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Abstract ~ The paper proposes a principle of pattern formation and recognition, which meets the requirements

of self-contained adaptive control.

INTRODUCTION

As will be recalled, pattern recognition theory
[1, 2, 3] presupposes the use of a priori information in
the form of a learning set, a classification principle, a
class alphabet, and a dictionary of features, among
other things. It cannot be doubted, however, that this a
priori information must, in the general case, be gener-
ated as part of a unified process interrelated with recog-
nition. This stems from the general statement of the
problem of object control, where the object interacts
uniquely and independently with an environment
whose properties are little known a priori, if at all.

This problem has of late béen growing ever more
important in practical applications of microprocessor
control (in medical equipment, robots, deep-water
probes and space probes, etc.), in data-processing sys-
tems, in artificial intelligence systems, in the analysis
of biological control systems, and in cognition theory.

The general cybernetic issues bearing on the present
subject are examined in Ref. [4]. However, the control
theory which would fit in with the above statement of
the problem now lies outside the author’s field of view,
except perhaps the control concept set forth in
Refs. [S- 7]. This concept maintains, among other
things, that the unique interaction of the controlled
object (CO) with the environment makes it necessary to
match the pattern formation and recognition (PFR)
principle to the action generation and decision-making
process.

This paper will attempt to expound the PFR principle
proper, matched to the above control concept, while
divorcing it from the decision-making process, wherever
possible.

1. STATEMENT OF THE PFR PROBLEM WITHIN
THE FRAMEWORK OF THE NATURAL
CONTROL CONCEPT

The statement of the PFR problem in a system satis-
fying the principles of natural control [7] stems from
the formal method of system description [S] and from
the principle underlying the organization of control
systems [6, 7].
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1.1. Formalization of System Objects

By macroobjects we mean the entities which form
the system covering, such as the environment, the con-
trolled object (CO), and the control system (CS), and
their unions, intersections, and complements. We will
represent macroobjects by directed, weighed, discon-
nected graphs and subgraphs and define them by named
pairs which denote the set of element-representing ver-
tices and the set of effect-representing connections [5].
Formally, a macroobject is identical to a system ele-
ment. An element with zero output arity is a sink, and
an element with zero input arity is a source. The law by
which a source operates is not defined. The various
measures of an action will be called its degrees of free-
dom (DFs).

We describe each macroobject in the following
order: (I) the name and designation of a graph,
(II) input connections of the graph, (IIf) the elements of
the object incidental to the latter, (IV) DFs of input
effects, (V) DFs of the input effects sensed by the
object, (V1) output connections of the object, (VII) the
elements of the object incidental to the latter,
(VIII) DFs of output effects, and (IX) DFs of the output
effects initiated by the object.

1.1.1. (I) The system or environment in the strict
sense L(V, E); (1) - (IX) is not defined.

1.1.2. (I) The environment in the broad sense
WV, EYcl, VcVECE DY, Y, ... Y,

Yo 1Yl = K. (D) Y € V. V) Ye({D1}, {93}, ..
W} o (0D DAY S Y% Y, e {9)h

:{t)”} where Yy € (1, 2, ..., G) and T" = {w,}.
(VD X0 (X0, Xs, oo Xy o X Xl =M (VID X, C V.
VI {5} () - { L} oo {5e))- @0 {27 Y {1k

,Ee{g,,}\pe—{&,e},whereee(IZ ., E) and
W= {We)

1.1.3. (I) The controlled object N(D, F) < U;
DcV,FcE,DnV' =A(empty set), FN E'=A;

DUV'=V;FUE cE. (DX, (1) X}, = D. (IV) %.
WM B YUy ek {5 e (£,
={gf‘}, where t € (1, 2, ..., M) and X = {y,}.
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(VD Y, (VID Yz < D. (VL) Y, (X) (Y]}

(01U LYY ihk v;, € {0} v=(Y) )}, where
je (1,2,..,K)and T = {Dj}.

1.1.4. (I) The environment in the narrow sense
WV EYCW, V' e VE CE (DY, (01 Yor oo s Vao o0

yi Y =LA ¥ € V" (AV) F({@:}, {@:}, . r {Pa},

o) V{7 e {od; 0F (€ {071 8 ={0F  }»
where { € (1,2, ...,2) and Z= {&}. (V]) Xp(x), X3, ...,

Ko oo Xp); [Xpl = P (VID X§ € V" (VIID H({x,}, {1,
o A} v {6 X {6} € {x}; K, € (K] %
He={x, }, wherege (1,2, ..., R) and T = {u}.

1.1.5. (I) The control system SB(W, C) c R; W< D;
C c F, Wand C are of informative nature. (II) Xp, where

x,€ Xpis an input pole. () Xp ¢ W. AV) K. (V) {7 };

(IO a{rd K € (K} vg={K,}, where
Ee (1,2, ...,N)and E = {V¢}. (V) Y,, where y, € Y,
is an output pole. (VII) X}, < W. (VII) &. (IX) {(pf};

{or} U {92} < {@h 97, € {oFh 0, = (o},
wheren e (1,2, ..., Q) and Q= {9,}.

1.1.6. (1) The sensor unit (SU) © < I
(II) through (V) correspond to (II) through (V) in &
(VI) through (IX) correspond to (VI) through (IX) i
the environment X2,

1.1.7. () An actuator (Act.) € c N. (1) through (V)
correspond to (II) through (V) in the environment {3
(V) through (IX) correspond to (VI) through (IX) in $i.

The laws by which the objects ©, R, W, B, D,
and € operate are defined, respectively, by the rela-
tions:0: > Wands: T2 X;0: X>T;w:Z>7Z;
b:2E-5Qandc: X Z;d: X>5X;e:Z>Y.

We define the following relations: g, : Y = T a, :

‘{’——>X;a3:2—95;a4:Q—>Z,andB:{Kf}—){lc:}.
We will also use other notation, such as X, = v;s or
;5% where Ve Y and X, € X. Time T = {t} is deemed
discrete; ¢, marks the instant when the CS begins
operating, f, is the present (or current) instant, and #
marks the final instant or the instant when the CS ceases
operating, Further, t;, 1, ;e T.

1.2. The Controlled Interaction

We call the sequence of routes in 11 which begins at
a source and ends at a sink a macroprocess, and call any
part of the macroprocess a process. A process may
include or be a cycle.

In Ref. [5], a controlled interaction (CI) is defined as
a cycle running through the CS, the Act., the environ-
ment T, and the SU. To a CI cycle there correspond
morphisms (Fig. 1).
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If a process contains a number n of CI cycles, it will
be described by the product of relations

v, basea,oay, (OS)"_IXlzdasvgz’ (D

which must provide a mapping onto itself for each set.

Because all of the “control function” in a system is
concentrated in operator b, we turn to the representa-
tion of the system as a pair of macroobjects, Qﬁ and B,
to morphisms (Fig. 2), and to the product of relations
Ve, (bg)" Ve, identical to Eq. (1), where g : Q — E.

1.3. Reflection. Pattern

Definition 1. If 11 and R each has a pair of elements
s, and sy, respectively, such that s, is a necessary condi-
tion for s, to exist, then s, is a reflection of element s
onto M.

Definition 2. If I1 and B each has a pair of ele-
ments s, and s,, respectively, such that s, is a necessary
condition for s, to occur, and satisfying a certain con-
nection index in B is a sufficient condition, then s, is a
pattern of element s, in B, and s, is the prepattern of
element s, in 11. A pattern is the form of existence for
a reflection in 8.
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A PRINCIPLE OF PATTERN FORMATION AND RECOGNITION

We call the finite, constant-power set of specialized
elements in B intended to store information the mem-
ory I of the CS. A memory element is characterized
by its state which can vary with time.

The set of memory elements that could be identified
with the patterns

BO0,, 0,, ..., 0,, ..., 0y, (2)

where O, is the designation (which we call a pseudo-
identifier or an indicator) of the ®w-th pattern and J is a
constant is called the memory of patterns we call the set
the memory of formed patterns LO = {0,} < MO
and ILO! = k — var(¢) conceived in CS.

1.4. The Statement of the PFR Problem

Let there be specified X;, I and M, and let the law
g be unknown for ¢,. However, the CS establishes a CI
in the manner described in Refs. [6, 7] and maintains it
for an unspecified length of time. Consider the possibil-
ity, under the circumstances, of organizing in the CS an
apparatus which could solve the PFR problem automat-
ically. In seeking a solution, we use the approach out-
lined in Ref. [6], and in reasoning we adhere to the
principles laid down in Ref. [7].

2. CONTENT AND FORM OF INPUT
INFORMATION

For the CS, the source of information about system
U (input information) is the set X.

2.1. Content of Input Information

The content of input information is determined by
the set of macroprocesses in system U incidental to the
input poles Xp. We partition the macroprocesses into
processes, and the latter into routes joining macroob-
jects (Fig. 3). Now the content of input information is
determined by the infinite number of all chain-linked
routes terminating at Xp.

We denote the set of system elements corresponding
to the end of a route by the symbol “h.” (for “head”),
and the set of system elements corresponding to its start
by the symbol “t.” (for “tail”’).

Then for Xp we immediately put {h.dx} = )~(',!
({h.yx'} U {h.Rx"}) < {h.dx) 3)
and {h.yx'} N {h.Rx"} = A. Also, for X, we indicate that

Xu = {h.©x} U (h.yx), (h.Gx} N {hoyx) 2 A,

X, = (taxy"} U (txR") U (tdx),
(txy"} U {txR) A {tdx) 2 A,
{txy"} N {t.xR"} 2 AL

PATTERN RECOGNITION AND IMAGE ANALYSIS Vol.2 No.3

251

Sink&

Environment

GG

~ o
It is necessary to consider the relations Xy — X,, and

X i;) )-(};, We assume that X, N X, = A. Note that in
the CS
Xp = {txy'} U (xR}, (4)
{txy)n (xRN} =A

and take into account the relations )~(';§ 3 X, and
X, - Xp. Note also that X, N X3 2 A, X O Xb = A

As is shown in Ref. [5], there is a nonzero probabil-
ity for any macroprocess to be influenced by each of the
remainin macrogrocesscs in the system, including

GG, RN, and RN

The elements )};) are incidental to X, and )~(',; and, in
consequence, to the ends of all processes terminating at
Xp. The DFs Z are the attributes of X, and, by the same

token, of the elements Xp. In effect, the set = consists

~ of informational elements belonging to the CS and

dependent on input information. Hence and from Defi-
nition 1 it follows that the DFs = are reflections of the
environment 1l on the CS and that any macroprocess
can influence input information. Therefore, any element
of the environment 1 can be the prepattern of a pattern.

According to Ref. [5], all system processes sensed by
the CS are quasi-deterministic if the system has at least
one source.

It is likewise to be realized that the presence of sinks
and sources in the system 1l is solely a consequence of
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the constraints imposed on the manner in which the ele-
ments and connections of the system 1l are represented.

In summary, the content of input information may be
a quasi-deterministic reflection of any processes taking
place in the environment 1.

2.2. Localization of the PFR Apparatus

We now define where the PFR apparatus is localized
in the system 1. To begin with, it takes part in control,
therefore it belongs to the CI. A pattern is an informa-
tional object, therefore the PFR apparatus is located
inside the'CS and contains the routes xy'. Because, logi-
cally, the PFR task precedes the decision making (action
generation) task likewise tackled by the CS, it follows
that the PFR apparatus is located closer to the starts of
the routes xy' and the decision making apparatus is
located closer to their terminal points (an intersection is
quite likely to take place). Obviously, the input poles X,
as sources of input information, belong to the PFR appa-
ratus, and the output poles, to the decision making appa-
ratus. Since X, are incidental to xRN, Eq. (4), it follows
that at least some of the routes xI' are associated with
the PFR apparatus. Some of the routes iy’ and I’
may likewise belong to the PFR apparatus as, say,
causes of interference and information leaks. Nor
should we exclude the possibility of any other links
existing between I8 and B in addition to X, and Y,
regardless of the level chosen to depict the system.

2.3. The Form of Input Information

Input information owes some of its constraints and
distortions to its form, In turn, the form of input infor-
mation is determined by the following CS parameters:
X;, P, oy, E, B, and Eq. (3).

The physical nature of the sensors X and of the DFs
Z has a decisive bearing on the filter, the environmental
effects it lets reach the CS, the degree to which they are
mediated, and their modulation.

Eq. (3) specifies what contributions &, N, and B
make to the content of input information.

It is fundamentally important that the sets X, and 2
are finite. Because |Z]| < |V U E]J, this inevitably
imposes constraints on the content of input informa-
tion and dictates the principle of operation for the CS
[6, 7]. The relation o, defines the manner in which
input information is quantified.

3. THE PATTERN FORMATION AND
RECOGNITION PRINCIPLE

3.1. Justification of the PFR Principle

We set out to justify the PFR principle expounded in
Ref. [6]. As follows from the preceding, every DF v
can equiprobably be the reflection of an element in 11,
and any element in 11 can be a prepattern. We assign to
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each v; one information bit # € (0, 1) (or a logical
event bt € (FALSE, TRUE). Further, for t € T, we let

¢ = 1 (or bt = TRUE) if v; is realized on X, and
bt =0 (or Bt = FALSE) if it is not realized.

The set {&}, =1, 2, ..., N, contains all possible
outcomes from an experiment of interaction between
the CS and 28 at time ¢. If this experiment yields no

N
information for the CS, its entropy z‘lp,;log2 (1/pe)

E=1
will take a maximum value, log, N. But then all out-
comes b from the experiment will have equal proba-
bilities p of occurring. If, on the other hand, the
experiment does yield some useful information for the
CS, then H < logy, N. This can, however, happen
only if the outcomes of the experiment are not
equiprobable. Because the content of the input infor-
mation perceived by the CS is a reflection of 11 in the
form of a prepattern, the prepattern is then a non-
equiprobable outcome £ of the experiment at time ¢
for the CS. Since we have ruled out a priori informa-
tion about U, it remains to be supposed that the
unequal probabilities of the outcomes £ expected by
the CS at time ¢ are unequal empirical frequencies

Me/k of outcomes vy on a sample of k =[(¢), 15, ..., )]
experiments.

Assuming that the logical events f# are nonmodal
and that the probabilities

pe~ el k 5)

are discrete, we find that the CS will perceive a concrete
v, as the reflection of a prepattern in U only when Pe
exceeds some threshold value

N/ k=1, Ik (©)

(the meaning of the subscript ® will be explained in

Eq. (9)).

By choosing a statistically acceptable value for p;,
we can find the respective number 1, = kp;, where &,
1<k<|(y, ..., 1], is found by trial and error. On elim-
inating k from Eq. (6), we conclude that the CS must
sense every Vg as a prepattern if the number H; of
events b = T;’{UE exceeds the specified fixed value
M., The condition

n,=m, (M

is a necessary condition for forming a pattern for which
the prepattern in Z is Vg.

Let us call v; the actual prepattern. It is a reflection
of the true prepattern distributed in the environment 1.
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A PRINCIPLE OF PATTERN FORMATION AND RECOGNITION

The instant 1% e T at which Eq. (7) is satisfied is
called the instant of pattern formation for the prepattern
Ve. There may be no tfp for the pattern with the
subscript ®.

The instant ¢ when 6 = TRUE and
n,>m, )]

is the instant at which the pattern of the prepattern vg is
recognized. If Mg > 1M, and bt = FALSE, then the pat-
tern of the prepattern v has been formed but has yet to
be recognized.

We now turn to sufficient conditions for the pattern
of the prepattern Vv, to be formed and recognized.

Obviously, the formed pattern O, of a prepattern v,
must belong to L3 and there must exist the mapping

fo:Z2 - IM or vefoO,, 9)
We denote by Of, = TRUE the event which consists
in that the pattern O, is recognized at time ¢; otherwise,

we denote it by O}, = FALSE. We introduce a condition
[y such that [, = TRUE if the image O, = v:fo has been

recognized, that is, if 7. 2 T, and [, = FALSE,
otherwise.

Then the relation fo can be expressed in terms of
two functions. One is the conjunction

(10)

The other, f, establishes the taxonomic relation
between € and ®

w=Ef or w=f(8),

o' = 6 & £, O, e (TRUE, FALSE).

(11)
thenJ = N.

The prepattern in Z of the pattern O, is Vg € {V¢},
where

{&}=of". (12)
1+1

In view of Eq. (12), we interpret Eq. (10) as Oy

(V B)& foronsetting 6,= V  f,as O
e o Eewf”

b & Ly, and instead of Tl in Eqgs. (7, 8) we use

n,= > M.
Eeof

Note also that the operating principle of the CS
[6, 7] can be interpreted as a purposeful increase by the
control system of the empirical frequencies ;/k of the
realizations of DFs v, meeting certain criteria.

(13)

3.2. Parameter Constraints Imposed by the PFR
Principle

Let f be a one-to-one mapping. Then ® is the
address of the memory location s, of the patterns
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MO I conceivable in
BO < MO, and

the CS, whereas

{ € PO when £, = TRUE,
50)
e MO\PLO when £, = FALSE.

Let there be specified all M1, ® =1, 2, ..., N;
N =2F. We take a number N of r-bit locations s, to
store binary numbers, where

ro=[log, M, +1] (14)

and a0 (FALSE) ora 1 (TRUE) can be written into each
bit. Then the size of the memory N is

N
Sr. -
w=1

2?

3 [log, 71, + 1] bits.

w=1

At each time 1, a binary number 77} is written into
each location s, by the following rule:

+ 6. when [, = FALSE,

Ml when f, = TRUE;
(15)

FALSE when ' < H1
' o ©
[,=

TRUE when Tl(; > mw;

fo [
o =t when 1 = M1 .

Then to the set of formed patterns L = {0, } there
corresponds the set {s,| & = TRUE}.

Because the locations s, are identified by a map-
ping f (in the general case, by a mapping {£} onto {®}
and not necessarily a one-to-one mapping), there is no
need to expend any of the memory to hold the
addresses of the locations s, Information retrieval
from s, likewise uses a fixed mapping {6, 7]. Recall
also that the CS can access s, only in the course of
interaction with 28 via the cycles yo — yx — dx — xy'
or yx' = xy'".

We now consider the case where the empirical fre-

quencies c(§) = M, / k are small and comparable with
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1/N. That is, Tl < M, everywhere on T for the speci-

fied 11, and T. Then by the prepatterns in Z we mean

certain subsets { Ki ¢ } of sets ve. We set ;¢ = { Ki £} C Ve,

m; e = 1Y, el Let Uy, £ S Ve and MY, £ > A. We fur-
vi Vi "

ther assume that

ik, = Vi, (16)

leadsto iy =i and &, =&,. Then c(i, §) = M, . / k is the
empirical frequency of the event 6; ¢ = TRUE on the

N N
sample 7, k =|T] and 2 2(:(1', E) = 1. Let there be
E=li=1
specified the numbers M1, . Then by decreasing the
value of m; ¢ from m; ¢ = P = [vg| tom, = 1, we find
m;e such that Tl,-_;, > m,"u,.
If no such m; ¢ are found, then, as prepatterns in the
system in question, we should take the events 5, ¢ =
TRUE, which are even less probable than p;, ; =

ML,/ k, and decrease the numbers 71, , as far as
m.,=1

Suppose we have found certain m; ¢ > 1 and

M, ,> 1 such that it is legitimate to speak of prepat-

terns in =, Then we should have to establish, as in the
case of f, the mapping of {(i, &)} onto {®}. Note, how-
ever, that v; ¢ C Vg is included in a set {V;'} rather than
in a single Vg, and that § € {£'}. The DFs common to Vg

are Kig. = Kf_g € {Kf’}l KZE';, € Y, g and the remaining
Z's are represented by all possible combinations of x

from the sets {k; }| K¢ & ¥, .

We limit ourselves to the case {KZE} =(,1),z=

1, P. We interpret _ = 1 as the operation of a sensor x,

on satisfying the condition B, whereas x> = 0, indicates

that the sensor has not operated. We take it that a valid
signal is a 1 and not a 0. Then

ng = 1|K§§e Yie: (17)

Because all Kf—_g lying in the domain of the function f
are 1’s, then f is defined on the subscripts z and &, and
not on the values of Kf £

Let there be specified y; . We will write x, instead
of k7 = 1 if, for the specified z, Kf_g € Y& and v,

instead of k= = 1 or ¥, instead of x_ =0 if, for the spec-
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ified z, ng € v, Then it will be an easy matter to enu-
merate all v¢'s which include ; ¢. They are

(V, UV, UK,V UV, UK, ..., 0, UV, UK,

_ (18)
VUV, UK ),
namely
VUK,V UK, ..., VpUKp),

(V,UK,V,UK,, ..., 0, UK,),

(V, UK, 0, UK,, ..., VpUK,).

It is not convenient to identify v,  with the pair of
subscripts (i, &). Instead, we will use the inverse
function vy, = of ! for the purpose, where

and {Vvg} is found from Eq. (18). Then fis a mapping of
{€} into {w}.

. P—m, '
The relations [{v¢}| = 2 ,c€) = z Tl{;, /k ~
vE'

I{ve} and p€) = Y p (&) ~ {Ve}l, where m,, = Iy,|
vE'

imply that, in the case of equal a priori probabilities

p&), Eq. (6), decreasing m, by a factor of n will

increase the probability p(§') of the prepattern v, by a

factor of 27" 7" Thus, changing from fas a one-to-
one mapping of {£} onto {®} to fas a mapping of {§}
onto {w} offers an efficient way to increase the empir-
ical frequencies of prepatterns and, thus, to enhance the
probability of pattern formation in the CS.

Definition 3. We say that the pattern O, more
adequately fits the actual prepattern than does the pat-

. P- . .
tern O, if the value 2 "™ corresponding to O, is
smaller than the value 27" corresponding to O,.

In the general case, the powers m,, may be distrib-
uted anywhere from P to 1. For the specified X, and Z,
one may rate as optimal a partition of Z into v, and a
distribution my(w) such as would ensure a maximum
number of formed patterns essential for control pur-
poses. In a nonoptimal case, a need will arise for the
statistical redundancy of the sets {v,]}.

3.3. Pattern Indication

According to the implication of the signal O, =
TRUE, its time extent should be defined by the interval
[te, te], where t; represents the instant when the
event b, = TRUE occurs, and t;, represents the instant
of arrival of the signal S, = TRUE which does not
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depend on 8, directly and will be defined in Sec. 3.7. In

view of the signal S;,, the value of O,, is defined by the
function

1 !
0 "' = 18, & ((6,& ) v O). (20)
Thus, the recognition of a pattern is discontinued
only by the recognition of another pattern (related to
the signal S,) “ousting” the former, which is quite
natural.

3.4. Extending the Domain of a Function f
3.4.1. Subsets of Inputs

According to Ref. [6], to an event O, = TRUE, the
CS makes an action correspond. The action causes
information to be transferred over routes yx',
yo — yx — dx to Xp or over other routes to sinks. In
the former case, the information has above all the
meaning of a statement to the effect that the selected
action is being executed. Because, in form, it is the
same as the action of the environment 8, it triggers
off another PFR process. Physically, some of the
routes yx' and yo — yx — dx may take the form of
specialized sensors in the actuator. In contrast to yo
— yx — dx, the routes yx' do not extend beyond the
limits of the CO and consist of elements belonging to
the CO, in particular of one element. In the last case
mentioned, this can immediately be the element
which serves to indicate the signal O},.

Therefore, we assume that f can be defined on the
field {®} and that {£} c {®w}, where the sensors in the
SU are described in the same way as patterns but have,

say, Mfl=1.

Then, by f, Eq. (11), we mean the set F(f;, fo, .-+ fj»
. fy) of m-ary functions f; each of which is deﬁned on
the subset {}m}, c {w} of the field and has the value

w € {0} 21

in the field, where m; = [{o};]. Accordingly, || =
1B =H{o}} =

We denote the transformation performed by the
function f; as

{0};f0; or w;={w}f. (22)

The set {0,,}, w € {w}, is the immediate prepattern

of the pattern O, and each pattern O, € {0,} is the
generator of the pattern O(.,j.

Let it be always that

w>we {o}| ({0},w)ef, (23)
hence, ; ¢ {®};, and this holds for the routes yx' con-
sisting ofg one element. If the output arity of such an ele-
ment is nj, then l{ﬁ}l <n; whcre w; € {0}, {0} =

o fit ke (1,2, . {fﬁ
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We further require that &k, # k, entail W, # W,
although {®} K, N {w} Kk Z A

Theorem 1. A pattern fits the actual prepattern in =
more adequately than the generator of its prepattern.

Proof. Let there be f,, f;, and f; such that (®,, @y)f,®,
that is, O, and 00,/ are the generators of the prepattern

for the pattern O.,. We will repeatedly apply the inverse
transformation ;' to @, until we get the set {®}; < {€}.
Let

Y, =0 f7' = (0, 0,) c {E},
Yo = O = (0,0, < {§},
To = O f; = (0,7 U0 f)

= (0, 0, v, n0,) c {E}.

Then my = "ym‘(, Mo, = 1Ym s Mo

= (Yol = [t To]
P that N, = 2

P- mw

and it follows from |{ve}] =

N, =2 and N, = 2" "™ But, according to
Eq. (16), Y, # Yo, therefore, [Yo| < 'yw' v yw/J > ’Y“’J
and me, < mo > me. In consequence, N, > N, < N;
and, by Definition 3, the pattern O, fits the prepattern

P-—m,,,j

in £ more adequately than does its generators O, and
Ou,, as was to be shown.

3.4.2. The Concept of Pattern Order
Let us represent

;, Eq. (21), by an element n,, € 1,
of input arity m, and of output arity n,. Then to &
there will correspond an incidence matrix Mo, and a
directed subgraph of the graph 11.

The elements (n“’/ | My, = 0) € X} are the sources of

the subgraph assigned to the PFR apparatus (we
suppose that the input to the CS is different in nature
from the connections between the elements n) not

“claimed by other elements n, and constitute the output

effects from the PFR apparatus. We will call the ele-
ments n which have no output connections other than
the output effects of the PFR apparatus, the final ele-
ments, We will further call the number of connections
in the longest of the routes joining 1, to an element

from the set X} the order of the element n, and the
order of the pattern O,

The final elements are those of the highest orders.
To demonstrate, if the highest order were that of an
element n, other than a final one, there would be an
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element connected to the output of n, and the level of
n, would not be the highest one.

We denote by k € (0, 1, ..., K) the order of the ele-
ment 1, , where X is the maximum (limiting) order.
Then the set { ,} will partition into subsets { n,, }. We
will call { nw, } the limiting elements. A hmmng ele-
ment is a final element, but the converse is not always
true. We will call { O,_ } the limiting patterns.

Because the value of O4'' depends on the domain
of definition at ¢, Eq. (20), the level of a limiting pattern
determines the number of time moments which the CS
would need in order to recognize the limiting pattern
after its prepattern in = has acted, if the limiting pattern
had been formed. We will call this time interval the
maximum recognition period.

Theorem 2. Increasing by 1 the input and output
arities of each element n,, will either increase the order
of each element n,, or give rise to a new output from the
PFR apparatus, or both.

Proof We take any element n; and one of the con-
nections (n,, n,) included in the route which defines the
order of the element n,. We increase by 1 the m, and n,,
of each n,, According to Eq. (23), a < b, and b-aisa
finite integer This adds an output connection (n,, n,) to
n, and an mput connection (m, n,) to n,. If n, = n,, then
the order of n; is increased by 1, anda<x=y<b.If, on
the other hand, n, # n,, then the connection (n,, n,) may
or may not be an output from the PFR apparatus Ifitis
not, a new connection (n” n,) appears. If n, = n,, the
order of the element 7, is increased by 2, and'a <x < X
=y < b. If, on the other hand, n, # n, the connection
(n, n,) may or may not be an output from the PFR
apparatus If it is not, a new connection (nx y M)
appears, and so on. Since a, b, x, x,, ..., y are finite inte-
gers, then, after all numbers from the interval [b, a]
have been exhausted, there will of necessity emerge
either a new output from the PFR apparatus or an ele-
ment n, = n, and the order of the element n; will be
mcreased A similar dichotomy will result if we exam-
ine each connection of the selected route, as was to be
shown.

Corollary. If an increase in the input and output
arities of all elements n,, leaves the number of outputs
from the PFR apparatus unchanged, there will be an
increase in the order of each element n,,, as follows from
Theorem 2 by virtue of the elimination of the third.

Let there be specified a number J of elements n,, We
also let all m be equal and all n be equal. We further let
P from the J elements be sources, and G be the number
of output effects generated by the PFR apparatus. Then

Jn-m)+mP=G (24)

where J, n, m, P, G e (0, 1, 2, ...). From Eq. (24) it fol-
lows that for n = m, J is independent of m, P, or G.

Suppose that {n,} is partitioned into { n,, } and that

all o, of the k-th order have the same m, and the same

PATTERN RECOGNITION AND IMAGE ANALYSIS  Vol.2  No. 3

ZHDANOV

n, which may vary from order to order. Then, on denot-
ing by J, = [{n,}], G, the number of outputs from

{ n4,}, by U, the number of output connections of ele-
ments of orders O through (k — 1), not claimed by the

k-th order, k= 1, J{, we obtain the system of equations

(Jym, + U, + Gy = Jong;
Jymy,+ Uy, + G, =Jn, + Uy,
Jymy+ Uy + G, = Jyn, + Uy,

Jm+ U+ Gy =J,ny_y+ U, _y;
3 25)
Joygmgr + Uge + Gy _

L=y oy Uy s

Ug =05

Gy+G+...+G + ...+ Gy =G;

Jo+ I+ o+ L+ + Ty =KL

We require that all input connections of any element
n, run from different elements. We then obtain a com-
plementary system of equations of the form

my < Jy;
my,<Jy+J;
my<Jy+J,+Jy;

m<Jo+J + T+

Moy SJ0+.]1+ "+‘]f7(—2+‘/3f—l

If it is known that among U, connections only U,
run from different elements, then we can derive more
rigorous conditions

m, <Jy;

m2501+./l;
nlkSUk_,+Jk_l;

m% < Uf]{_]'*‘j%_l,

where Ue—y SJy+J; + ... +J, .
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In the general case where m,, and n,, are the arities
of the element n,, instead of Eq. (24) we obtain

J
2 (n,—m
w=1

If, for each k, we know {n; ,}, i = 1,7, J, = {{m }and
the arities m; , and n; ,, then system (25) gives way to a
system of equations of the form

) Jo

Zm,._ 1+ U +G,= an’o;

i=1 j=1

JZ ‘,l
Sm,+Up+Gy= Y n + Uy

i=1 j=1
"J ',2

Zm,’3+ U;+G, = an_2+ U,

i=1 j=1

‘]l "l— I

zmi.k"' Ui+ Gy = an.k—l + Uy

i=1 j=1

——

Ty Ty 1
Nomy g+ U+ Gy = D mg o+ Uge s
i=1 j=1
U3C=O;
Gy+G +...+G +...+ Gy =G,
Jo+J + .o+t Ty =N

and the corresponding set of conditions

max m;

1S i=

max m,, S U, +J,, i=1,J,

maxm,‘_UA v+, =11,

max mi'gCgUf)(_l'i'Jg{_l, i= 1,.]3(

Let E be the number of n, which accept outputs
from the PFR apparatus, E < J. Then it is expedient (see
Sec.3.1)toput G=rE, r=1, 2, ..., thus unifying all out-
put effects from the PFR apparatus.
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Since to each ne, there corresponds f; € &% (asjand

w; are connected by a one-to-one mapping, we let
0) J), then §§ can be partitioned into subsets §, <
34 of functions of the same order, &, = {f,}, & =
%

\U & The subsets {w,} and {O,, } are defined in a
k=0

similar manner. We denote n, € {my,}, 0, € {0},
and Oy, € { O, }. Then Eq. (22) may be recast as

{o}h i {od, (26)

where {(D}k= {(l)o} ) {O)l} (R {O‘)k—l}'

3.5. Variations in the Function f
during the Operation of the Control System

From Eq. (22) it follows that OL,‘;' =, 8(:(0) 0.,.
€ 1ol
The formation of the pattern 0(,,/ may be interpreted as

the achievement of a certain statistical confidence, in

that its prepattern 8% : O, is a nonrandom object in
we {0
i

the system 11. Past that point, the statistical confidence
in the prepattern in U is increased each time the pattern
0(,,1 is recognized. The excess confidence in the prepat-
tern thus acquired must be utilized to overcome noise in
the prepattern.

We set

X = | @n

where ® € {0)},, and require that from O"rl there
should follow

X/ M2 p; (28)

where
= p(1L,), (29)
= | {O;j = TRUE} \ (30)

(¢ runs through the values ¢, 1,, ..., t,) is the same as
Eq. (13), and p is a function which decreases from p(0)

=1to p(°°)=pmim0<pmin< L.
Lemma 1. Given large 1, low values of p(#1,)

‘may be allowed for the same false alarm probability

(which fact enables the CS to recognize a cat if only the
cat’s tail can be seen).

Proof. Let k = |(t,s b ..., t)]. Then, according to
Eq. (5), pr = Ny / k. In view of p(1,), we get p, ~
Hp(M) k. If 1 - p, =1 - pis the allowable false
alarm probability in pattern recognition, then H p(1,)

~ pk is the equation of a constant-probability line. This
brings us to the statement of the lemma.

1992



258

As will be shown later (Theorem 3, Lemmas 2 - 6
and 11 - 13), a decrease in p(Tlm}) strongly affects the

way some important processes proceed in the CS.
If p; , is specified in advance, then in Eq. (20) we set

;o {TRUE (if x;/m;2p, ) an

FALSE otherwise.

We refer the condition )} / m; 2 p; , to the function f,
thus introducing ﬂm}

f{oy, ).

Resorting to Eq. (31) imparts fundamentally new
properties to the CS, but calls for more memory space.
To demonstrate, the location s, € 20 must now store

not the number 11, but the number Tlml and, perhaps,
nml > m,,,j. Therefore, instead of Eq. (14) we use

in its domain, and obtain ; =

rO) = []og2 nmax + l]’ Where m S nmax e ITI
@

3.6. Prepattern Switch-Off

According to Refs. [6, 7], to each pattern O, € PO
the Knoledge Base (KB) of the CS makes correspond a
certain action. Because a pattern is characterized by how
adequately it fits the actual prepattern (Definition 3),
both the concept and the measure, 2°-™, of the adequacy
to the actual prepattern may be extended to the action
corresponding to that pattern as well. It is this meaning
that will be associated with the concept of the adequacy
in the subsequent discussion (another interpretation of
this concept is given in Ref. [6]). From Theorem 1 it fol-
lows that the action corresponding to a pattern fits the
actual prepattern more adequately than do the actions
corresponding to its generators.

I+l = 6!

If, in Eq. (20), o, = b0, & &{,“,

off the immediate prepattern of the recognized pattern
along with the associated less adequately fitting
actions. Moreover, we require that the time interval
from ¢ to ¢ + 2 be too small for any actions correspond-
ing to the generators to be initiated. Instead, an action
will be executed which fits the actual prepattern more
adequately. To generate this action, however, a speci-
fied correlation must be achieved between the events of
simultaneously recognizing the prepattern of the new
pattern and executing an adequately fitting action.

this will switch

Suppose that 5(’9‘ is the number of signals
b

5({,“ & ﬂ,’,i_k

constant .SE(,,I )

= TRUE. For each Mo, We introduce a

and a quantity A&,',I'k such that
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FALSE, when &' <<, ,
mj‘* ok
= (32)
1
TRUE, when 30)“ 2L, ,,

Al
where [ , = FALSE, 8(‘% =0,

!
3% + 6:”,».* &

f, ,when I, = FALSE,

8l+1 —
ml." Al
£, , when [y,

I

= TRUE,

and 5;,“ & [, , € (0, 1) = (FALSE, TRUE). Then

=6 &I

S/H
@ o1 i k Dk

&y,

When an immediate prepattern is switched off,
information about it is not lost, because the inverse

relation m,-_kf,-_',l = {w; ,_,} s independent of prepattern
switch-off.

3.7. The Pattern Formation and Recognition Process
3.7.1. Evolution of the PFR Process with Time
We denote by 3., the transformation in Eq. (20)

3=15,& ((b,& L) v O).

Since to each n,, there corresponds a 3!, of its own,
then, similarly to {n,}, we form the set

{30, = 3,

of 3, transforms of the k-th order. From Eqs (20), (26),
and (33) it follows that

{0,},3, {04},

(33)

(34)
where
{0b}, = {0,V {0,}uU..

U {0, }. (35)

We denote the form represented by the right-hand side
of Eq. (35) by

B ={0,} v {0,}v..u{0, },
and
! 1 t
{04, } B {0,},.
Then Eq. (34) can be rewritten as
{0, } B,{0,},8,{0,'}.
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By applying the form 2B to the values {04 '}, ...,
{Oﬁ,,’:'} of the transforms 3/, ..., 82, we get

{0, }B{0,},B 8" (

I+ 1
“’ } k+1?
where
B* = {0, U0, U U0},
In the general form, for a control system having
orders, the PFR process can be described by the expres-
sion

{0 } 8 Q}l+l{01+l} 81+l%1+2{0;+2}2'“

%I+k{01+k} 8r+k§82++kl+l{ol+k+l}k+l.” (36)
1+ +1
{0‘” }7(+1’
where
{0,}, = {0,} 8, (37)

and Oy, € {O,}, are the generators of an actual
prepattern. That is, for k =0,

Oy, = 0,=Y,/k = 0, (38)

where 7y, is defined in Eq. (19), and, according to
Eq. (17),

K.¢ = TRUE|X € Y,=0

Suppose that, at a time ¢ — 1, Ol ' = FALSE, o =

1, J, and there exists a certain set of formed patterns. If
attimes f, 1+ 1, £+ 2, ..., a prepattern Vg is realized, the
PFR process, Eq. (36), will begin, and will run on for a
time not longer than the maximum recognition period,

that is, as far as the instant not exceeding ¢ + J{. By time

9
t+%, a certain set of recognized patterns, { 0% =

TRUE}, will have been observed. We call O'5¥ =

TRUE the maximal pattern of the prepattern vg if
0/+?f

from the equation

max € {0 } (39)

We call O} \

mal recognized pattern of the prepattern V.

= TRUE (that is, a sensor signal) the nini-

Because 11 =1 for all sensors, then, except the
special case of v¢ = (0, 0, ..., 0), both the minimal and
the maximal recogmzed pattems of a prepattern will
exist at any time t € T.
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If, as a prepattern, we take 7y, C Vg, then vg \ 7y, can
likewise contain the prepattern at time ¢.

Theorem 3. If p! > p}, Eq. (27), and PO = {0, =
FALSE]}, then k, < k,, where k; are the minimal recog-
nized pattern orders corresponding to p;.

Proof. Let for Eq. (34) the following inequality hold
true:

1{0,} ) >|{0,}] (40)

and let p, be specified. We take {O,=TRUE}, < {O,};
and let there be found an {O.,} such that

{0.},%,{0.}. (41)

If p, > p,, then, in addition to O.,, there can exist other

0, satisfying Eq. (41) for p,. Then [{Ov, }| < |{Ov, L

O,; }|. By applying the form B, we get

{o0,} SBkH {0}, and
{0,00,} B {000}, |
According to Eq. (41),
{o, }kﬂ%kﬂ 0,.} (42)
and
{OVUOV:},‘H%H]{(OVUOVI),(H}- (43)
As follows from Eq. (40),
[£0} i >[{0y,, } (44)
and
{0, 00}, |>1{(0,00,), }. 5

It follows from Eqgs. (44) and (45) that there must exist
an r such that in the case of k + r <A
{0, }

= OSI{(OVUOV,u .v 0,

k+r}
(46)
whence ky <k+nr k,2k+randk, <k, Ifno {O,,} is

found for Eq. (41), then k, = k,. In consequence, k, <k,,
as was to be shown.

Lemma 2. Given certain conditions, decreasing the
value of p(H,,) will result in the recognition of the more
adequately fitting patterns.

Proof. From Eq. (41) of Theorem 3 it follows that k,
applies to the generators of order-k, patterns. Hence
and also from Theorem 1 and Lemma 1 it follows that
with p, > p, > pk / H, the more adequately fitting pat-
terns will be recognized without a higher false alarm
probability.
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Lemma 3 (without proof). To a more adequately
fitting pattern in the KB there corresponds a more
adequately fitting action. Since the operation of the
KB lies outside the scope of the present paper, no
proof will be given for the lemma, especially as it can
be deduced from the material presented in Ref. [6].
Here, we limit ourselves to what has been said in
Sec. 3.6.

Lemma 4. Decreasing p(71,) creates conditions
required for a greater number of patterns to be formed.

Proof. As follows from Eq. (46) of Theorem 3, more
patterns are recognized when p,(71,) < p,(71,). Since,
however, pattern recognition is a necessary condition
for pattern formation, a decrease in p is a prerequisite
for a greater number of patterns to be formed. A suffi-
cient condition is a certain number of such recognitions
performed.

Lemma 5. Decreasing p(71,) creates the conditions
required for the KB of the control system to be
expanded.

The statement of Lemma 5 follows immediately
from the statement of Lemma 4, because the KB [6]
consists of a set of formed patterns Eq. (2) and a corre-

sponding set of generated actions. Also, as is shown in

Ref. [6], the formation of new patterns is a necessary
condition for new actions to be generated.

Lemma 6. Decreasing p(11,) makes it easier for the
CS to adapt itself to the environment.

According to Refs. [6, 7], the CS adapts itself to the
environment 11 progressively better as its KB increases
in size. The statement of Lemma 6 follows from this
observation and from Lemma 5. Also, if a better
adapted CS is that whose KB contains more adequately
fitting patterns and actions, then the statement of
Lemma 6 follows from Lemmas 2 and 3 as well.

3.7.2. The Instantaneous State of the PFR Process

As follows from Eq. (36), the state of the PFR pro-
cess at time 7 € T is determined by the set

{0:1)}5(+l ‘
= {0,},V {0,} LV {0,}U...L {0,}.

Here, in accord with Eq. (37), {04, } o is the set of

generators of an actual prepattern. That is, they are not
the patterns but the prepatterns of sensor signals.

{04,} is the set of zero-order patterns (for example,

sensor signals). {0} is the set of first-order patterns,
etc. Hence, the state of all patterns at time ¢ is
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{O0u} o, \ O},

@)
= {0, }u{O Yo U{wa},
where
(0L} = {051,807
{0,} = 10.71,8,°10, " B
x {04 '},8,"
1104, = {071,870, 1 87 (4

x {0, Y, 8710,y B {0, BT

{0 }_{01%1}81%1{0 }%l‘x

x {05%}, 87 . 10 1B {0148y

Noting that {O&,} = vt and retaining only the

final results of the relation products, we can rewrite
Eq. (48) in a more compact form as

f
' ',
{O"’o} = Vgl’

{0,} = {0}, 87"

|
{0,} = 10,7}, 87"

({04, } = {04 "1 B,

where {0}, is the result of Eq. (36).

The right-hand side of Eq. (47) is the instanta-
neous state of pattern memory, Eq. (2), that is, T8’
= {06} U {0u}uU.. .U {06} U..U{0}.

The set X', 4, ..., &, ..., ) of quantities £,
Eq. (15), ordered in terms of ®, defines the existence of

formed patterns at time t. The set &' (%, %, ..., T,
.., I) of quantities I, Eq. (32), ordered in terms of ,
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defines the possibility for the prepatterns of patterns O,
to be switched off at time 7.

In consequence, the instantaneous state of the PFR
process is described by a triplet of vectors, (WO,

F U { ). The component elements of the triplet £ are
described by the following system of relations

(0t =15, & ((6, & L) v 0L,);
Sl“’t-ll = 6"”&& l“"k& z:’k;

3

FALSE, when 11, <111, ,

) TRUE, when 71«; >2Mm,;

FALSE, when §, <&,
&

7=

k

TRUE, when 3, 2 ¥,

L

Thus, on perceiving the actions of the environment

S8 as the sequence

12 . =

VE.’ Vi,’ se0s Vg '“’vi,’ Vg€ E, 49)

the PFR apparatus of the CS transforms it into the
sequence

oL, O ..., O (50)

In turn, the sequence in Eq. (50) is transformed into
a sequence of actions selected by the process described
in Refs. [6, 7].

It is worth noting some important properties of the
PFR apparatus.

Property 1. The state of the pattern memory 28£
at time ¢ depends on what prepatterns of sensor signals,
{0,}o were arriving throughout the past history from
t =1 to t = tp. Indeed, this conclusion about the interval
from 1,— ¥ — 1 to 1, follows from Eq. (48). But the state
at time t,-1 depends on the interval from 1, - ¥ -2 to
-1, and S0 on, as was to be shown.

With time, the recognized patterns of an actual pre-
pattern in {Oq,}, Eq. (38), give way to the patterns of
a new prepattem in {Og,}, with all previous patterns
being ousted dunng a time likewise equal to the maxi-
mum recognition period.

In order that all transients caused by the occurrence
of a next prepattern on X can die out, it is essential for
this prepattern to stay on X, for at least the maximum
recognition period. Hence. the requirement that the
maximum recognition period JAr should not exceed

PATTERN RECOGNITION AND IMAGE ANALYSIS Vol.2 No.3

261

(in a statistical sense) the characteristic time of changes
in the environment

Property 2. If the PFR apparatus has at its disposal
functions f of an order higher than the first, then the
PFR process generated by a particular prepattern can be
influenced by the prepatterns realized on X at previous
times, as follows from Eq. (36). -

Lemma 7. The subscript ® and the order k of the
maximal recognized pattern, Eq. (39), of a particular
prepattern, { O}, depend on the past history of that
prepattern, as appears from Property 2.

Lemma 8. Three prepatterns O,, O,, and O,, con-
secutively realized on Xp, can generate a pattern of an
order proportional to the duration of the second
among these prepatterns.

To see this, suppose the duration of O, is kAt > 0.
This implies that a time kAt later information about O,
can only stay on the k + 1st order (as the k + 1st order
pattern which might be recognized as the consequence
of 0,), whereas on orders from 0 to & it will have been
ousted by patterns corresponding to O,. By the instant
the prepattern O; occurs, this information remains only
on the k + 2nd order. If, in &, there is found an f,, such
that its immediate prepattern includes both O, and the
(k + 2nd)-order pattern formed by O,, then f,, will form
pattern of at least the k + 3rd order, as was to be shown.

This property can be interpreted as the ability of the
CS to form and recognize patterns of regular sequences
of events in the system.

Lemma 9. As follows from Lemmas 7 and 8, if two
or more prepatterns with the same period-to-duration
ratio more than 71, times, then, if & contains an appro-
priate f;, a pattem will be generated for which the
immediate prepattern is the above sequence of prepat-
terns. Moreover, the generators of this prepattern will
indirectly include a time interval.

Note that a recognized pattern is ousted other than
by a change of its prepattern, but in only two cases:
either it is switched off as the prepattern of the recog-
nized pattern of a higher order, or it is switched off by
a signal similar to S, as the prepattern of an action
executed by the CS. The latter mechanism is the only
one for the final elements n,, and it is an alternative
one for those n, whose outputs include the outputs of
the PFR apparatus. This adds an argument in favor of
considering the PFR process along with the decision-
making process.

4. MODELING IN THE PFR APPARATUS
4.1. Sections of the PFR Apparatus
Let the set Xb be partitioned in terms of some spec-
ified feature into subsets X' < Xb, |X'| =1, I < P,

P=] }~('p |- We call X' the input elements of the 1-th sec-
tion in the PFR apparatus. Moreover, the elements n,,

connected to X' by routes will be referred to as those
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related to the 1-th section, and their aggregation as the
1-th section of the PFR apparatus.

The elements related simultaneously to different sec-
tions provide for functional connections between them.
Let there be n,, n, and, correspondingly, 1,, 1,, k;, k, such
that k, > k,, and let there exist a connection (n,, n,). Then
the k,-th order of the v,-th section will depend on the
k,-th order of the 1,-th section, whereas the k,-th order of
the 1,-th section will influence the k,-th order of the 1,-th
section. :

4.2. The Concept of Pattern and Action Identification

Recall that O, can be accessed only via = in the
course of a CI. Therefore, in order to initiate the recog-
nition of O, the actual prepattern V; of the pattern O,,
must be presented to Z. In accord with the properties
defined in Sec. 3.5, there may be an instant, ¢, beginning
from which similar consequences can arise from the
presentation to E of even subsets {k} C v;. As soon as
0,, is found to have at least two actual prepatterns {x},
and {x},, such that {x}, = {x},, an event takes place in
which objects {x}, and {x}, are proved to be identical
in terms of the response, O, = TRUE, that they elicit
from the CS. This is in agreement with the generally
accepted concept of identification.

Definition 4. If, in Z, there exist {k"},, {x"},,
and {x"},, {x"}, = {x"},,

{x"}, U {x"}, = {x"};, (51)
where 1,, T,, and T, are sets of instants ¢, such that one
and the same pattern O,, is recognized when {x"} s
{x™}, or {x™}, is realized, then { "'}, may be called
the actual identifier of object {x},, and {x™}, may
be called the actual identifier of object {x"},.

Lemma 10. The greater the number 71y, of recur-
rences for the matching events Oy, = TRUE and Oy, =
TRUE, the earlier, according to Eqgs. (27) - (30), will
the instant ¢ océur when the condition 6";) =TRUE,
Eq. (31), required for identification is satisfied.

Lemma 11. A decrease in p(n;,) increases the
number and order of actual pattern identifiers.

This is so because, as follows from Eq. (43) of
Theorem 3, the patterns O,,,0,, € (O, U 0,),,, can be
each other’s identifiers for p,. For p, > p,, Eq. (42), the
pattern O, has no actual identifier among the patterns
O, of the k + 1st order, as was to be shown.

As the actual identifier of a pattern we call the
identifier prepattern in Z. As the identifying action of
a pattern we call the action that causes an actual iden-
tifier to be generated.
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If n, is an element which has an output effect from
the PFR apparatus and if this effect is perceived as an
action (actually, there are intervening links between
n, and the action), then, if O, has an identifier, it
means that this identifier causes the execution of this
action and is an action identifier. By the same token,
it is possible to indicate the actual action identifier —
a prepattern in E, and the identifier action of an action.

4.3. Modeling

By modeling we mean the processes that take place in
the PFR apparatus with the participation of identifiers.

4.3.1. Language

As follows from Lemma 10, to advance the instant
at which objects A and B are established to be identical,
it is necessary to increase the number of occurrences,
Eq. (51), when the objects A being identified match the
identifying objects B. Whereas the A’s are allowed to be
independent of the CS (for example, the route ©x in
Fig. 3), the B’s should: (a) permit their “on-line” use by
the CS, (b) be equal in power with the set A, and
(c) cause no untoward disturbances in the environment.

When we find in the CI cycle any identifiers meeting
the above requirements, we have external modeling. If
we find them in the xy' — yx' cycle, we have internal
modeling. The number of cycles in the modeling pro-
cess will be referred to as the depth of modeling.

Lemma 12. The depth of modeling can increase
owing to a decrease in p(71,).

Proof. As follows from Eq. (41), the KB will con-
tain no action adequately fitting {O.,} = {A}, (p,),

{0y, v 0,1} # {A}, (p, < py), but it will contain one
for { Ov, U O, }. Thus, a modeling cycle will be inter-
rupted for p, and will not for p,, as was to be shown.

Definition 5. The totality of CS inputs and output
effects that meet requirements (a), (b), and (c), belong
to the CI cycle or to the xy' — yx' cycle, and make up
between them a system of identifiers, is called a lan-
guage. \ '

Matters bearing on the generation and use of a lan-
guage cannot be examined separately from the process
by which the ClI is established and maintained [6] and
from the natural control process [7], but this would lie
outside the scope of this study. Here, we will make
only a few statements pertaining to the PFR problem.

A language is the subset of methods by which the
CS interacts with the environment 28, Therefore, in a
language we should distinguish the output effects or
linguistic actions which form a subset of the set 2, and
the input effects or actual linguistic prepatterns which
form a subset in the set =. The entities distributed in 11
are objects which are the true prepatterns of actual lin-
guistic prepatterns, while the entities distributed in the
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CS are linguistic patterns. A linguistic pattern and an
identifier are fundamentally distinct entities.

The formation and recognition of linguistic patterns,
as well as the generation and selection of linguistic
actions, do not formally differ from processes involv-
ing other patterns and actions. In effect, the language
subset providing for external modeling, that is, the
external language, performs the function of communi-
cation. Accordingly, it consists of subsets of external
linguistic patterns and actions. The internal language
provides for internal modeling and consists of internal
linguistic patterns and actions. External and internal
linguistic patterns may intersect.

Internal language prepatterns can generate identifi-
ers for external language patterns, that is, generate

identifier identifiers. Therefore, with respect to its

external counterpart, the internal language plays the
same role as does the external language with respect to
nonlinguistic objects.

4.3.2. Learning
Lemma 13. A decrease in p(71,) facilitates the gen-
eration of actual pattern identifiers, as follows immedi-
ately from Lemma 11.

Lemma 14. The order of the pattern O,, formed in
the generation of an identifier is higher than that of the
identifying pattern Oy _and higher than that of the pat-

tern Oy, being identified.

To demonstrate, the orders of the patterns Oy, and
Oy, are not higher than the orders of the generators of
the immediate prepattern for the pattern O, However,
the order of a pattern is a unit higher than the highest of
the orders of the generators of its immediate prepattern,
as was to be shown.

Definition 6. Execution by the CS of actions which
have as their objective to cause an identification proce-
dure in this or any other CS is called learning. The iden-
tification process, performed as a result of these
actions, we also call learning.

Lemma 15. Learning results in the formation of pat-
terns whose order is higher than that of the pattern
being identified and of the identifying pattern. This
immediately follows from Lemma 14 and Definition 6.

Lemma 16. The pattern formed as a result of learn-
ing has no identifiers among the patterns participating
in a given learning event, and depends not only on the
identifying pattern, but also on the entire past history
of the CS involved. '

The first statement of Lemma 16 stems from Defini-
tion 4. The second statement follows from Properties 1
and 2 of the PFR apparatus (see Sec. 3.7). Obviously, if
all of the past history of the CS from =1 to ¢t =, influ-
ences the formation of a pattern, it must also influence
the pattern formed as a result of learning.

Note that it is difficult for the CS to learn in a pre-
cisely definite (desired) way unless it is absolutely iso-
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lated from the natural environment, which is not
feasible.

To demonstrate, in addition to the identifier, the pat-
tern being identified also acts as the generator of the
pattern produced by learning. This pattern is formed
under the influence that the environment 233 exerts on
the CS. If the prepattern of this pattern does not belong
to the CI, it is an independent (random) one because it
is formed by the source. If, on the other hand, it does
belong to the CI, then, according to the derivation of
Eq. (18) in Ref. [5], the Cl is a quasi-deterministic pro-
cess, that is, it contains a random component which
may affect the pattern being identified and, hence, the
result of learning.

4.3,3. A priori Behavior Modeling

It is useful to compare the following of the properties
of the PFR process described above.

(A) According to Lemma 9, at least some patterns
have certain time sequences of generator recognition
events as their prepatterns.

(B) To each pattern matching an element n, which
has an output from the PFR apparatus, the KB of the CS
lets correspond a certain definite action.

(C) The sequence of actions defined by the time
sequence of patterns in (A) is a behavior program; in
the case at hand, this is a post factum behavior program.

(D) If, in the CS, there are routes yx' and an internal
language has been generated, then the CS can cause the
recognition inside itself of certain patterns by present-
ing only linguistic identifier prepatterns on X;.

(E) An action as such, which consists in presenting a
linguistic prepattern on X, can result from the recogni-
tion of a certain pattern.

(F) If the presentation of a linguistic prepattern
causes the recognition of a time sequence of patterns
(A), then, in accord with (C), there is a behavior program
corresponding to it.

(G) If, among other things, the presentation of a lin-
guistic prepattern causes the recognition of a pattern
which forbids the actual execution of actions from the
program in (F), we have what is known as a de facto
behavior program.

(H) If the program in (G) is generated before a non-
linguistic action is executed, we obtain what is called
an a priori behavior program.

(I) If several alternative a priori programs precede
the execution of an action, they can be intercompared
by the mechanism described in Ref. [7].

On summing up the properties listed above, we
conclude that if, in the CO, there are routes yx' with a
set of DFs comparable in power with M = X[ and if an
internal language has been generated, then it is possi-
ble to apply a priori internal modeling to the behavior
of the CO.
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The modeling process may consist of more than one
cycle and terminate' in the execution of an external
action or at a sink .

It is to be stressed that such events in the CS as iden-
tification, language, learning and modeling arise from
variations in the function fin the course of operation. In
turn, this enables the CS to exert a purposeful influence
on the PFR process.

CONCLUSIONS

The PFR process described above has of necessity
been divorced from the unified and interrelated control
process [6, 7], and therefore not all of its properties are
obvious here. It is worth summing up some of the tasks
related to the recognition problem.

The taxonomy problem is solved as a part of pattern
formation (see Sec. 3.1) and is closely related to pattern
recognition. In this case, the descriptions of the objects
presented for recognition are contained in a sequence

like the one defined by Eq. (49), and object classes (ref- -

erence standards) are brought out and organized as
formed patterns of various orders. The taxonomic capa-
bility of a particular CS is limited by the specified set

of relations, the values of the constants 71 and &, the

functions p(71), and the vectors &' and Q’ generated

by the time z. Important aspects of this process are its
dynamic behavior and uniqueness which varies with
the concrete empirical time sequence, Eq. (49), and
some other random processes in the system.

The recognition problem is handled in close rela-
tionship with the pattern formation problem (see
Sec. 3.1). The description of objects, Eq. (49), pre-
sented at time #, by means of the specified set & of rela-

tions functionally dependent (p(71)) on Eq. (49) is

compared with the set L% of classes (formed patterns)
produced by the time £, in the course of pattern forma-
tion. The recognition result is routed to its location in

the CS memory by . the vector L, according to
Eq. (49). The recognition result at time ¢, depends on
the entire past history of the system. Because the PFR
process is closely interrelated with the decision making
process [6, 7] where a major role is played by chance,
the latter inevitably affects the recognition result as
well.

The classification principle to use is that which
would optimize the memory N (see Sec. 3.4.2) and
the set ¥ of relations defined on it for the specified Xp
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and X, for a particular environment 8, and for partic-
ular control objectives.

We emphasize that the key properties of a CS imple-
menting the PFR principle are governed by the fact that
the memory imsd) holds three subsets simultaneously:
unformed patterns, formed patterns, and the formed
patterns that take part in decision making at time .
Whereas the latter may be called controlled patterns,
their complements in 28 are uncontrolled patterns.
Obviouisly, by making a decision with the aid of con-
trolled patterns, the CS elicits as the response from the
environment a change in all of the memory ¢ — a
feature which determines the entire specific nature of
the proposed concept of control.

As we firmly believe, the proposed PFR principle of
necessity arises from the statement of the problem.
Therefore, this adds more interest to the concepts natu-
rally stemming from this principle: language, learning
and the a priori modeling of CO behavior by the CS.

REFERENCES

1. Grenander, U., Lektsii po Teorii Obrazov (Lectures in Pat-
tern Theory), Mir, Moscow, 1979 (Russian translation).

2. Zhuravlev, Yu.l,, On an Algebraic Approach to Recogni-
tion or Classification Problems, Problemy Kibernetiki,
Moscow, 1978, no. 33, pp. 5 - 68.

3. Gorelik, A.L., Gurevich, I.B., Skripkin, V.A., Sovremen-
noe Sostoyanie Problemy Raspoznavaniya (The Current
State of the Recognition Problem), Radio i Svyaz’,
Moscow, 1985.

4. Yablonskii, S.V., Key Concepts of Cybemnetics,
Problemy Kibernetiki, Moscow, 1959, no. 2, pp. 7 - 38.

5. Zhdanov, A.A., O Podkhode k Modelirovaniyu Uprav-
lyaemykh Ob”ektov (On an Approach to the Modeling of
Controlled Objects), Preprint, Computer Center, USSR
Academy of Sciences, Moscow, 1991,

6. Zhdanov, A.A., Application of Pattern Recognition Pro-
cedures to the Acquisition and Use of Data in Control,
Pattern Recognition and Image Analysis, 1992, vol. 2,
no. 2, pp. 180 - 194.

7. Zhdanov, A.A., Self-Contained Adaptive Control,
Kibernetika i Sistemnyi Analiz, Kiev (in press).

Aleksandr A. Zhdanov was
born in 1955. He graduated from the
Kirov Polytechnic Institute.in 1978,
and became Candidate of Physics
and Mathematics in 1985. At
present, he is working towards a
Doctor’s degree at the Computer
Center of the Russian Academy of
Sciences. A.A. Zhdanov heads the
Subdepartment of Computer Sci-
ence and Technology at the Kirov
State Pedagogical Institute. His sci-
entific interests are artificial intelligence, computer science,
astrophysics, and mathematics. He is the author of 27 papers.

1992




	Text1: 
	Text3: 
	Text2: 
	Text4: 
	Text5: 
	Text6: 
	Text8: 
	Text7: 
	Text9: 
	Text10: 


