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Abstract

To objectively evaluate the color image of an architectural object when changing its spectral quality and luminance
in lighting, it is necessary to ensure its accurate fixation. The measurement of the color coordinates of an object provides
the fully capture of its appearance, but this does not allow to get an adequate evaluation of the visual impression without
visualizing the lighting scene. This requires a thorough procedure of reproducing the same color coordinates for each point
of the image and the object with the same angular coordinates. In this work, an attempt is made to develop a numerical
criterion for evaluating the quality of color rendering of the camera as a fixer of color visual impression of the selected
scene. The development of a numerical detailed method for evaluation of the quality of color rendering of cameras will allow
capturing more reliably such a subjective concept as the correspondence of the visual impression of the real scene and the
image file of this scene. The digital format, which contains information about the object, avoids the problems associated
with aging of the image. The proposed method of developing ways to numerically evaluate color distortion in photography
is considered on the example of digital cameras Nikon D300s, Sony DSC-HS5. The described approach for the case of
known spectral characteristics allows to unambiguously link the calculated reaction of the camera with the chromaticity
coordinates of spectrally pure colors. Modern methods of evaluating the quality of light sources (IES TM-30-15) allow
evaluation of the direction of the shift. The proposed indicator — graph £ () numerically characterizes the difference
between the reaction of the camera and the reaction of the human eye and does not give an idea in which direction there
is a difference, conditionally red or blue image compared to the natural scene, but is the simplest and most understandable
to the untrained user. It is shown that with an accuracy of measuring spectral characteristics of 1% for the considered
example with Nikon D300s, this indicator at different wavelengths is calculated with an uncertainty of not more than 0.002.
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1. Introduction

Changing the spectral quality and luminance
in lighting of an architectural object is a natural
process and one of its characteristics. It is necessary
to standardize light sources or take into account the
influence of their characteristics, for example, in [1]
it is stated that the measurement of chromaticity
X, Y luminance is carried out by light source C. Color
distortion when reproducing a photo of the object on
different screens and methods of its minimization are
considered in [2]. The aim of this work is to propose
a numerical approach for step-by-step full-color
fixation of the appearance of the selected scene. Today
a standardized approach to evaluating the quality of any
device is an urgent need and the relevant documents
are being developed and constantly improved. For
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example, the evaluation of the quality of photometers
is currently numerically regulated by methods that are
not limited to the uncertainty evaluation [3]. In the
field of the color of light sources, the transition from
a numerical evaluation of the color rendering index R,
according to CIE 13.3-1995 to an evaluation according
to IES TM-30-15 [4, 5] is discussed that allows more
detailed characterization by distortions in perception.

2. Method

A camera whose spectral sensitivities of the
channels are in the visible range is considered. If
the spectral sensitivities for the red, green, and blue
elements of the matrix Xf(ki), )j,()»[), and Zf(kl.) are
known, then the camera’s response R o Gﬁi, Bﬁi to
monochromatic radiation can be calculated [6, 7].
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Table 1

Formulas for calculating color coordinates for the average human eye and the selected camera

Characteristic

The average human eye

The selected camera

Color coordinates

X(0) = [8(h=2,)x, (M = x,(,) X! =R,\,)
YO = [8(h=2,)y,(M)ah =y, (A,) Y =G,(\)
Z(0) = [8(A =)z, (Mr = z,(L,) z! =B,(\,)

Chromaticity

x, =X, /(X,+Y,+Z,)

xl:f =Xl:f/(Xl:f+Yif+Zl:f)

coordinates

yi:K/(Xi+Yi+Zi)

v =Xy 2

Coordinates of

u, =4x, /(=2x,+12y, +3)

u/ =4x! /(-2x/ +12y +3)

chromaticity in equal
contrast graphics

v, =9y, /(=2x,+12y,+3)

v/ =9y/ /(=2x/ +12y/ +3)

The ratio between the sensitivities of the channels
(white balance) is assumed to be constant. Then,
according to known formulas, the camera color
coordinates and chromaticity coordinates corresponding
to monochromatic radiation can be calculated at
wavelengths A, and then in equal contrast space u}(}\i),
v} (A,). It is proposed to compare each of these points
with the known chromaticity coordinates of CIE 1931
x(A), y(&) and u'(}), v'()). As a measure of the
quality of color rendering of the device, it is proposed
to use a graph of the distance from u.’f ), v}.()»].) to
u'(A), v'(h,) for each wavelength, that is for each color
tone. This graph will allow selecting the appropriate
camera to capture scenes in blue, green or red. As
a result of applying [8, 9], we obtain two geometric
locations of points, the first characterizes the average
human eye and the second for the selected camera
(Table 1).

The common graph u}(ki), v}()\i) and u' (M),
v'(A,) for each wavelength by the distance between the
points allows seeing how different are the reactions of
the human eye and the studied camera, and in the
direction of the shift — in which direction the distortion
occurs. For each wavelength of monochromatic
radiation recorded by the camera, and hence the
coordinates of the points (u’f(ki), v}(xi) and u'(A),
v'(%,)), we can calculate the distance between these
points at each length waves as

EQy) =@, —u! Y+ —v/ Y. ()

In those wavelength ranges where this function
is small, the camera adequately renders the visual
impression of objects with dominant wavelengths in the
appropriate range. In those wavelength ranges where
the color comparison functions with the standard
colors of the standard CIE observer or the relative
spectral sensitivities of the camera pixels are absent,
the graph of the function may be supplemented by
the same values greater than 0.58. This addition allows
evaluating the color perception of the camera in the

case when the area of its spectral sensitivity does not
coincide with the visible range of wavelengths.

If data on the spectral sensitivity of the camera
are not available, it is proposed to photograph
monochromatic radiation at known wavelengths. Using
any program that allows to determine the ratio of red,
green and blue (Rf(kl.), GfO‘IZ)’ Bf(hl.)) in the image
file, one can determine X o Y o VA g’ by the well-known
formulas. Next, similar calculations are performed and
similar graphs (v}(}\j) from u'f(}»j), vi(A) from u'(}))
are constructed. If the wavelengths are unknown, then
the graph E(A) also cannot be constructed, but the
general form of the graphs u}.(kj), v}(?»j) and u'(2),
v'(A,) will allow to qualitatively evaluate the suitability
camera for the selected task.

3. Calculation and measurement

As known spectral characteristic of the camera
matrix, the calculation for the camera Nikon D300s
was performed in Excel using built-in functions. The
step in all calculations was 10 nm. Integration was
replaced by summation. Since the estimates were made,
such an approximation is sufficient. Fig. 1 shows the
spectral sensitivities of the camera pixels obtained from
the Internet, calculated graphs v}(?»j.) from u'f(}»j), v'(2)
from w'(},) and calculated the dependence of E(A,) in
camera sensitivity range. Fig. 1 shows that the spectral
sensitivities of the elements of the camera matrix
are significantly different from Xx(A,), y(A,),z(%,)
(the function of comparing colors with the reference
colors of a standard CIE observer), in the region with
a wavelength of less than 400 nm and more than
700 nm sensitivity is virtually absent.

This means that regardless of the form, (Rf ),
Gf()\,.), Bf()»l.) distortions will be significant, which is
manifested in the significant values of E(A). Sony
DSC-HS was used as a camera with an unknown
spectral sensitivity. An image of a monochromatic
spot from light passed through a monochromator on
a white screen every 10 nm was photographed. The
spectral range was selected from the conditions of
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Fig. 1: a — spectral sensitivity of elements in the camera’s matrix Nikon D300s and the results of the layout for the elements of the matrix

of the camera; b — coordinate locus V', (A) from v’ (A) and v'(A) from

u'(A,) for monochromatic wavelength )\j with lines, where to set the

coordinates with the same wavelengths of 410 nm, 520 nm, 600 nm and 680 m; ¢ — the distance between the coordinates v/, (A) from

u'(k) and v'(A) from u'(A)

visibility of the light spot. The main difficulty was to
ensure linearity, in that the values of R . ), Gf(k].),
Bf(}»l.) would be clearly less than 255 units. The
illuminance of light spots at different wavelengths
was different, no special measures were taken to
align them. Chaotically located areas in the central
part were processed, avoiding the edges of the image,
which show a significant scatter of light. The values
Rf(}\l.), Gf(x,.), B/.(ki)) in each photograph depending
on the place of processing usually varied by 10—30%.
The approach described in [10] was used to determine
the coordinates. The results of the calculation are
presented in Fig. 2.

Fig. 2a shows that the spectral sensitivities of the
camera matrix elements also differ from X(&,), y(,),Z(A,)
which can be seen by the nonmonotonic change u'f(}\j),
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v’f(}»j) (Fig. 2b). It can be seen that in the green-red
region visually the curves u}()»j), v}.()\j) and u'(h,),
v'(A,) are close, but only distortions in the region
near 540 nm are minimal. If the wavelengths of the
photographed images are unknown, it will be possible to
obtain only the graph shown in Fig. 3, the wavelengths
corresponding to the image points of the photographed
wavelengths will need to be set visually, approximately.
Fig. 3 shows lines between pairs of identical images
that correspond to approximately the same wavelengths,
the wavelength at the locus «'(2,), v'(A,) is determined
approximately, by visual impression.

The graph shows that the red color becomes paler
and acquires a purple hue, orange becomes paler and
yellower, green pales with a slight change in color, and
blue becomes purple.
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Fig. 2. Calculation results for camera matrix Sony: a — coordinate locus v’/ ()\/.) from u’, ()‘,) and v'(A) from u'(A)) for monochromatic radiation
with a wavelength A with lines connecting coordinates with the same wavelengths of 410 nm, 520 nm, 600 nm and 680 nm; b — the

distance between the coordinates v, (A) from v’ (A) and v(A) from u'(

A)

Ykpaiucokuii memponoeiunuii ucyprnan, 2021, Ne 4, 39-44

41



Method for the numerical evaluation of the color rendering quality of matrix photodetectors

0,7

520nm

0,6 -

0,5 -\

0.4

0,3

0,2

0,1 -

0 :
0 0,1 02 03

410nm

04 05 0,6 0,7

u

Fig. 3. Systematization 2020, sample

4. Accuracy of the method

Factors influencing the accuracy and reliability
of the proposed approach are divided into separate
groups. The first group is related to the fact that a
color is characterized by three coordinates, the vast
majority of regulations use only two — chromaticity
coordinates. For this task, this simplification is quite
acceptable, because in the future the image file is used
to create an image on any screen, and, as a rule, the
luminance as a third coordinate can be changed.
In addition, the equal contrast of the space u', v'is
conditional. It has been proved that it is impossible
to achieve the transformation of ellipses into ideal
circles of equal diameter by both linear and nonlinear
transformations [11]. In [12], it was proposed to
measure the distances between points in the color
space by the number of Mac Adam ellipses, so the
color gradations are the least noticeable, but currently
experimental data are insufficient. The second group —

methodological issues. The formula used to calculate
X"f, Y"f, Zif by R (1), G, (1), B, (%) is conditional,
assumes the use of generally accepted but rather
arbitrary primary colors. The difference between the
sensitivity range of the human eye and the sensitivity
range of the camera makes it necessary to take this
difference into account for any reason. The text of the
article intentionally simplifies these issues. The third
group is the uncertainties obtained by statistical or one
or another method. The specific feature of calculations
in color measurements is that multistage formulas are
used, so the calculation of impact factors according
to [13] is complicated and it is more appropriate to
use the Monte Carlo method according to [13—14].
To evaluate the uncertainties when using
photographs in the image of the light spot at each
wavelength, 10 measurements were performed,
calculated and presented in Fig. 4a. Graphs and
calculated dependences of the standard deviation of the
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Fig. 4. The results of the calculation: a — the coordinates v/, ()\j), u', ()\J.) for 10 measurements compatible with the locus v'(A), u'(A); b —the
standard deviation of the value u’, ()\j); ¢ — the standard deviation of the value v/, ()\j); d — the standard deviation of the value E(A). The
results of the standard deviation were obtained for spectral measurements with a relative standard uncertainty of 1%
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values v'f ()»j), u} 0‘/) and E(A) are presented in Fig. 4.
It is seen that a significant scatter of measurement
results by photographing on a high-contrast graph is
not noticeable. Uncertainty due to the finite spectral
interval (spectral width of the slit) was previously
considered in [2].

The calculation results of v(d,), u'(},) and the cal-
culated dependence of the standard deviation of the va-
lues E(}), v’f (}\j) and u'f (}»j) are presented in Fig.4b—4d.
Graphs 4b and 4c show that the standard deviation
of the measurement results starting from 500nm
for v} ()\j) and starting from 460 nm for u} (kj) and
further towards larger wavelengths does not exceed
0.01, which can be considered an acceptable result.
The graph of the calculated values of v’ (7»/.) from
u'f (kj) due to the small scatter of the calculated points
has no practical difference from that shown in Fig. 4c.
The obtained standard deviations were considered as
uncertainty evaluation caused by 1% uncertainty when
measuring the spectral sensitivity of the camera. The
relationship between the uncertainties of u} ), v} ),
E(),) and the uncertainties of sensitivity measurements
is assumed to be linear. It is seen that the results of
calculations for all quantities do not exceed 0.002,
i.e. an order of magnitude more accurate than for
measurements by photography.

5. Conclusions

The method has been proposed for step-by-step
full-color fixation of the object’s appearance. The
described approach for the case of known spectral
characteristics (Nikon D300s) allows to unambiguously
link the calculated response of the camera and the
chromaticity coordinates of spectrally pure colors. With
an accuracy of measuring the spectral characteristics
of 1% for this example with Nikon D300s, this
figure at different wavelengths is calculated with an
uncertainty of not more than 0.002. The case of using
monochrome images of Sony DSC-HS5 also showed
that the use of different parts of the photo, which
leads to a significant (tens of percent, sometimes
twice) difference in RGB distinction, does not lead
to a significant difference in the coordinates u'f ),
v} (A,). This means that the accuracy of determining
these values is of the order of 1%.

The proposed indicator, graph E(A,), numerically
characterizes the difference between the reaction of
the camera and the reaction of the human eye, but
does not give an idea in which direction there is a
difference. The diagram ', v’ is much more visual
and informative than the graphs E(A) and at the
same time less convenient for numerical evaluation of
distortions.

MeToa 4MCe/IbHOI OIIHKM SKOCTI mepeJaHHs KOJIbOpiB

MATPUYHUX (oTONpPHiiMAaYiB

O.4. Kynko', O.M. JlaweHko?, I.I. HeexmakoB', €.1. Tumodees’,
E.C. Oiomin?2, H.KO. MywmHcbka?, A.C. JINTBUHEHKO?

! HauyjoHanbHuli Haykosull ueHmp “lHcmumym memponoeii”, syn. MupoHocuubka, 42, 61002, Xapkis, YkpaiHa

kupko@meta.ua

2 Xapkiscbkull HauioHanbHUl yHigepcumem Micbko20 2ocriodapcmea, syn. Mapwana baxaHosa, 17, 61002, Xapkis, YkpaiHa

happy.light9574@gmail.com

AHoTauis

Jns 00’€eKTUBHOI OLIIHKM KOJIIPHOTO 300paXXeHHSI apXiTeKTypHOro 00’€KTa MpU 3MiHi MOro CHEeKTPaJIbHOTO CKJIALy

i SCKpaBOCTi B MpOILECI OCBITJIEHHSI IMOTPIOHO 3a0e3MeYyuTH oro TouHy ikcamito. st moBHOI (ikcallii 30BHIILIHBOTO
BUIJISIAY 00’€KTa HEOOXiMHO BUMIPSATU HOro KOOPAMHATU KOJbOPY, ajle 1€ He 3a0e3MeYuTb aleKBAaTHY OILIIHKY 30pOBOrO
BpaxkKeHHsI Oe3 Bisyasizallil clieHM OCBiTIeHHs. /11 Lboro rmoTpioHa HacKpi3Ha METOAMKA BiATBOPEHHS OMHAKOBUX KOOPAUHAT
KOJIbOPY JUTsSI KOKHOI TOYKM 300pakeHHS i 00’€KTa 3 OMHAKOBUMM KYTOBUMU KOOpPAMHATAMM.

3pobJieHO crpoby pO3pOOUTH YMCEIbHUI KPUTEpili OLIHKM SIKOCTi MepedaHHs KoJbopy doToamnapara sik ¢ikcaTtopa
KOJIIpHOTO 30pOBOTO BpaXkeHHsI Bil oOpaHoi ciieHu. Po3pobka 4ncenbHOTo MeTalbHOTO METOMY OLIHKHU SIKOCTi TMepenaHHs
KOJIbOpY (poToanapatTiB 103BOJUTh HadiiiHille (hiKCyBaTU Take Cy0’€KTUBHE TOHSITTS, SIK BiIMOBIAHICTH 30POBOT0 BpaxkeHHSI
Bil peasibHOI clieHH i daiimy 300paxkeHHs wi€i ciienu. Lludposuit dopmar, mo mictute iHbopmaliio mpo 06’eKT, T03BOIISIE
YHUKHYTHU MpoOJieM, MOB’SI3aHUX 31 CTapiHHSIM 300pa’keHHS.

3anmponoHOBaHUI METOA PO3POOKM NUISIXIiB YMCENBbHOI OIIIHKYM CIIOTBOPEHHSI KOJIbOPY MpH (hoTorpacdyBaHHi PO3TISTHYTO
Ha npukiani mugposux porokamep Nikon D300s, Sony DSC-HS. TTokazaHo, 110 ONMUCAHUM THAXiA 11 BUTIAAKY BiTOMMX
CIIEKTPATbHUX XapaKTePUCTUK MO3BOJISIE OIHO3HAUYHO TOB’SI3aTH PO3PaxyHKOBY peakiiiio (oroamapata 3 KOOpAWHATAMU
KOJIbOPOBOCTi CIIEKTPAIIbHO YUCTUX KOJIbOPiB. CydyacHi METOAMKM OLiHKU sKocTi mxepes cBitia (IES TM-30-15) no3Bosiiorh
OLIHUTY HaNpsAMOK 3CyBY. 3alpONOHOBAHMI MOKa3sHMK — rpadik E()) YMCENbHO XapaKTepus3ye BiIMiHHICTb peaxuii
doToamapara Bim peakllii JIIOACHKOTO OKa, ajle He Hala€ YSBJIEHHS, B IKUH OiK CIOCTEpiraeTbcsl BiIMiHHICTb (YMOBHO,
YyepBOHi€ ab0 CHUHi€ 300pakeHHsI B MOPIBHSIHHI 3 HATypaJbHOIO CLIEHOIO), OJHAK HAWOLIbII MPOCTUN i 3pO3yMinuii mist
HEITiIFOTOBJICHOr0 KopucTyBaua. [Toka3aHo, 110 TPU TOYHOCTI BUMIPIOBaHHSI CHEKTPAJIbHUX XapaKTepucTuk B 1% st
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posrnsiHyToro mpukiany — mudposoi kamepu Nikon D300s — 1ieit moka3HUK Ha Pi3HUX JOBXWHAX XBWIb PO3PAXOBYETHCS
3 HeBM3HaudeHicTio He Oinabmre 0,002.
KiouoBi ciioBa: MaTpuyuHi npuitMavi; KOJipHI KOOpAWHATU; YKMCEIbHA OLIiHKA.
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AHHOTAIMSA

Jlns moJiHO#M (huKcalMy BHEIIHEro BUAa 00beKTa HEOOXOAMMO U3MEPUTh €ro KOOPAMHATHI 1IBETa, HO 3TO HE 00eCHeyuT
aZieKBaTHYIO OLIEHKY 3pMUTEJIbLHOTO BIIEUYATJICHUsI Oe3 BU3yaJu3alliM CLIEHbI OCBelleHMsI. B 3Toit paboTe ciefiaHa IOIbBITKA
pa3paboTaTh YMCJICHHBIN KPUTEPHUIi OLICHKM KayecTBa 1IBeTonepenayun ¢poToarmapaTa Kak (uKcaropa 1IBETOBOTO 3pUTEIbHOIO
BIICYATIICHUS] OT BHIOPAHHOW CIICHBI.

ITpennoxeHHbII METOJ pa3pabOTKM MyTeil YUMCICHHOM OLIEHKM MCKaXXeHUs 1BeTa Mpu (ororpacdupoBaHUU PACCMOTPEH
Ha mipuMepe mdpoBsix dotokamep Nikon D300s, Sony DSC-HS. Moka3aHo, 9TO ONMMCAHHBIN TIOAXOM B CIy9ae M3BECTHBIX
CMEKTPAIbHBIX XapaKTePUCTUK OJHO3HAYHO CBS3bIBAET pacueTHYIO peakiuio doroarnmapata ¢ KOOpAMHATaAMU IIBETHOCTHU
CIIEKTPAJIbHO YMCTHIX IIBETOB, a MCITOJIb30BaHNE METOMMKM OIIEHKM KauecTBa MCTOUYHMKOB cBeTa (IES TM-30-15) mo3Bosser
OLIEHWUTH HaTpaBJIeHue cMelieHus. [IpemToxeHHblii tpaduk £ ()\i) YUCJIEHHO XapaKTepu3yeT OTIMIMe peakinu hoToarmapara
OT peaklMy YeJOBEYeCKOro TIja3a M TPUTONEH ISl HEIMOATOTOBJICHHOTO TIIOJIb30BaTe/IsI, HO HE JacT IpeACTaBICHMS
0 HarpaBJIeHUW cMelleHus. [loka3aHo, Y4TO TIpM TOYHOCTU M3MEpPEHMs CIIeKTPaJbHBIX Xapaktepuctuk B 1% mist Nikon
D300s aToT mokazaTesib Ha pa3HbIX JUIMHAX BOJIH PAcCYMTHIBAE€TCSl C HeolpeaeaeHHOCThI0 He 6onee 0,002.

KioueBbie cjioBa: MaTpUYHbIe TTPUEMHUKU; IIBETOBbIe KOOPAMHATHI; YMCICHHAsT OIIEHKA.
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