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This work is devoted to the creation of effective optical logic systems based on
the use of light emitter of a certain color directly as a fuzzy variable — the carri-
er of logical information and the basis for building logical solutions by trans-
forming light emitter with appropriate light filters. Optical processing of color
information, which reflects different values of input data (considered on the ex-
ample of expert evaluations), is carried out by the proposed structural construc-
tion of fuzzy logic gates (logic coloroid) and is significantly simplified, in rela-
tion to existing systems, due to the implementation on the properties of additive
and subtractive color processing using fairly simple light filters. A fuzzy data-
base was formed based on the definition of the quantum of information as the
corresponding color, and the components of the optical logic system based on
the additive and subtractive processing of the light emitter of the corresponding
colors; the basics of the synthesis of logical inference and decision-making sys-
tems have been developed. The paper synthesizes a generalized structural dia-
gram of an optical logic coloroid as a basis for creating a multi-level decision-
making system for further application in artificial intelligence systems. Schemes
of optical logic coloroids can be combined into series-parallel hierarchically or-
ganized schemes, the color of the used light filters can also, in addition to expert
assessments, reflect the tactile information of sensor systems about the environ-
ment, which is necessary for the formation of appropriate logical assessments or
decisions. The use of color as a carrier of logical information allows you to cre-
ate fast-acting technical devices with performance based on the calculations of
which the speed of light is used to form a certain array of logical solutions.

Keywords: quantum of information, fuzzy logical gates, optical coloroid, light
color filters.
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Introduction. While modern computers are very fast, many practical problems still
require even faster computations. In modern computers, there are usually several pro-
cessors working in parallel. So, to speed up computations, we can speed up each proces-
sor and/or increase the number of processors. Both ideas are used when designing high-
performance computing.

To speed up each processor, a natural idea is to transmit the information between
different components of this processor. According to modern physics, all speeds are
limited by the speed of light, and the only particles that can travel with the speed of
light are photons (and other more exotic particles of zero rest mass). Thus, a natural idea
is to use photons — in particular, the usual light — or process information. The use of
light can also help with parallelization — it is easy to have a large humber of light
beams sending information in parallel.

The idea of optical computing — i.e., using optical signals to speed up data pro-
cessing — dates back to the mid-20"" century. Since then, a lot of progress has been
achieved in implementing this idea. At present, there are two trends in optical com-
puting.

The first trend is optoelectronic computational devices, in which optical compo-
nents are used to transmit information (and even to perform some data processing tasks),
while the more traditional semiconductor-based components transform optical signals into
the usual electronic form and perform the remaining computational tasks on the resulting
electric signals. The second — more ambitious — trend is to design all-optical computa-
tional devices in which all logic gates — the basis of modern computers — process opti-
cal information [1-11]. Optical switching gates are based on the properties of interfer-
ence (for example, based on the displacement and combination of optical interference
fringes, the use of a Mach-Zehnder interferometer, etc.), on the polarization and coher-
ence of a light beam, and on using the properties of diffraction gratings and photonic
crystals. The effectiveness of such all-optical gates is growing exponentially: while in
2009, the best all-optical gates could process 250 Megabytes per second [9], in 2020,
the best all-optical gates are 4,000 times faster — they can process 1 Terabyte per sec-
ond [10], much faster than electronic-based devices that only operate in the Gigabyte
range. From the theoretical viewpoint, these gates can be made even faster, the only fac-
tor that limits further increase in processing speed is the imperfection of production
technologies.

Because of this imperfection, at present, optical computing devices are more diffi-
cult to manufacture and thus, more expensive than electronics-based computers and are,
therefore mostly used in problems where traditional computers cannot process the in-
formation sufficiently fast.

To analyze how we can better utilize the advantages of optical computing when
processing data, let us recall where the original data comes from. A large amount of da-
ta comes from measurements, and processing the numbers coming from measurements
was the main task for which the computers were designed in the first place. Researchers
and engineers have been designing better and better algorithms for processing these
numbers and better and better devices for implementing these algorithms. However, by
the early 1960s, they encountered a problem. This problem was first explicitly formu-
lated by Professor Lotfi A. Zadeh, who at that time was one of the world’s leading spe-
cialists in optimal control and a co-author of the most popular textbook on this topic. He
noticed that in many practical applications, e.g., in chemical plants, in manufacturing,
and even in control of cars and airplanes, the control optimal with respect to all availa-
ble numerical information was not as efficient as the control of the human experts. Za-
deh naturally concluded that experts possess additional knowledge and skills not cap-
tured by the existing numerical models [12-14].
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Experts were usually willing to share their knowledge, but the problem was that
this knowledge was often formulated not in numerical terms, but by using imprecise
(«fuzzy») words from a natural language such as «small». For example, an expert driver
driving on a freeway knows what to do when the car in front of him/her suddenly slows
down a little bit: he/she needs to slow down his/her car similarly. But to implement this
recommendation in an automatic system, we need to know with what pressure we
need to hit the brakes and for how many milliseconds — and this information a driver
cannot supply.

To translate the experts’ imprecise information into computer-understandable
terms, Zadeh designed a new methodology which he called fuzzy. In this methodology,
to describe each imprecise property like «small», we ask the expert, for each possible
value x of the corresponding quantity, to mark, on a scale from 0 to 1, to what extent
this value satisfies the given property. The computer then processes the resulting de-
grees m(x) corresponding to different values x. The function that maps a value x into the
corresponding degree m(x) is called a membership function.

Often, expert’s decisions are based on several conditions. For example, the pres-
sure with the driver need to hit the brakes depends also on the road condition, whether it
is raining or not, whether there is ice on the road, etc. To represent correctly corre-
sponding rules, we need to know not only to what extent one quantity is small, but to
what extent the quantity x is small and some other quantity y is medium, etc. It would be
nice to be able to extract the degrees corresponding to all possible tuples (x, y, ...) from
the experts, but this is not practically possible: the number of combinations becomes as-
tronomic, and it is not possible to ask experts millions (or even billions) questions. In
such situations, when we need to estimate the degree of expert’s confidence in a compo-
site statement like «A AND B» (A /A B) and «A OR Bx» (A V B), the only information
that we have are the expert’s degrees of confidence a and b in statements A and B. The
algorithms that transform these degrees a and b into a degree for A/AB and AV B are
known as, correspondingly, «AND» — operations (t — norms) and «OR» — operations
(t — conorms). The simplest such operations are min(a, b) for «<AND» and max(a, b)
for «OR». These simplest operations are among the most frequently used.

Fuzzy methodology had a lot of successful applications, it led to efficient control
of trains, elevators, cars, as well as rice cookers and video cameras. Interestingly, fuzzy
logic was also successfully used to control light emission [15].

Due to these practical successes, fuzzy data processing has become an important
part of data processing in general. So, not surprisingly, researchers have shown interest
in the use of optical computing for processing fuzzy data [16-27]. The first optical
computing devices for processing fuzzy data were based on several different ideas: on the
representation of logical operations using the optical effect of anisotropic scattering [16],
on a programmable array of prisms [17], and on the calibration of shadow diagrams,
for example, an optical system based on a zone coding scheme and a shadow casting
method [18].

Such devices also helped with parallelization: e.g., an optoelectronic fuzzy infer-
ence system for parallel processing of many fuzzy rules based on a spatial light modula-
tor with the implementation of various membership functions was described in [19].
The authors of [20] showed how to use, for this purpose, a spatial modulator of a Gauss-
ian laser light source and a system of micro prisms. Interestingly, similar parallelization
ideas were proposed for chemical-based [21, 22] and biological-based [23, 24] pro-
cessing of fuzzy data.

Systems in which optical computing is used for processing fuzzy data have been
successfully used in technical applications; see, e.g., [25, 26]. However, such systems
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are not yet widely spread, and one the reasons for this is that these systems, in effect,
copy the traditional computers when processing data. In the processing units of the tra-
ditional computers, all the numbers are processed with very high accuracy, 64 or even
128 bits, irrespective of whether these numbers come (a) from super-precise measure-
ments where all these bits are important, (b) from a measurement with 10 % accuracy,
where only the first decimal digit is reliable, or (c) from an expert estimate, where an
expert can meaningfully distinguish between 7 plus minus 2 different degrees. The more
bits we use, the more logical gates we need to process this data, and, as a result, the
more complex is the resulting construction.

As a result, the currently proposed fuzzy optimal computing devices are very com-
plex, requiring arrays of lenses, and prisms, complex diffraction gratings, additional de-
vices in the form of piezoelectric crystal elements and optoelectronic phase shifters,
coding systems, holograms, shadow images, etc. — as well as high accuracy require-
ments on the quality of light emitters — requirements that can only be satisfied by ex-
pensive laser light sources. A large number of processing elements leads to high costs
and high energy consumption.

A known way to simplify the resulting computations in problems related to Artifi-
cial Intelligence — where a large amount of data comes from experts, and many other
data points come from low-accuracy measurements — is to take this low accuracy into
account, i.e., in effect, to «blur» and «fuzzify» the given numbers; see, e.g., [14, 27].
For optical data processing of fuzzy data, this will allow us to utilize fully the main ad-
vantages of optical computing: processing speed, compactness, and a practically unlim-
ited possibility of parallelization.

How can we do it? To process a single fuzzy degree on a traditional computer, we
need to store (and process) a real number from the interval [0, 1]. As we have men-
tioned, in practice, we only need to distinguish between about 7 degrees. So, a natural
idea is to use an optical phenomenon where we humans also distinguish about 7 differ-
ent main valued — the phenomenon of color, where we distinguish between 7 or so
basic colors in the spectrum.

Based on this idea, we propose to use color to describe possible fuzzy degrees. The
use of color to describe different degrees is not just a technical idea, it is perfectly in
line with common sense. For example, we usually use red to describe a threat situation,
green as an all-clear situation, and yellow as an intermediate degree of danger. Many
linguistic expressions use white to indicate good and black to indicate bad; see, e,g.,
[28, 29].

To process the corresponding optical filters, we propose to use color filters. This
way, the optical processing of fuzzy information is greatly simplified. The main objec-
tive of this paper is to show how color can indeed be used to process fuzzy information.

General information about colors. It is well known that all visible colors can be
obtained by an appropriate combination of three basic colors: red R, green G, and
blue B. When we do not have any colors, we perceive it as the color black Blc. When
we combine all three colors in equal proportion (Fig. 1, a, b), we get white color W,
when we combine red and blue, we get magenta M; when we combine red and green,
we get yellow Yel, and when we combine green and blue, we get cyan C:

R+G+B=W;R+G=Yel;R+B=M;G+B=C. 1)

These are the colors that we will use in our proposal. We assume that we have ide-
al filters [30] corresponding to all three basic colors (red, green, and blue) and all three
combined colors (yellow, magenta and cyan). Of course, combining the two lights of
the same color does not change this color:

R+R=R;G+G=G;B+B=B.
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We can block some basic colors if we apply filters (Fig. 2). For example, the red
filter blocks green and blue components, learning only the red color; we can de-
scribe it as R = W — G — B; we can write similar expressions describing the blue filter B =
W — R - G and the green filter G=W - R - B.

We can also have a yellow filter that blocks the blue components of the white light
and keeps only the red and green components, which form the yellow light filter (light
filter F1) W — B = R + G = Yel; we can similarly have a cyan filter (F2) for which W —
— R =G + B = C and a magenta filter (F3) for which W - G =R + B = M; see Fig. 3.

If we block all three color components, we end up with black color (Fig. 4, a): W —
-R-G-B=Ble.

° 0

Fig. 2
When a yellow light emitter passes through a red filter, the green color is blocked,
and the output is red

Yel -G =R, O]
through the green filter, the red color is blocked, and the output is green
Yel -R =G, 3)
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through the blue filter, red and green are blocked, and the output is black (i.e., the ab-
sence of light emitter) color

Yel - R - G=Blc. 4
F1 F2 F3
R R~ R
R > —G—> R >
G Yel }Yel G— C }c G M }M
G—> B —» B—>
B B, B

Fig. 3

Similar dependencies can be obtained for other combinations of the color of the
light emitter and the light filter. In particular, by combining Y, C and M filters, it is
possible to separate the main colors (Fig. 4, b—d):

F1 F2 F3 F1 F3
R ’ R .
—R > —R > ®
G—» Yel C G+ M G —»{ Yel M —p
—G—»] —G >
B B - >
a b
F1 F2 Fs F2
R R
R »] G —R >
G —»| Yel C _.Q G M C
G > B >
B— B—y
c d

Fig. 4

Logic of colors. In line with the above idea, let us associate colors with fuzzy de-
grees of confidence. As we have mentioned, it is natural to associate «no» (N) — i.e.,
no confidence — with the red color R. The absolute confidence — described by «yes» —
is the absolute opposite of «nox». So, it is reasonable to associate «yes» with the color
which is as far away from the «no» — color as possible, i.e., with the color blue which
is on the other side of the spectrum from red. Thus, we take B = Y «yes». The remain-
ing basic color green is natural to associate with the intermediate degree of confidence:
G = YN «probably yes».

Interpretations of combinations of basic colors can be naturally associated with the
combinations of the corresponding degrees of confidence:

W =R+ G+ B =YYNN «positive decisiony; (5)
C =G + B =YYN «very probably yes»;
M =R + B = NY «probably no», negative evaluation (for additional color);
Yel =R + G = NNY «very probably noy;
Ble =W - R — G - B =0 «no decisiony.
Then, for example, equations (2)—(4) will look like
NNY — YN = N; NNY =N =YN; NNY - N-YN=0. (6)
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The operations of addition and subtraction of color, in view of (5), can be naturally
interpreted as the operations of union (disjunction) and intersection (conjunction) of sets
(logical statements, operations).

Tables 1 (disjunction) and 2 (conjunction) describe the correspondence between
the usual Boolean logic and our logic color gates («coloroid») for red R (false, 0), blue
B (true, 1), and magenta M (false/true, 0/1) colors:

Table 1 Table 2
R(0) R(0) RV R=R(0) R(0) R(0) RAR=R(0)
R(0) B(1) RV B=M(0/1) R(0) B(1) R A B=0(0)
B(1) R(0) BV R =M(0/1) B(1) R(0) B A R=0(0)
B(1) B(1) BV B=B(1) B(1) B(1) B A B=B(1)

The color subtraction operation corresponds to the operation of the intersection of
the set determined by the color of the input light emitter entering the light filter and the
set determined by the color of the light filter. In this case, set R and set B do not inter-
sect, since the red filter blocks the blue color and the blue filter blocks the red color. For
sets defined by the color R and M, the operations of disjunction and conjunction form
Tables 3 (disjunction) and 4 (conjunction) (when added, a secondary purple-red color
MR is formed).

Table 3 Table 4
R(0) R(0) RV R =R(0) R(0) R(0) R AR =R(0)
R(0) M(0/1) RV M = MR(0/0/1) R(0) M (0/1) R A M = R(0)
M(0/1) | R() M V R = MR(0/0/1) M(©O/1) | R() M AR =R(0)
M(0/1) | M(0/1) MV M = M(0/1) M(/1) | M(0/1) M A M = M(0/1)

In this case, for logical equations (5), when passing through the filters of the corre-
sponding color, the corresponding blocking logical equations (6) will be subtracted (for
convenience, we will continue to use the operations of summation and subtraction of
colors adopted in colorimetry [28-30]) or the logical equations determined by the color
of the used filters will be summed, and then reduced to the form of a logical equation
corresponding to the primary or additional color

NNY — YN =Nor NNY + N =NNNY =N;
NNY —N=YNor NNY + YN = NNY; (7)
NNY —N-YN=0or NNY +Y =NNYY =0.

At the same time, for the additional equation of system (7), it follows that the oper-
ations of subtraction and summation lead to different results. This corresponds to the
provisions of the theory of light filters [30] that it is more accurate to use the operation
of subtracting the color blocked by the light filter than summing the color of the input
light emitter and the color of the light filter.

Nevertheless, for a general illustration of the approach, in the future, both forms of
operations with logical expressions for light filters will be used implying that if the re-
sults obtained differ, the exact solution is the logical operation of the intersection.

The remaining colors can be represented as follows: G (true/false, 1/0),
C (true/trueffalse, 1/1/0), Yel (true/false/false, 1/0/0). To get a better relation with the
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usual fuzzy logic, in which degrees of confidence take values from the interval [0, 1],
each color can be assigned an appropriate numerical value from this interval. For exam-
ple, R(0); Yel(0,25); G(0,5); C(0,75); B(1); M(0,5); R(0), which corresponds to the lo-
cation of the color on the inner hexagon of the circular spectrum when listed counter-
clockwise. We can also consider a secondary purple-red color (Table 3) MR
(false/false/true, 0/0/1) with a value of 0,25.

Disjunction is carried out by adding light emissions based on equations (1), and
conjunction using equations (2)—(4) by subtracting a certain color from the light flux us-
ing filters of the corresponding color (filter R passes R, blocks B and G; filter B passes
B, blocks R and G; filter G passes G, blocks B and R).

Logical negation corresponds to the accepted (according to the information quanti-
zation system (5)), opposite color pairs B=—-R,C=-Yel,G=—=M (or, in logical
terms Y = N, YYN—NNY, YN — NY), as well as W =—BIc. The implementation of
the negation operation is most difficult because it requires not just the transformation of
the light emitter, as in disjunction and conjunction, but a change to the opposite color,
which requires a more elaborate constructive solution — and we hope that such a solu-
tion will be designed. For example, this solution may be based on the separation of the
primary and additional colors into separate light beams due to different refractive indi-
ces and, further, the production of light emitter opposite in color through the corre-
sponding induced channel.

A more general approach to describing light emitters of different colors as sets can
be considered, which is based on a matrix representation. Let’s imagine a light emitter
and a light filter of a certain color in the form of a 3 x3 diagonal matrix:

R 0O 0 0O 00O R 0 O
R=|0 0 0};G=|0 G 0|;B=|0 0 O|;Yel=|0 G OF;
0 00O 0 0O 0 0 B 0 0O
R 0 O 0 0 O R 0 O 0 00
M=|0 0 0[;C=]0 G O|;w=|0 G O0|;Blc=]0 0 0.
0 0 B 0 0 B 0 0 B 0 0O

The disjunction operation will be defined as the union (addition) of sets, for
example,
R 0O 0 0O 0 00O R 0 O
W=|0 0 0|v|0 G 0|v|0 0 0f=|0 G O0].
0 00) 00O 0 0B 0 0 B

We can also describe the idempotency property in these terms; for example, for red

R 0O R 0O R 0O
R={0 0 O|v|0 O 0|=|0 0 Of. 8)
0 00 0 00 0 00

The operation of conjunction (intersection of sets) will be determined by multiply-
ing the corresponding sets (and taking into account the idempotency). For example, for
yellow:

R 0 0 R 0 0 R 0 0
Yel=|0 G 0|A|0 G 0|=|{0 G O0]. 9)
0 0O 0 0O 0 0O
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Then we get the following representation of white light emitter passing through the
Yel filter, considering (9),

R 0 O R 0 O R 0 O
0 G 0|A|0 G 0|=|0 G O0].
0 0 B 0 0O 0 0O

The resulting yellow light then passes through a magenta light filter M

R 0 0 R 0 O R 00
0 G 0{A|0 O Of=|0 0 O
0 00 0 0 B 0 0O

and cyan light filter C
R 0O 00

0 0 00
0 0 0|A|0 G 0|=|0 0 O].
0 00 0 0 B 0 00

At the output, we get an empty set corresponding to the black color Blc.
The corresponding matrix expressions for equations (2)—(4) will be written in the
form
R R 0O R 0O
R={0 G 0|A|0 O O|=|0 O O0};
0 00O 0 0O 0 0O

o
o

R 0 O 00O 00
Blc={0 G 0|A|0 O 0|=/0 O
0 0O 0 0 B 00

The above operations can be written by using an abbreviated description of the cor-
responding diagonal matrices; for example, for the equations (7), we get:

diag (R, G, 0) adiag (R, 0, 0) =diag (R, 0, 0);

diag (R, G, 0) adiag (0, G, 0) =diag (0, G, 0);
diag (R, G, 0) adiag (0, 0, B) =diag (0, 0, 0).

With a matrix representation of light emitter and light filters, the advantage is that
the operations of subtracting and adding colors accepted in colorimetry are correctly de-
scribed, and only primary colors are used in this description. Similarly, the transfor-
mations of the light emitter of different colors for different filters are correctly de-
scribed.

Let’s continue to consider the system of equations (5), which specifies the appro-
priate gradation of the qualitative assessments of experts (for the considered example of
input information in the form of expert assessments). On its basis, by considering the
optical transformation of light emissions of different colors, we will form a certain logi-

cal conclusion.
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For example, suppose that three expert ratings are given (let’s call them a «posi-
tive» group, because, under conditions of opposite ratings, the key decision is defined
as YN «probably yes»): N, which corresponds to red; Y (blue) and YN (green). The
addition (combining) of these light emissions (optical schemes as shown in Fig. 1, b)
forms the white color W and the estimate YYNN, which corresponds to a positive deci-
sion based on these conflicting estimates.

For three ratings (of the same positive group of experts) N, N, N the general deci-
sion N follows (color R, «now); for Y, Y, Y — general solution Y (color B, «yes»); for
YN, YN, YN — the general solution YN (color G, «probably yes»).

In general, with three estimates, if we consider the light emitters of the above three
basic color and three combined colors, and take into account idempotency (8), we arrive
at the following decisions:

for estimates

N,N,Y=N,Y,Y=NY (10)

— the common decision NY (color M, «probably noy);
for estimates

N, N, YN =N, YN, YN =NNY (11)
— the common decision NNY (color Yel, «very probably no»);
for
Y,Y,YN=Y, YN, YN=YYN (12)

— the common decision YYN (color C, «very probably yesy).
If only primary and additional colors (discarding tones or secondary colors) are

considered as well as the white light emitter as in expressions (10)—(12), then we get 7
solutions.

Let’s form the second group of three experts and define it as «negative» (under
conditions of opposite assessments, the key decision is defined as NY «probably no»)
with possible assessments of YYN, which corresponds to the blue color; NY (magenta)
and NNY (yellow).

The solution when assessing the positive group R, G, B and obtaining white light,
which then passes through a system of three light filters with expert estimates C, M,
Yel, results in black light (Fig. 4, a), i.e. its absence, which corresponds to the absence
of a decision

R+G+B=W-R-G-B=00orY+N+YN=YNYN-Y-N-YN=0.

It is logical that with the total assessments of experts: «no, yes, probably yes, very
probably yes, probably no, very probably no», and even with an intermediate posi-
tive decision, the final negative decision follows, taking into account completely con-
tradictory expert assessments.

The disadvantage of the optical scheme shown in Fig. 4, a is the blocking by the
system of light filters (negative group of experts with estimates of form C, M, Yel) also
other estimates at the output of the positive decision-making block. For example, in the
primary assessment of the positive group of experts Y, Y, Y, the blue color will be
blocked by a yellow light filter, which does not correspond to the general primary deci-
sion Y in the secondary assessment by the negative group of experts

Y +YYN+ NY +NNY =YYN,

those, output estimate Y'YN, which can be interpreted as very probably yes.
To consider this contradiction, optical schemes are proposed, shown in Fig. 4, b—d.

The optical scheme that implements solutions for two groups of experts includes a sys-
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tem of light filters corresponding to the generated color estimates. Thus, there will be
six expert assessments in total (Fig. 5). Then, for example, the light emission of blue in
the initial evaluation of Y will pass through a group of two light filters cyan and magen-
ta; red light emitter will pass through a group of two light filters yellow and magenta;
green light emitter will pass through a group of two light filters yellow and cyan.

Level 1 | Level 2

O~ Yelprets{M]

F1 F2 F1 F2 F3
YU S VAR R T O

[

| F3 F2

: Oxd

' | [

B it ) A\ ar1Ql T S SO R S S OSSR 1 Rt M {1 e P S5 e
New decision T T

Fig. 5

In the case of white light emission at the output of each of the group of two light
filters, with additional estimates of form C, M, Yel will give white RGB; color filter C,
M will give blue color YNYN — YN — N = Y; color filter M,Yel will give red color
YNYN — YN - Y = N; will give green color filter C,Yel will give green color YNYN —
—N-Y = YN, and in the sum of three output emitters according to the optical scheme
of Fig. 1 we obtain white emitter YNYN.

When white light passes through a yellow filter (this corresponds to the NNY ex-
pert’s estimate), the blue color is subtracted and the remaining red and green give yel-
low light and the output solution «very probably no»

YNYN-Y =NNY.

When white light passes through a cyan filter (this corresponds to the YYN ex-
pert’s estimate), the red color is subtracted and the remaining blue and green give cyan
light, and the output solution is «very probably yes»

YNYN-N=YYN.

When white light passes through a magenta filter (this corresponds to the NY ex-
pert’s estimate), the green color is subtracted and the remaining blue and red give ma-
genta light and the output «probably no»

YNYN-YN =NY.

Fundamentals of synthesis of decision-making systems and logical conclusions.
Let us consider an expanded optical scheme of a logical coloroid (Fig. 5, Level — eval-
uation; S — a white light emitter) with three levels of evaluation of the decision-making
process. After the secondary evaluation (by Level 2) by the system of light filters, it is
proposed, upon receipt of the white light emitter, to introduce a third group of experts
who control the third level of the system of light filters, which, for example, with a ter-
tiary evaluation Level 3 of form C, M, Yel will give Blc at the output, i.e. «no decision».

For example, for the primary evaluation R, R, R at the output of the Level 1, red
light emitter R is formed, which passes through the filters M, Yel, and provides the sec-
ondary evaluation as a solution

N-0-0=Nor diag(R, 0, 0) ndiag (R, 0, B) ndiag (R, G, 0) =diag (R, 0, 0).
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For the primary evaluation, for example, R, R, B magenta light M is produced at
the output of the optical gates of Level 1. This light will pass through the filters M, Yel
of Level 2, where the magenta light emitter will be blocked by the yellow filter B (re-
mains R), and through the filters M, C of the secondary evaluation Level 2, where ma-
genta light emission is blocked by R with a cyan filter (remains B)

M-B=R;M-R=B
or, correspondently,

diag (R, 0, 0) vdiag (0, O, B) ndiag(R, 0, B) ndiag (R, G, 0) =diag (R, 0, 0);

diag(R, 0, 0) vdiag (0, 0, B) Adiag (R, 0, B) Andiag (0, G, B) =diag(0, 0, B).

When passing through a Yel, C filter, magenta will be blocked
M-B-R=0;

diag (R, 0, B) ndiag (R, G, 0) ndiag (0, G, B) =diag (0, 0, 0).
At the output of optical devices of Level 2, the sum of red and blue light R+ B =M
is formed, i.e. we get magenta light as the final score for this case

NY —N+NY -Y =NY or
diag(R, 0, 0) vdiag (0, 0, B) =diag (R, O, B)..

Similarly, solutions are formed for various options for expert assessments. A logi-
cal coloroid can be an integral part of a system (network) of series-parallel, hierarchical-
ly organized elements, where the optical signal at the output of a certain coloroid will be
one of the input signals for the next coloroid, and so on.

Operations by the logical coloroid can be described in the following matrix form:

1. W=diag(R, 0, 0) vdiag (0, G, 0) vdiag (0, 0, B) =diag (R, G, B).

2. Light filter Yel, M diag (R, G, B) andiag(R, G, 0) ndiag(R, 0, B) =diag(R, 0, 0);
light filter Yel, C diag (R, G, B) andiag (R, G, 0) ndiag (0, G, B) =diag (0, G, 0);
light filter M, C diag (R, G, B) adiag(R, 0, B) adiag(0, G, B) =diag (0, 0, B).

3. W=diag(R, 0, 0) vdiag (0, G, 0) vdiag (0, 0, B) =diag(R, G, B).

4. Light filter Yel, M, C
diag(R, G, B) ndiag (R, G, 0) ndiag (R, 0, B) adiag (0, G, B) =diag (0, 0, 0) =Blc.

The above equations do not cover all possible combinations of filters but allow us
to consider the basics of the formation of color logic (logical coloroid).

Continuing further, the main prerequisites for the concept of decision (in contrast
to estimates) can be formulated for the method of information processing under consid-
eration. Let’s formulate primary (ordinary preliminary decision) decisions (less im-
portant, less significant, based on the formed purposes and objectives of the final deci-
sion-making). For example, the question «Is John tall?» can be not essential for deci-
sion-making. On the other hand, if «John's height» plays a role in the process of
making a decision, then this will be a complicated decision with a corresponding
branched chain of estimates and logical conclusion.

The preliminary ordinary decision is based on the primary assessment and color
(coloroid) summation of these assessments (it can be assumed that three are enough).
On Fig. 5, this part of the decision-making system is implemented by Level 1 and is de-
scribed as follows:

1 decision — three experts give the same estimates:

— «John is not tally, final estimate «John is not tall», color R;

— «John is probably tall», — «John is probably tall», color G;
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— «John is tall», — «John is tall», color B.

2 decision — two experts give the same estimates (block diagram of the algorithm
is shown in Fig. 6, a):

— «John is not tall» and «John is probably tall», final estimate «John is very
probably not tall», color Yel;

— «John is not tall» and «John is tall», — (negative estimate) «John is proba-
bly not tall», color M;

— «John is tall» and «John is probably tally, — «John is very probably tall»,
color C.

3 decision — three experts give different estimates (block diagram of the algorithm
is shown in Fig. 6, b) — «John is not tall», «John is probably tall», «John is tall»,
the main (basic) solution in terms of conflicting «Truth, John is tall», color W = RGB.

Is John tall?

A 4

Tall Probably
tall

Probably
tall

John very
probably tall

Is John tall?

¢ \ 4

o TP 148 .
Not tall Frobably Tall
tall

Fig. 6

A difficult decision problem involves an important (complicated) decision, for ex-
ample, consider the assessment of the situation «Is the bridge safe?». According to the
proposed scheme (Fig. 5), the decision-making process includes a group of three main
experts and six auxiliary experts (e.g., less qualified ones).
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When evaluating the decision Level 1 (the block diagram of the decision-making
algorithm is shown in Fig. 7) of the main experts in the form of RGB the decision «The
bridge is safex is sent to a group of secondary experts with estimates in three grouped
lines Level 2: Yel «Very probably not safe», M «Probably not safe» at the output
gives an overall intermediate rating in the first line R — «Not safe»; Yel, C «Very
probably safe» at the output gives in the second line G «Probably safe»; M, C in the
third line gives B «Safe», which, with coloroid summation of the results of assessments
in all three branches, gives a solution in terms of conflicting RGB, «Safe».

Is the bridge
safe?

4 ¢

Probsz /
F wb(}bl_\ / f Safe /
safe

Not safe

\

Alternative decisions for
other data combination

Level 1
Other
filters
Alternative decisions for
other filters combination
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I = = e e = For example = — For example — =— — — —

(] 5] [

I

I

I

I

I

I

I 0 0

| -
I decision S >

' .

Fig. 7

The third group of experts, for example, with estimates Yel, M, C — gives the fi-
nal decision Ble «False. Not decision». It should be noted that according to the pro-
posed scheme for constructing the decision-making process, the experts gave 5 general-
ly positive estimates and 7 generally negative ones. Such a result obviously requires a
re-evaluation.

The optical schemes (shown in Fig. 4) give possible overall estimates for different
(2 identical) estimates of the third group of experts. In the case of Yel, C the overall rat-
ing would be G «Probably safe»; for Yel, M — R «Not safe»; at M, C follows B
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«Safex. Three identical expert estimates give overall ratings for Yel — «Very prob-
ably not safex; for three M — «Probably not safex; for three C — «Very probab-
ly safex.

Conclusion

The proposed schemes for the optical implementation of logical coloroids using
light filters and color information quantization make it possible to expand the possibili-
ties of using logical gates for processing high-quality information and synthesis of high-
speed decision support systems. The proposed approach can be supplemented, for ex-
ample, by using secondary colors and thus increasing their total number to 12, thereby
reducing the step and increasing the accuracy of information quantization. It is possible
also to consider the use of the concept of color saturation or desaturation of color, for
example, R® — is the red color of saturation s, where s > 1 corresponds to the degree of
saturation, and s < 1 — of desaturation. Color saturation carries additional information,
which can be formulated for R as «more or less probably with the power s than N».

Optical logic coloroid gates can be combined into series-parallel hierarchically or-
ganized circuits, the color of the used filters can also reflect the tactile information of
the environmental sensing systems necessary to form the corresponding logical conclu-
sions or decisions. Optical schemes can be constructed using, for example, the proper-
ties of photonic crystals [10] or by using phenomena from other areas of optical physics.

The presented system of quantization of light emitter of different colors determines
the information load of color as a carrier of qualitative information about the environ-
ment and/or expert estimates. Optical gates that form chains of logical coloroids allow
the construction of logical conclusions for decision-making systems in intelligent con-
trol. For nanosize coloroids, in which the time during which light passes through the
logical elements is very small, we can get high-performance logical gates and thus, very
fast information processing.
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Oy/IOBH JIOTIYHHX PIllICHb IUIIXOM MEPETBOPEHHS CBITIOBOTO BUIIPOMiHIOBaHHS
BIAMOBIAHUMH CBIiTIOBUMH (inbTpamu. OntuuHa oO6podOka KoIbOpoBOi iH(pOp-
Marlii, sika BizoOpakae pi3Hi 3HAYCHHS BXITHUX JaHUX (PO3TIISIAETHCS HA MIPUK-
Naji eKCIEPTHUX OI[IHOK), 3IIHCHIOETHCS 3aIPONOHOBAHOK CTPYKTYPHOIO IIO-
OyZOBOIO HEUITKHX JIOTIYHUX BEHTHWIIB (JIOTIYHOTO KOJIOpOiza) Ta 3HAYHO
CIIPOIIYETHCS, IO BiTHOLIEHHIO JI0 ICHYIOUMX CHCTEM, 32 paXyHOK peaiizamii Ha
BJIACTUBOCTSIX aAWTHBHOI Ta CyOTpaKTHBHOI OOPOOKM KOJBOPIB 3 BHKOPUCTaH-
HSM JIOCTaTHBO MPOCTUX CBITIOBUX (inpTpiB. CHopMoBaHO HeuiTKy 6a3zy JaHUX
Ha OCHOBI BU3HA4Y€HHs KBaHTa iH(pOpMAIlil, sSIK BiAMOBIIHUIA KOIip, Ta KOMIIOHE-
HTH ONTHYHOI JIOT1YHOI CHCTEMH 3a JONOMOTOI0 aIMTHBHOI Ta CyOTpaKkTHUBHOI
00pOoOKH CBITIOBOTO BHIIPOMIHIOBAaHHS BiAIIOBIIHHX KOJILOPIB; PO3POOJICHO OC-
HOBH CHHTE3Y CHCTEM JIOTIYHOTO BHCHOBKY Ta NPUHHATTS pimeHs. B pobori cu-
HTE30BaHO y3arajJbHEHY CTPYKTYPHY CXeMY ONTHYHOTO JIOTTYHOTO KOJIOPOIza sIK
OCHOBY CTBOPEHHsI 6araTopiBHEBOI CHCTEMU IPHUHATTS PillIeHb JUIS TOAAIIBIIO-
IO 3aCTOCYBaHHS B CHCTEMax INTYYHOTO iHTeNnekTy. CXeMH ONTHYHUX JOTIYHUX
KOJIOPOINiB MOXYTh IOEIHYBATHCS B MOCIIIOBHO-TIAPANICNIBHI I€EpapXidyHO opra-
HI30BaHi CXEMH, KOJIp BUKOPHUCTOBYBAaHHX CBITIO(QIIBTPIB MOXKE TaKOXK, KpiM
EKCIIePTHUX OI[HOK, BiJOOpakaTH TaKTHJIbHY iH(GOPMAIil0 CHCTEM CEHCOPIB
PO HABKOJIMIIHE CEPEIOBHILE, II0 HEOOXiAHO A (HOpMyBaHHS BiAMOBITHHUX
JIOT1YHHUX OLIHOK a0o pimeHb. BUKOpUCTaHHA KONBOPY SIK HOCIS JioridHoi iH(DO-
pMartii 103BOJISIE CTBOPUTH MIBUAKOIIFOY] TEXHIYHI IPUCTPOT 3 IPOAYKTUBHICTIO,
B OCHOBI PO3paxyHKIB SIKOI BUKOPHCTOBYETHCS IIBUAKICTH CBITIA sl (hopMy-
BaHHS [IEBHOT'O MACUBY JIOT1YHUX PIllICHB.

Kiwuosi ciioBa: kBaHT iH(oOpMaIlii, HEYITKi JIOTIYHI BEHTHI, ONTUYHUI KOJIO-
poin, KoJIBOPOBi CBITIOBI PIIBTPH.
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