' in a sample taken from the testing
area in figure 3c or, if the number of 'ls" is greater
than the number of '0s' in a4 sample taken from the
testing area in figure ke).

T. Concluding Remarks

Let us briefly summarize the mest important
properties of the VL, system and its AQVAL/1 implemen-

tation, from the application viewpoint:

1. AQVAL/1 logically infers quasi-minimal VL, formulas

{under an assumed cost-functional) from sets of
events representing 'facts' or 'true' statements
about any objects or classes of objects. This
process is protlem-independent; it iz based entirely
on  logical properties of the 1.11:.1 syetem.

2. The VI, formulas inferred by AQVAL/1 are expressions

of a function

r: Hle . J—— an-H

. 2
where Hi' i=l,?,...,n and H are f.n. sets of non-
negative integers.

An important property of the '-'1'..1 system 1s that
every such function can be expressed by a 'ifI-l

formula, Since a large number of problems from
different fields, in particular various pattern
recognition problems, can be formulated =s problems

* of finding an expression for such a function,

AQUAL/1 has = potentisl for broad application.

3. Tha system can be especially useful for solving
problems which are intrinsically non-linear op
involve variables measured on nominal scale (1.e.
values of variables denote independent chjects and
arithmetic relationships between the values have no
meaning; such variables are specified in the
program as cartesian variables}, This is a very
unique feature of the system.

L. The 'UI.]_ formlas are very simple for interpretation

and evaluation. (When only interval variahles are
uzed, they correspend to decision rules involving
only hiperplanes perpendicular to individual
variable awes. )

5. AQVAL/1 sutomatically reduces redundant varisbles.
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Event Fxtraction Step
Job Job :
Humber | Deacripticon 4 & Execution -
Pleturea A . & P (£ u!El':I o %) |Cutting Dperator cl.'!‘DJ u{Fll Time
e 1 o (LA
1 L itepation | Fle, 15 | . L. |p 168 | 129 & | 2 |<0.25 | ~0.75] 81 81 L
for F'/F e 3,3 "2 M1
{grig
with
nolse)
2 2 tterarien | Pie. 16 e 111 | 159 2|2 | ozs| o.rs| 111 | 159 ko
ror E“Sf' AT ‘11|tz P2
o s| 1 b
3 1 it=gation L 225 152 B8 | 3 0.5 a. 92 5
for Fi.-‘?ﬁ .30 "% [Pz
s 2 itepaticn e 288 | 296 15 | 2 | 0.25) 0.75) 101 50 L1
for F-/ ﬂ]-,-:l. 2 P12
5 3 iteration i T ™| 1 3|2 | o2s| o0.75] 26 sk kL
for ¥/ 1,1 2 12
& b iteration 17 93 o2 | o5 o150 15 ar 38
for }"{ff‘& a-'|-.l L Pz
& - averaging cperator T = oecurrence threshald
L = grey=level cperator lb = lamba lover bowund
P = event-shape operator wb - lamba upper bowund
a.
* AQVALS1 Step
Job
HumBer g vent Space Restriction [ Cast- ve, for | #or ¥ of Execution
and h S 4 C8 # Functional A Formula Terms | Selectors | Variables | Time{5ec)
12 times
1 |jel2,2,2.2,2.2,...2) e-list:(2,3,5) g
2 <1,1s t-list:10.1,0.1,0,1) | v, (F/5%) | 22 11 12 132
2 " <1,12 " V77t | 12 58 12 126
g-1tmt: (1,273 0
3 u 1,1 t-ligt:(0.1,0.1,0,1) vltr"ﬁ- 12y 117 12 138
a-li.t:it,].jj
y " <1,1» t-1et:00.1,0.1,0.0) | v (F/e%) | 8 ® 12 67
5 . <1,1» - vyt | 2 b L 3
6 " 1,10 . vl 2 L . 6
b
Filtering snd Testing step
{application of the cperetor: aslepay )
Plcture 15 Pleturs 16
Correctness | Correctness | Correctnens Correctness
Job Ratio for Ratic Batle for Ratio for
Numbe 1 Operator ¥ | Leamning Teating Learming Teating Execution Time
Area (el) Aren (et) Aren (21} Aren {ct} {aae)
1w %F 0.784 0.835 0.8k 0.785 k2
2 |jv. (Y 0.989 0.998 1.0 0.911 33
1 (v ete® 0.833 a.870 0.918 0.735 ko
1 i
O | ERear 0.958 0.97% 0.946 0.921 31
s | rteh 1.0 0.997 1.0 1.0 25
5 li;,{rlfrui 1.0 5ol 1.0 1.0 26
C.
Summary of the experisent on texture digcrimination
Table & . 1?



