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Broadcast television systems are initially designed for human image
perception under transmission conditions in a limited spectrum range
therefore, broadcast television is consistent with the parameters of
the human visual system and does not exceed them. In turn, applied
television systems, which include, among other things, radiography,
bolometry and remote sensing of the Earth, are designed to register
specific objects. At the same time, the sources of recorded radiation
are sunlight outside the non-visual range, X-rays, infrared rays, the
range and conditions of propagation of which are significantly differ-
ent from visible sunlight. To register this radiation accurately, televi-
sion systems with parameters that differ significantly from the human
visual system are needed. In this article, the possibility of colour con-
trast in applied television systems with a wide dynamic range is con-
sidered and a method for assessing the perception of the warmth of
colour shades is proposed. To do this, at the first stage, a colour space
is selected that specifies a coordinate system for colour shades. Next,
a selection of colours is formed in the colour space, participating in
further studies to assess the perception of colour warmth. The scien-
tific work also discusses the creation of a test trial. An algorithm is
presented for a web program that conducts a survey of the subject.
Subject survey data is stored on a separate server and is available for
further processing. The following is an example of processing prelim-
inary data for 18 colour shades, but it is proposed to further expand
the number of colour shades to 36.
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Introduction

Today there are many applied television systems, the parame-
ters of which differ from the parameters of conventional broadcast
television. Broadcast television systems are initially designed for
human image perception under transmission conditions in a lim-
ited spectrum range therefore, broadcast television is consistent
with the parameters of the human visual system and does not ex-
ceed them. In turn, applied television systems, which include,
among other things, radiography, bolometry and remote sensing
of the Earth, are designed to register specific objects. At the same
time, the sources of recorded radiation are sunlight outside the
non-visual range, X-rays, infrared rays, the range and conditions
of propagation of which are significantly different from visible
sunlight. To register this radiation accurately, television systems
with parameters that differ significantly from the human visual
system are needed. The dynamic range is one such parameter that
is particularly important [1, 12].

The inconsistency of dynamic ranges in television and visual
systems forces to use image post-processing. For example, the dy-
namic range can either be compressed or colour contrast methods
can be applied to the image, increasing the information content of
the image due to the fact that a person sees more colours than gra-
dations of brightness (a million shades [1] versus 200 gradations
of brightness [2,3]).

This scientific work is based on previous [4,5,6] works, in
which the problems of choosing a colour space were solved [4],
distributing a sample of colours shades [5] in the colour space,
which will later represent interpolation nodes, and preliminary as-
sessment psychophysical perception of the warmth of colour
shades [6] for a section of CIE LCH space at the brightness point
L=0, all points of which have brightness L=0. In this work, the
perception of colour warmth will be assessed for the entire CIE
LCH three-dimensional space. The nodes obtained in [5] will be
used as interpolation nodes.

Color contrast

One possible way to increase the contrast of an image is color
contrast. Color contrast - increasing the information content of an
image by replacing gradations of brightness with color tones. A
person sees about 200 gradations of brightness [1, 2]. At the same
time, a person can distinguish about a million shades of colors [3].
Thus, luminance gradations in an image with a high dynamic
range can be translated into chromaticity gradations, which will
increase the information content of this image.

The principle of the color contrast method is as follows.

Let's take an image of a linearly increasing black and white
signal from minimum to maximum, shown in the figure...

Let's divide the amplitude range of the input signal into 6 sec-
tions. Each section of the input signal must be assigned its own
range of colors on the color triangle R, G, B, that is, in the level
range of the first section I, we must submit three signals to the
three-beam kinescope, varying according to a given law. In this
case, it should be taken into account that colors (hue and bright-
ness) are not repeated in more than one area. If the assigned colors
lie in the plane of Maxwell's color triangle, then the brightness of
the areas of the colored black and white image will be the same.
Here, the sum of the potentials on the electrodes of the kinescope
must be constant over the entire brightness range of the black and
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white image, that is
U, +u; +u, =const (1)

If condition (1) is not satisfied, then in addition to changing
the color tone, the brightness of the painted areas will also change,
which corresponds to color triangles lying in different planes of
the primary color coordinate system. This coloring algorithm
gives a large range of visually distinguishable colors and is there-
fore preferable to the first.

Choice of colour space

Nowadays, there are many colour spaces that serve different
purposes. Television uses three-colour colour spaces similar to
CIE 1931[4]. However, this colour space has a factor that signifi-
cantly influences the solution of the problem [3]. This factor is the
McAdam ellipses. McAdam ellipses are areas in colour space
within which colour characteristics do not change. In terms of the
goals of amplitude colour contrast, this means that several grada-
tions of brightness will correspond to the same colour shade [5].
As a result, the information component of the processed image
will decrease.

To solve this problem, it is necessary to choose a colour space
in which McAdam ellipses are either absent or have a minimal
area, that is, they meet the condition of equal contrast.

The first option for such a color space is CIE Lab. This color
space was developed to eliminate the non-linearity of the CIE
XYZ model. L means lightness (from 0 to 100), A is the position
between green and magenta, B is the position between blue and
yellow. In this case, McAdam ellipses are transformed into circles
of the same size.

The disadvantage of CIE LAB is the difficulty in working with
the coordinates of an individual shade. This plays an important
role because, as will be seen later, to assess the warmth and cold-
ness of colors and shades, it is necessary to form a sample of
points. However, the CIE LAB space, like its slices, has a complex
shape, which makes it difficult to form a color sample.

Based on this, it is necessary to choose a color model that will
be simple both for the sampling task and for translation into CIE
LAB. Such a space is CIE LCH. This space, like its slices, has a
simple shape, which makes it possible to effectively solve the
problem of sampling. CIE LAB is converted to CIE LCH using
the formulas:

L=L

C=+a’+b* (2)

arctan (gj,emu arctan (2] >0
a a

arctan [2) +360°, eciu arctan [éj <0

a a

H =

Despite its simplicity, using the CIE LCH space to construct a
traversal path has its drawbacks, since the McAdam ellipses have
an irregular shape (Fig. 1), which impairs the linearity of the per-
ception of color contrast.

However, in this space it is possible to form a selection of colors
to assess the warmth and coldness and set key points for the tra-
versal path. Once the warm-coolness has been estimated for a sam-
ple of colors and shades, the sample can be converted to CIE LAB.
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Fig. 1. CIE LCH color space slice with MacAdam ellipses

Overview of traversal algorithms

There are many algorithms for constructing a traversal path,
each of which has both advantages and disadvantages [10, 11]. For
example, the stigma-shaped algorithm has high performance, and
the spiral-triangular algorithm has a wide coverage of colour space
shades.

Fig. 2. Algorithms for traversal paths. Triangular algorithm,
spiral-triangular algorithm, stigma-shaped algorithm

However, the considered algorithms either cover a small num-
ber of shades or are not intuitively clear, which can negatively af-
fect the operator’s interpretation of the results of the processed
image.

One of these methods is a method based on the quantum hy-
pothesis of colour vision [11, 12], developed by Mazurov A.I. and
Denisov A.K. [2]. Using this method allows to obtain a psycho-
logical compatibility of the coloured image that is close to the
original one.

In the quantum hypothesis colour is determined by the following
parameters: the number of photons absorbed by the visual system,

or brightness (F), the total energy of these photons (E or F¢g) and

its dispersion Fe” . € — is the average photon energy, &> — is the
square of the average photon energy.

Psychological compatibility is ensured by preserving the
brightness image of the original photograph and the continuity and

monotony of the colour scale trajectory by F, F' & u F&*. Thisis
accomplished using the following equations:

%:LR*UR+LB*UB+LG*UG

e =L *U %o+ L, *U, *e, + L, *U, *e, 3)

D(E), S =L *Up ¥ + Ly ¥ U ¥ ey + L *Ug *6)
D(E) €& =L UpTep Ly UpTep TLs"Ug "6

b
where F, E, D(E) — brightness, energy and energy dispersion at
points of the colour scale; F,, E,, D(E'), — the same values in

white; L,, L,, L, — brightness coefficients of the red, blue and

green colours of the monitor; Uy, U,, U, — voltage at the input
of the red, blue and green channels of the monitor; (& 61? ),

(€3 632 ), (€ 65 ), (& 61;2 ) — chromaticity coordinates of the
monitor’s red, blue, green and white colours in the FED(E) color-
imetric system [14, 15].

Computer modelling of colorization of radiographic images in
accordance with this system of equations showed the psychologi-
cal compatibility of the original and processed images [16].

Colour contrast is calculated using the following formula:

= (= i
K=KBiKC=£i Ac 4 4)
£y e €r

where A — brightness contrast, Ac — chromaticity contrast.

Scientific work carried out by Shi Xie-Qi and co-authors,
Moon Suh Park et al. and Elliot Varney and Andrew Smith [8]
showed that the colour scale can provide additional information in
the field of medical radiography to make a more accurate diagnosis.
In a study [9], colour contrast was used in conjunction with neural
network processing, which increased the accuracy of the neural
networks.

Blinov N.N. and Mazurova A.lL in their research on the im-
portance of colour sensation and psychological perception of col-
our. Colour perception increases the perception of gradation reso-
lution and facilitates the perception of three-dimensional images.

A method for objective perception assessment
of colour shades warmth

This research paper presents a test to evaluate the perceived
warmth of colour shades from a sample of colour in a colour space,
followed by the creation of a colour contrast algorithm. This will
allow us to further develop an intuitive algorithm that covers the
maximum possible number of shades. To do this, it is necessary to
add to the algorithm a parameter that will help human perception.
Since the work solves the problem of colour contrast, we can
choose the warmth of colour as such a parameter for human per-
ception. This option is used in some application television sys-
tems. For example, it has become widespread in the processing of
barometric images, as can be seen in Figure 2 [8].

-
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Fig. 3. Barometric image with colour contrast

As can be seen in Figure 3, the brightness levels responsible
for cold temperatures correspond to “cool colours”, and for warm
ones — “warm”.

A person’s perception of colour warmth refers to a parameter
that affects the perception of a hue as “warm” or “cold” depending
on hue and saturation [9]. The perception of the warmth of colour
shades is a subjective parameter used mainly in the artistic field
[2].

The book [9] examines the warmth of colour from the point of
view of colour temperature for the black body model (Fig. 3).

0.500

_

0.400 - &

2\ s 2000 T
X 3333
0.300 +
RN 5000
. \
\ W 10000
0.200 +
oK.
] 1 1 1 |
0.200 0.300 0.400 0.500 0.600

Fig. 4. The Planck locus with isothermal lines marked on it

Thin lines in Figure 4 mark isothermal lines - lines indicating
the correspondence of a set of colours for a certain temperature.
The model is actively used for light sources. Matching a colour
source to a specific colour temperature does not mean that the
source is heated to that temperature that its glow only matches the
given colour [13].

However, it is worth noting that this model reflects a physical
parameter, not a psychophysiological one. From a physics point
of view, when heated, the body changes its colour from red to blue
(Fig. 4). However, from the point of view of psychophysiology,
blue is “colder” than red.

That is why, it is necessary to measure the psychophysiologi-
cal “warmth” of colours to build a palette for a colour contrast
algorithm. There is no objective assessment of the perception of
colour warmth, but the objectivity of the measurement can be im-
proved by conducting a statistical study.

T-Comm Vol.I8. #1-2024

ELECTRONICS. RADIO ENGINEERING

First, tests must be conducted in which subjects will compare
colours with each other according to the parameter of perception
of the warmth of colour shades. The more the subjects, the more
reliable the results. It is planned to involve about 100 people in the
tests. The subjects will be given two colour shades, from which
they must choose the "warmest" or "coolest". After this, this shade
will be compared with the next one. This test will be named the
stage of the test element.

The result of the comparison will be a two-dimensional table
containing the compared pairs of colours and the winning colour
of the pair. The number of items also affects the accuracy of the
final result, however, a test trial with many items can negatively
affect the accuracy of the assessment, as test takers may become
fatigued and make more errors. Therefore, it is necessary to count
the maximum possible number of elements.

Thus, the test program must present two different colours from
a predetermined list to the reviewer in the program window, and
then take into account the reviewer's response in the form of an
increase in the values in the "Votes for Colour 1" or "Votes for
Colour 2" cells corresponding to the element. For convenience of
data collection, the program was implemented as a web applica-
tion with access via the Internet. The algorithm for software im-
plementation of a test can be presented in (Fig. 5).

Server

Client

(st
request

/ Color /

/ ouiut /
/ Coldcolor /

[ selection /

Send result to
server

Fig. 5. The software algorithm of the test

The program interface is shown in the figure below (Fig. 6).

B MainWindow - O *

Fig. 6. The program interface
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Table 1

Example of a test trial summary table with 5 colours

and 10 reviewers

According to ITU BT.500-15 [6], the total test time for televi-
sion image tests should not exceed 30 minutes in order to avoid
fatigue of the reviewers and, consequently, the occurrence of false
answers. The total number of test elements will be:

e

« \ Overweight of the w35
Colour 1 Colour 2 The “warmest 'colour votes for the K= z:1 n =630 (5)
of the pair coolest colour (A) . .

4BES079 4973319 4BES079 13 where K —is the tgtal number of ele;ments (pairs). '
#BES5079 #C05530 #BE5079 13 Given that the estimated time required for one element is 2-3
#A05ACO #807655 #A05ACO 13 seconds, the total test time will be:
#A05ACO #976A78 #A05ACO 13
#A05ACO #2D8825 #A05ACO 13 T = 630%*3 = 1890 sec = 31,5 min ©)
#A05ACO #C05530 #A05ACO 13 o ) ) )
#A05ACO #978319 #A05ACO 13 Which is comparable to the required time according to ITU
#A05ACO #BE5079 #A05ACO 13 BT.500-14.
:9977;311798 Zggggig :9977;311798 g To illustrate this was simulated a test with fewer colours and
HOT6ATS #BE5079 HOT6ATS 13 fewer reviewers. In the case of 10 reviewers and 12 colours, the
#976A78 #978319 #976A78 11 final test results take the form of a Table 1.
#807655 #BES079 #807655 13 The results of the table can be treated the following way. The
£507633 HHI0A TS £507633 L first and the second columns are the shown colors. The third col-
#807655 #978319 #807655 12 X ) : X
4807655 #C05530 4807655 13 umn is the color, that was chosed dusing the test session. The
#687899 #2D8825 #687899 13 fourth column is number of participants, that preferred this color
#687899 #OTOATS #687899 13 as colder one. When using the results of many participants, statis-
#687899 #157FEQ #687899 12 tics of the cold 1 be eathered with .
4657899 4AD3176 4657899 3 ics of the colder-warmer colors can be gathered with every color
#687899 #1EASCS 4687899 D ranked (or sorted) according to the overweight of the votes. De-
#687899 #249B88 #687899 13 gree of overweight should also be taken into account as statisti-
#687899 #807655 #687899 12 cally insignificant differences should be treated as equal tempera-
#687899 #BE5079 #687899 13 ¢ 1
#687899 #C05530 #687899 12 ure colors.
#687899 #A05ACO #687899 13 Table 2
#687899 #978319 #687899 13 Approximate colour interpretation
#4D8176 #2D8825 #4D8176 13
#4D8176 #976A78 #4D8176 13 Colour Describtion
#4D8176 #807655 #4D8176 12 #BE5079 Light raspberry
#4D8176 #249B88 #4D8176 12 #A05ACO Light lilac
#4D8176 #BE5079 #4D8176 11
#4D8176 4A05ACO #4D8176 13 #978319 Dark golden
#4D8176 #C05530 #4D8176 13 #ITOATS Pale burgundy
#4D8176 #978319 #4D8176 13 #807655 Dark yellow-brown
#2D8825 #C05530 #2D8825 13 #687899 Gray-blue
#2D8825 #BE5079 #2D8825 13 44D8176 Ultramarine gray
#2D8825 #976A78 #2D8825 13 #IDRRS Dark ercen
#2D8825 #807655 #2D8825 13 £ -
#2D8825 #978319 #2D8825 13 #249B88 Pale ultramarine
#249B88 #807655 #249B88 13 #1EA8CS Blue
#249B88 #976A78 #249B88 12 #157FEQ Light blue
#249B88 #BE5079 #249B88 12 #C05530 Pale orange
#249B88 #A05ACO #249B88 13
#249B88 #978319 #249B88 13 Di .

i ion
#249B88 #C05530 #249B88 13 Scussio
#249B88 #2D8825 #249B88 13 .
41EASCS 4BE5079 FIEASCS 3 The first tyvo columns of the table contain tesF elements, pre-
HIEASCS #C05530 #1EASCS 13 sented as a pair of compared colour shades. The third column con-
#1EASCS #976A78 #1EASCS 13 tains the sum of votes for the first colour (in the first column), and
#1EASCS #978319 #1EASCS 12 the fourth — for the second (in the second column). The fifth col-
#1EASCS #4D8176 #1EA8CS 13 tains the total ber of votes i h el ¢ and th
FIEASCE 240888 F1EASCS B umn contains the total number of votes in each element, and the
#1EASCS #807655 #1EASCS 2 sixth column contains the winner of the pair based on the total
#1EASCS #2D8825 #1EA8CS 12 number of votes.
H#IEASCS #AOSACO #IEASCS 13 The actual table of test results contains K = 630 rows, which
#1EASCS #157FEQ #1EA8CS 15 d h £36 col for the el fh
#157FE0 4BES079 4157FE0 B corresponds to the assessmentg colours for the elements of the
#157FE0 #C05530 #157FE0 13 test. The generated table contains an assessment of the “coldness”
#157FE0 #249B88 #157FEQ 12 of colour shades from the sample, which can be calculated by the
#157FEO #AOSACO #157FEO 13 total number of wins in each element of the test trial (in all rows for
#157FE0 #2D8825 #157FEQ 13 . . .
4157FE0 4978319 F157FE0 3 a specific colour). The obtained data will be needed for further pro-
#157FEQ #4D8176 #157FE0 12 cessing. For example, summarizing the results for interpolation or
#157FE0 #807655 #157FEQ 12 nonlinear regression to find perceived colour warmth values for
#157FE0 #976A78 #157FEQ 12

other shades, visually testing workaround methods, and so on.
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7 =i (7

where Z A, —is the sum of the advantage for one specific colour
over the others from Table 1, z Aj — is the sum of all the ad-
j
vantages from Table 1.
In this work, two-dimensional cubic spline interpolation was
performed [7]. Splines are found using the formula:

T
S(x,y)=a,Zb, (8)
Where:
(x) (x)
Zi,j Zi+1,j /’Ii,j ILlH—l,j
(x) (x)
7 = Zi,j+1 Zi+1,j+1 /ui,j+1 :ui+1,j+1
- » ) () ()
Hij M, Hij Hiaj
) ) (xy) (xy)
ﬂi,i‘u /ui+y1, e M jy+1 ,Umy, 4l
a,=[p() 9,(1) he, () ho (1]

b=[ow) @@ Lew Lew]
hi:xi+1_xi;lj=yj+l_yj ©)
P (&) =187 (1+28)

0, (&)= E2(3-28)

(&) =E(1-¢)

P, (&) =-E(1-8)

:y_yj

h, l,

Fig. 7. Illustration of a CIE LCH slice, with the Z axis marking human
perception of the warmth of hues

Conclusion

In this article, a method for assessing the perception of the
warmth of colour shades was developed. An implementation of
the method was also developed in the form of a web application
with the ability to access via the Internet. The method can be used
to conduct large database of test results. On the other hand, pro-
cessing over Internet can lead to broken results, thus special diag-
nostics should be implemented to remove anomaly test results and

T-Comm Vol.l17. #2-2023
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the large amount (more than a 100) of participants should be used.
Still a small test session of experiments shows that the method can
give statistically significant results.
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AHHOTaUuA

B paHHOM cTaThe paccMaTpMBaeTCA BO3MOXHOCTb LIBETOBOFO KOHTPAaCTUPOBAHWA B CMCTEMaX MPUKNAZHOrO TeneBUAeHUA € GOMbLUMM AWHAMUYECKUM
[IMana3oHOM U NpezararaeTca MeTo/, OLeHKN BOCMPUATUA TENOTbI LIBETOBbIX OTTEHKOB. [1nA 3TOro Ha nepeoM sTane BbiGMpaeTca LBETOBOE MPOCTPAHCTBO,
3a/jat0LLee CUCTEMy KOOPAMHAT AN1A LBETOBbIX OTTeHKOB. [lanee Ha LiBETOBOM NpocTpaHcTee HOpMUpYeTCA BbIGOPKa LIBETOB, y4aCTBYIOLUMX B AanbHEALINX
MCCNeOBaHUAX MO OLEHKe BOCMPUATUA TEMNOThbl LiBeTa. TaKkxe B Hay4HOM paboTe paccMaTpuBaEeTCA CO3JaHWEe TeCToBOro ucnbitaHuA. [MpescrasneH
anroput™M B36-NpOrpaMMbl, KOTOpas NPOBOAUT OMPOC MUcMbiTyeMoro. [laHHble OnMpoca UCMbITYeMbIX XPAHATCA Ha OTZENIbHOM CepBepe U AOCTYMHbI Ans
fanbHeiiwein obpaboTku. [anee npeacrasneH npuMep o6paboTku NpeaBapUTenbHbIX AaHHbIX A4nA |8 LBeTOBbIX OTTEHKOB, OAHAKO

Knioueenlie cnoea: o6pabomka uzobpaxceHudl, ueemogoe KOHmMpacmuposaHue, OUHaMu4eckuli OuandsoH, Ueemosblie NpoCMpaHCcmMed, mens10xo100HOCMb.
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