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The work is devoted to the analysis of methods of mathematical modeling, one of the most important in human
life - the organ of vision, which accounts for more than 90% of all incoming information about the external world.
The human eye is a unique (natural) natural apparatus. Therefore, the principles of his work have long attracted the
attention of scientists. At the heart of the tasks posed in this paper were questions closely related to the theory of
human perception of color.

Still 1. Newton the ground for creation of linear model of color vision was prepared. For the first time one of
such models was suggested by T. Young. But T. Young was interested not so much in the psychophysical side of the
phenomenon as in the physiological aspect, therefore, from the point of view of psychophysics, his results look like
an episode. The most consistent continuation of Newton's ideas was Maxwell, who attempted to experimentally
determine a specific kind of weight functions that characterize the sensitivity of the eye to radiation with different
wavelengths, called spectral sensitivity functions of the eye. The first attempt to create an axiomatic theory of the
eye was undertaken by Grassmann. Relying on Newton's results and his idea of a "null-organ", he formulated the
laws of color vision - the law of additivity, the law of three-dimensionality, the law of continuity. Starting from these
laws, Schrédinger attempted to derive Newton's transformations from them in a purely formal way. However, the
imperfection of the mathematical algorithm used by him and the formulation of the laws of vision did not allow him
to do this correctly enough. But on the whole, Schroedinger's research should be seen as an essential step in the
development of the theory of vision.

Based on the analysis of existing mathematical methods of vision research, the present work accepts the
interpretation of input signals in the form of Hilbert spaces. The main reason for this is as follows. As studies of
sensory systems show, the description of the work of sense organs leads us to linear functionals whose general form
is known in Hilbert spaces or in spaces of type Lp.

The authors of the paper propose a method and an apparatus for colorimetric measurements. The main
element of the color tone recognition device is a sensor (color sensor) in which to increase the sensitivity and
reliability of measurements, as well as simplify the tuning process, not three, but more (number) photodetectors are
used.

Keywords: colorimetry, perception of color, sensory systems, color coordinates, a photodetector, light sensor.

Introduction one of such models was suggested by T. Young. He
The problems in criminalistics, astronomy, has noted coordinates in the form of following
nondestructive test, psychophysis are linked to integrals:
research of sensor systems [1, 2, 3]. One of the most Ay
important studied now system in human life is the Up=1 bo‘)KIOV)dk M
organ of vision, which accounts for more than 90% of M
all incoming information about the external world. )
The human eye is a unique natural apparatus. V=] b(k)Kl(k)dk
A
Therefore, the principles of his work have long kl

attracted the attention of scientists. At the heart of the
tasks posed in this paper were questions closely
related to the theory of human perception of color.

U. = jzb(k)K W)dn
3, 1

Here bA — emission spectrum; K14, K2, K3A — some
weight functions characterizing sensitivity of an eye to
emissions with various wave lengths; Al, A2 — the
minimum and maximum light emissions wave length,
visible an eye.

Creation models
Still I. Newton the ground for creation of linear
model of color vision was prepared. For the first time

Bicnuxk HTYY “KIII. Cepia IIPHIA/IOBY/IYBAHHA. — 2017. — Bun. 54(2) 27



ISSN 0201-744X, ISSN 0321-2211

Memoou i cucmemu onmuyHo-e1eKMPOHHOT ma YUPpoeoi 00podKu cuznanie

But T. Young was interested not so much in the
psychophysical side of the phenomenon as in the
physiological aspect, therefore, from the point of view
of psychophysics, his results look like an episode. The
most consistent continuation of Newton's ideas was
Maxwell, who attempted to experimentally determine
a specific kind of weight functions K1, K2, K3, called
spectral sensitivity functions of the eye. The first
attempt to create an axiomatic theory of the eye was
undertaken by Grassmann. Relying on Newton's
results, he formulated the laws of color vision. Let's
result one of these statements.

The law of additivity. The sum of pairwise equal
colors also an essence equal colors.

The law of three-dimensionality. Any four colors
are linearly dependent, however there are triples of
linearly independent colors.

The law of continuity. To the continuous change
of emission correspond the continuous change of
color.

Starting from these laws, Schrodinger attempted
to derive transformations (1) from them in a purely
formal way. However, the imperfection of the
mathematical algorithm wused by him and the
formulation of the laws of vision did not allow him to
do this correctly enough. But on the whole,
Schroedinger's research should be seen as an essential
step in the development of the theory of vision. They
have shown a possibility of successful objective study
of subjective states of the person and have closely
brought his continuers to mathematical description of
perceptions [4].

For the first time J.E.Shabanov-Kushnarenko had
been gave on the basis of some other ideas the true proof
of Schrodinger’s assumption [1,2]. He had been
proposed the new definition of Grassman’s laws in which
concepts of addition of colors and multiplication of color
to constant number are not used.

As a result is shown, that the mathematical
model of color vision can be deduced in the form of
conclusion from the new definition of Grassman’s
laws. For the first time the mathematical description
of input and output signals of vision organ for a case
of visual pictures of any kind (nonstationary and
nonuniform) has been given and the task of
mathematical modeling of vision of the person is
formulated. The transformation of signals underlying
in base of vision spectral sensitivity is established. It

described by following formulas:
2

oy (x,y,0) = ﬁjjb/l(x,y,t)el(/l)dﬁ, ©)

y)
a,(x,y,0)= j[jb (6, ,0e,(A)dA

y)
a(x,y,0)= jjjb , (5, 3,0)e(A)dA

g(x,y,t) = F[B(x, v,0)] 3)

This is generalization of triple-component vision
known model.

All this has opened a way for deep penetration of
mathematical methods into research of diverse
functions of vision such as inertia and irradiation,
static and dynamic adaptation, the phenomena of edge
contrast, etc. Thus it was found out, that for the
description of all these properties it is necessary to use
integrated operators of more special kind. They are
operators of convolution, operators with factorial
kernels, the sums of integrated operators, etc.

Based on the analysis of existing mathematical
methods of vision research, the present work accepts
the interpretation of input signals in the form of
Hilbert spaces. The main reason for this is as follows.
As studies of sensory systems show, the description of
the work of sense organs leads us to linear functionals
whose general form is known in Hilbert spaces or in
spaces of type Lp.

The big attention recently is given for studying
of recognition process by the person of color shades
and construction of devices for classification of
subjects under their color characteristics [7, 8, 9, 10].
However mathematical models of spectral sensitivity
of visual system had some blanks in rigidity of
argumentation till the present time.

The authors of the paper have some the
developed methods and devices realizing them for
colorimetric measurements [7, 8]. These methods have
been based on studying of the materials presented in
[11, 12, 13]. The Basic element of color shades
recognition devices is the sensor of color which to
each emission assigns three signals, proportional to
color coordinates. For transformation of light energy
in electric it is usually used three photodetectors. It’s
spectral characteristics should be in the field of a
visible section of a spectrum and reproduce one of
curves of color addition. As it is difficult to select
photodetectors with such performances so before them
usually install the light filters which have been
selected so that resultant performance of a
photodetector and a light filter f{4) coincided with one
of addition curves. For this purpose it is necessary to
realize individual adjustment of a spectral
characteristic of a light filter that is rather labor-
intensive and diligent operation. For this reason regard
color sensors in which uses not three, and more
quantity of photodetectors that gives the possibility to
reproduce the given curve of color addition by
systematic transformations of signals and to simplify
tuning process essentially, and also to raise high-speed
performance and accuracy of measuring. The
schematic illustration of such color sensor (fig. 1) and
process of its experimental tuning [3] is observed in
paper. However, practical implementation of this
process calls some difficulties and occupies a lot of
time. It can be sped up and simplified essentially by
computer calculation of approximating coefficients.
We’ll consider this problem in more details.
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Fig. 1. Schematic illustration of such color sensor

Principle of operation of the color sensor (fig. 1).
Emission b(A) moves on an entry of photodetectors
D1, D2, ®n. Electrical signals from these
photodetectors arrive through adjusting resistors RI,
R2, R3 on operational amplifiers Ul, U2, U3, after
which - on the analogue-digital converter, and further,
through the data register and the interface - on the
computer. Signal can be given on an entry of each of
channels with the wvarious transmission factor
determined from expression

R .
u, =a.u =9y - “)
0/ Ji'i i

Ji
where u;, — output signal of i-th photodetector (i =1,
..., n). output signal of j-th operational amplifier
(y=1,2,3) R, - i-thresistor resistance on input of
j-th operational amplifier; R, — feedback resistor
resistance of y-th operational amplifier.

The current appearing in the circuit of each
photodiode by reason of emission b(A) can be
determined from expression

kiz
I =kkj b(?u)fl.(k)dk

gl

Where f, (/1) — a resultant spectral characteristic of i-

th photodetector and a light filter;
4, » A, — emissions waves lengths correspond to

)

the beginning and the ending of a transmission range
of i-th light filter;
k — coefficient of proportionality.

Then voltage on output of each photodetector
will be equal
A

2
2 9
u=IR, :kRH_kj b f,(WdA (

gl

where R,, — a load resistance in the circuit of i-th

6)

photodetector.

As signals move simultaneously on input of the
operational amplifier from all photodetectors, so its
output voltage will be determined according to the
formula

A
1,
2
o = Xyt = S0y kRyy 60109 =
i

1
A

b
~iRy, | b(k)(Z;?zlaij fi(k)Jdk’ ™
g

where 4, A4, — waves lengths of the lower and

upper boundary lines of a light band.

From last expression it is visible, that the spectral
characteristic of each of three signals transiting
channels is determined from a relationship

n .

J (D=2 =1 a;:f, (4) (®)

Thus, we have: functions system { fl(/l)} ?:1 is
given on segment [4,4,]. It is required to discover

such values of coefficients al.].(i=1,...,n) in
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expression (5), defining adjustments of the resistors
(fig. 1), that differences between Q(ﬂ,) — human eye

spectral response addition curves and
J.(A);(J =1,2,3) were minimal.

The mean-square deviation should be taken as
the degree of polynomial (5) deviation from given

function €, (i) in sense of the metric of this space if

we observe these functions as elements of Hilbert
space L_[4,4,]

5:?(4(/1).@(/1))2 da. 9)

For mean-square deviation definition we’ll
observe a linear combination for which
e f ()

y

o)

I[e,(ﬂ)—z;;la f.(ﬂ)}J
4 iy

. (10)
f (A)=0,m=1,...,n
m

Its existence follows from single valued
coefficients a; solving from system of the linear

equations

)

e if[fu)f @Wj;
i=1 g m

Ay
= (ew f (/1)d/1]. (11)
ﬂl 1 m

System matrix is Gram matrix for set
{ fz(;t)} |;.7_1 of linearly independent functions so its
determinant is not equal to null. It is possible to show,
that expression (9) attains the minimum on this linear

combination.
For this purpose we take any another linear

combination zzn:la;, fl(ﬂ,) Expression (9) taking

into account (10) is for it
2

Y | 4
j[e,(ﬂ)—zg’zlaﬁ(l)] = | [e.(ﬂ)—
jl J ! ,1] J
2
T iAo, -, ) (D) | d2=
2

=/?(e_(l)—2’7_la.,f(/t)j A+
ll _] 1= JiJ1 .

+Z;'1= 1((‘11';' -a, )-f;(ﬂ’))z > 1_.2(6‘], 1) -

1

2
- izlaﬁfi(i)) d.
Our statement follows from the obtained

inequality. We approximate integrals of system (11)
on any point set (4, 4,,.... 4y, 4,) €[4, 4, ]

Then

A

i ( faf (}t)d/l]: n_ (£ £ 20a2) (1D
ﬂl 1 m

Let us call

Yio S A (D)= g0 (3)
Then system (1 1) can be written over
ay(fi, f)++a, (f,. 1) = (e /)
a, (i, )+ +a,(f,, o) = (e 1) (14)
a, (fis 1)+ ra, (. 1) = (e, 1)

In that case minimum value ¢ in expression (9)
will determined from a relationship

2
5=YP (Srha.f0)-¢,() (5
Considering, that a, — the solution of system
(14), we’ll get finally
s 10)-(s Si)(eys /1)
s ) (Los 1)Ne;s 1)

CONARCNAORS
oo Sl 1)

(16)

(fis S Sos 1)

The solution of system (14) can be easily
implemented on the computer.

Conclusions

Authors have carried out the analysis of existing
theoretical and experimental designs in the field of
vision modeling. The practical concept of an applied
colorimetry has been proposed. The structure is
developed and the measurer of color performances of
the reflected light is made. It supplies automation,
digital processing of the colorimetric measuring and
covered by patents of Ukraine.
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MATEMATHUYHA MOJIEJIb KOJIOPUMETPII

Po6oTa npucBsiueHa aHaIi3y METOIiB MATEMATUIHOTO MOJICITIOBAHHS 1 BUBYSHHS MPOIIECY PO3IMi3HABAHHS JIIOINHOIO
KOJILOPOBHX BiOMTKIB Ta 1MoOyIOBM NPUCTPOIB A Kiacudikanii nmpeaMeTiB 3a iX KOJIPHUM XapaKTepPHCTHKAM.
PosrisimaeTbecss KOHCTPYKLISL JAaTYMKIB KOJBOPY, B SIKHX BHKOPHCTOBYETHCS HE TPH, a OLIbIIA KiJIBKICTh
(orompuiiMayis, 110 Ja€ MOKJINBICTD IIJISIXOM CHCTEMAaTHYHHX IIEPETBOPEHb CUTHAIIIB BiATBOPIOBATH 33a7aHy KPHBY
CKJIQIaHHsI KOJIbOPY 1 ICTOTHO CHPOCTHTH HPOLEC HACTPOIOBAHHS, a TAKOX IIJBHIIMTH IIBUAKOMAIIO Ta TOYHICTH
BUMIipIOBaHHSL.

Y10. E. Xopowaiio, UB. B. lasxos., DC. A. E¢dumenko, bc. B. CoTHUK,

DA.T. Karpamansin

I)Xapbkoecwﬁ Hayuonanvnulii ynueepcumem paouosnekmpoHuxu, 2. Xapokos, Ykpauna
Z)Xapbkoecmﬁ Hayuonanvnwiii ynueepcumem um. B. Kapasuna, 2. Xapvkos, Ykpauna
MATEMATHUYECKASA MOIEJIb KOJIOPUMETPUN

Pabora mocBsmieHa aHaIM3y METOIOB MATEMAaTHYECKOTO MOJICIHPOBAHUS OJHOW W3 Hauboliee BaXXKHBIX B
JKU3HENIEATCILHOCTH YEJIOBEKA — OpraHy 3peHUs, Ha JIOJ0 KOToporo mpuxoaurcs donee 90% Bcelt moctynaromeit
uHdopmManmy o0 BHemHeM Mwupe. YenoBedeckMii TIJa3 TpENCTaBIAET COOOH YHHMKaIbHBIA (NPUPOIHBIN)
CCTEeCTBCHHBIN ammapar. [103ToMy HpPHWHIUIEBI ero paboThl W3JaBHA MPHBICKAIA BHHMaHHE YYCHHIX. B OcHOBe
MOCTABJICHHBIX B JIAHHOW paboTe 3ajay JieKajdd BOIPOCHL, TECHO CBS3aHHBIC C TEOPHUEH BOCHPUATHS IBETA
YEJIOBEKOM.

Eme Y. HeroToHOM OBlITa TOTOTOBJICHA MTOYBA [Tl CO3/IAHUS JIMHEWHON MOJIENN 1BETOBOTO 3peHMs. BriepBbie 0qHY
n3 takux mojened mpemnoxkuna T.FOur. Ho T. IOHra mHTepecoBanm HE CTONBKO TCHUXO(PHU3WYECKas CTOPOHA
SIBIIEHUS, CKOJBKO (DM3HOJOTHYECKas], TOITOMY, ¢ TOYKH 3PEHHS TICUXO(PHU3UKH, €T0 PE3yJbTAThl BHITJISAAT JIHIIH
anmu3onoM. Hambosee mociiejoBaTensHBIM MpopoipkaTeneM uaeit M. HeroroHa 6611 MakcBel, KOTOPBIH TOTBITAIICS
OTIBITHBIM TTyTEM OTIPEACITUTh KOHKPETHBIM BUJ BECOBBIX (YHKITUH, XapaKTePU3YIONINX YyBCTBUTEIBHOCTH IJ1a3a K
U3JIYYCHUSAM C Pa3IMYHOM JITMHON BOJHBI, MOJYYHBIIUX Ha3BaHHWE (DYHKIUIA CIEKTPAJbHONW YYBCTBUTCIBHOCTH
riasa. [lepBas mombITKa CO3MaHMs AKCHOMAaTHYECKON TEOpHH ri1a3a Obuia npeanpunsta ['paccmanom. Onupascs Ha
pe3ynpTaThl HEIOTOHA M €r0 UJACI0 O «HYJb-OPTaHe», UM ObUIH COPMYIHPOBAaHBI 3aKOHBI IIBETOBOTO 3PCHUS —
3aKOH aJJAUTUBHOCTH, 3aKOH TPEXMEPHOCTH, 3aKOH HEMpPepbhIBHOCTH. OTTANKUBAsCh OT 3TUX 3aKOHOB, llIpenunrep
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HONBITANICS YHCTO (POpMaNbHBIM IyTEM BBIBECTH M3 HHUX npeoOpasoBanus HproroHa. OJHAKO HECOBEPIICHCTBO
UCIIOJIb30BAHHBIX UM MaTEMaTHYECKOTrO ajrOpUTMa U (OPMYJIUPOBOK 3aKOHOB 3PEHUS HE MO3BOJIMIN €MY CHEJIaTh
9TO AOCTAaTOYHO KoppekTHO. Ho B menom uccnenoBanus lllpenunrepa cienyeT paccMaTpHBaTh Kak CyIIECTBEHHBIN
1ar B pa3BUTHU TEOPHUU 3PCHUSI.

OCHOBBIBasICh Ha aHAJIM3€ CYLIECTBYIOIMX MAaTEeMaTHYECKUX METOIOB HCCIIe/I0OBaHHS 3pEHUs B HAcCTOsIIeld padore
NIPUHSTA MHTEPIIPETALMS BXOIHBIX CUTHAJIOB B BHJE T'MIBOEPTOBBIX MpocTpaHcTB. OCHOBHAS MPUYMHA OZOOHOTO B
crnenyromeM. Kak 1MokasbIBalOT MCCIEJOBAaHMSI CEHCOPHBIX CHUCTEM, ONMCaHUE PAaOOTHI OPraHOB YyBCTB HNPUBOAMT
HAac K JMHEHHBIM (yHKIMOHAIAM, OOIIMH BHI KOTOPHIX H3BECTEH B TWILOSPTOBBIX NPOCTPAHCTBAX WM B
MpOCTpaHCTBax Tuma Lp.

ABTOpaMH CTaTbH IIPEUIAraeTCst METOA U YCTPOMCTBO VISl KOJIOPHMETPHYECKUX HU3MepeHUH. OCHOBHBIM 3JIEMEHTOM
YCTPOHCTBA PacliO3HaBaHHS LIBETOBBIX OTTEHKOB SBJIACTCS NAaTYUK (CEHCOp) IIBETa, B KOTOPOM JUIS YBEIUYCHUS
YyBCTBHTEIBHOCTH M JOCTOBEPHOCTH U3MEPEHUI, a TaKKe YIPOLIEHHs NPoLiecca HaCTPOUKH, UCIIONIB3yeTCsl He TPH,
a OoJblIee KOJIMYECTBO (YHCII0) (OTONPUEMHHUKOB.

KnaioueBble cjoBa: KOJIOPUMETpHS, BOCIPHSATHE LBETA, CEHCOPHBIC CHCTEMBI, I[BETOBBIE KOOPAWHATHI,
(OTONPUEMHUK, JaTYNK CBETA.
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6inozo ceimaa. [lani xapaxmepucmurku 00380J510Mb NPOGeCmU 00 €EKMUGHUL AHANI3 PIZHOMAHIMHUX 8aAPIAHMIE
no6y0o6u MemMOpaHHO20 O03epKala ma ORNMuMI3yeamu 1020 KoHcmpykyiro. Bymu nposedeni docnioxcenHs 080X
MUnie KOHCMPYKYiti 03epKai. 0OHOMeMOPAHHO20 ma 0somembpanHoeo. Pesyibmamu eumipiosanus napamempis
O00CIOHUX 3PA3KI6 NOKA3AU, WO 8i00UBANILHA NOBEPXHS 3A3HAE NIHIUHUX MA KYMOBUX 3MIUEeHb, d MAKOIC 3MIHIOE
Paoiyc KpusU3HU, a mun KOHCMpPYKYii 03epKana Mae 3HAYHUL 6NIUE HA U020 OUHAMIYHI XAPAKMEPUCNUKUL.

Kniouosi cnosa: nazepni dzeprana, xinvyesuil 1asep, inmepgepomemp 6in020 ceimia.

IIpu 3acrocyBanHi He-Ne masepiB st
METPOJIOTIHHUX inen (cmexTpockomis,
iHTepdepomerpis, royorpadis, IaTYNKH KyTOBOI
IIBUJIKOCTi) BaXJIMBa CTAOUIBHICTh YacToTH F iX
BHXI1JTHOTO BUIIPOMIHIOBaHHS, sIKa PSIMO
IIpoIIopIIiiiHa CTablIBHOCTI epuMeTpa pe3onaropa L:

F/F = L/L [1]. Ins 3MEHIIICHHS BIUIMBY 30BHIIIHIX
(dakTopiB Ha  TEpUMETp  J1a3epa,  PE30HATOP
BHTOTOBJISIETHCSI 3 MaTepiany 3 MajguM KOeQilli€HTOM
TepMmigHoro posmupenHs (cutan CO-115M  a6o
Zerrodur).

IlincTpotoBanHs  TepuMeTpa B Jiama3oHi
2...3 MKM 3IIHCHIOETECS TIEPEMIIIEHHM BiIONBaIHHOL
MIOBEPXHI OJHOTO 200 JBOX J3€pKajl, L0 YTBOPIOIOTh

pe3onatop. i mOTO BHUKOPHUCTOBYETHCS I3EPKAJIO
crerianbHOl  MeMOpaHHOi KoHcTpykmii. Ha  Take
JI3EPKAJI0 BCTAHOBIIIOETHCS I1°€30IpHBiT OiMopdHOTrO
THUITY, SKMH HUISIXOM CHJIOBOT'O THCKY Ha MeMOpaHy
J3epKalia BHUKIUKAE Ii MEPEeMIIICHHS, IO 03BOJIIE
peryJroBaTH NepuMeTp pe3oHaTopa.

HapiBui 3 nepeBaraMm Takoi KOHCTPYKLii
J3epkana (KOMITaKTHICTh, OPCTKICTh, CTaOiIbHICTD,
CYMIMIEHHS J3€PKANBHOTO MOKPUTTS 3 EJIEMEHTOM
pEeTYIIOBaHHS TIEpUMETpa) B Hil TPUCYTHIH edeKT
JUHAMIYHOTO KyTOBOTO 3MIIICHHS  J3€pKajbHOL
nmoBepxHi. KyToBe 3MimeHHS [3epKaia MOXKe
MPU3BOANTH 1O PO3’IOCTYBaHHS pPE30HATOpa, IO B

32 Bicnux HTYY “KIII". Cepia IIPH/IA/{JOBY/IYBAHHA. — 2017. — Bun. 54(2)



