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Abstract

The difference in the spectral composition of artificial and natural lighting can negatively affect health, as
well as lead to a distorted perception of the color of surrounding objects. At the same time, a certain correc-
tion of the spectral composition of visible radiation in medical institutions and workplaces has a positive ef-
fect on human health, while can be carried lighting control out taking into account the data of personal sensor
devices that determine the human condition. The purpose of the research was to select criteria for comparing
natural and LED optical and visible radiation by spectral composition and by the visibility of color differences
in natural and LED lighting. The effectiveness of the application of known and developed criteria for assess-
ing the difference in the spectral composition of optical and visible radiation from natural and LED sources
was investigated, as well as for the visibility of color differences in natural and LED lighting. To minimize
the values of criteria are proposed additive and subtractive methods for calculating LED parameters. Their
comparison allowed us to conclude that a more complex calculation algorithm, but higher performance for an
additive technique than for a subtractive one with the same minimization results.

It was found that to simulate the spectral composition of natural radiation using LEDs, it is most effec-
tive to use the criteria "standard deviations of the relative differences between the optical and visible spectral
components of natural and LED radiation". A comparison of the criteria for the visibility of color differences
in natural and LED lighting showed approximately the same effectiveness of using the criteria "small color
differences" and "standard deviation by photoreceptors" at the present stage and the prospects for applying
the second criterion, provided that its acceptable values are established.

Keywords: optical and visible radiation, natural and LED lighting, spectral composition, color differences,
LED parameters
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HcciaenoBanue KPpUATEPUEB JIA CPABHCHUA €CTCCTBECHHOT'O
U CBETOAUOAHOI'0 U3JIYICHHUA 110 CIICKTPAJIBHOMY COCTABY

II.C. boraan, E.I'. 3aiineBa, A.A. CTenaHeHKO

benopycckuii nayuonansHulii mexuuueckuil ynugeepcumen,
np-m Hezasucumocmu, 65, Munck 220013, Berapyco

Hocmynuna 16.04.2024
Hpunama k newamu 22.05.2024

Paznuuue B CIEKTpaJIbBHOM COCTaBE HCKYCCTBEHHOI'O U €CTECTBEHHOIO OCBELIEHUS MOKET OTPULIATEIIBHO
CKa3aTbCsl Ha 370POBbE, & TAKKE IIPUBECTU K UCKAKEHHOMY BOCIIPUSITUIO LIBETA OKPYKAIOIIUX PEAMETOB.
B 10 e BpeMs omnpeneneHHas KOPPEKLUsl CIEKTPAIbHOIO COCTaBa BUAMMOIO U3JIyYEHHUs B MEIULIMHCKUX
YUpEXKJIEHUSAX U Ha pabounX MecTaxX OKa3bIBaeT MOJIOKHUTEIBHOE BIHUSHNE Ha 3/10POBbE YEJIOBEKa, IPHU ITOM
YIIPABJIICHUE OCBEILIEHUEM MOKET OCYILECTBISATLCA C yUETOM JAHHBIX IEPCOHAIIBHBIX CEHCOPHBIX YCTPOUCTB,
OTIPEEISIONINX COCTOSTHUE YesioBeKa. Llenbio mcciaeqoBaHuid sIBISUICS BBHIOOP KPUTEPHEB JAJIsl CPAaBHEHMS
€CTECTBEHHOI'O M CBETOJUOJHOIO0 ONTHYECKOIO M BHJMMOIO M3JIyYEHHH IO CIIEKTPAJIBHOMY COCTaBy U
[I0 3aMETHOCTU LBETOBBIX OTIUYMI IPU €CTECTBEHHOM M CBETOAMOIHOM oOcBelleHuu. lccienosanach
3P PEeKTUBHOCTH MPUMEHEHUS U3BECTHBIX U Pa3paboTaHHBIX KPUTEPHUEB [T OLICHKH OTIIMYHS CIIEKTPaIbHOTO
COCTaBa ONTHUYECKOTO M BUAMMOIO M3JIYyYEHUN OT €CTECTBEHHBIX M CBETOJUOJHBIX UCTOYHHMKOB, a TAKKE
JUISL 3aMETHOCTM LBETOBbIX OTIMYUN IIPU E€CTECTBEHHOM M CBETOJUOJHOM oOcBelieHuH. IIpemnoxkeHsl
aJIMTUBHAS U CyOTPaKTHBHAs METOAMKM pacyéTa MmapaMeTpoB CBETOAMONIOB i MMHUMHU3ALUU 3HAYEHUH
KputepueB. VX cpaBHeHHE TIO3BOJIUIIO ClIENaTh BBIBOJ O OoJiee CIOKHOM alTrOpUTME pacuéra, HO OOonbLIeH
MPOU3BOAUTENBFHOCTH AJISl AATUTUBHONW METOAWKH, YeM JUId CyOTpaKTUBHOM MPU OJUHAKOBBIX pe3ylibTaTax
MHUHHUMH3ALUU. B pesynbrare uccieqoBaHUi U MPOBEACHHBIX PACYETOB YCTAHOBJIEHO, YTO JUISl UMUTALUU
CIEKTPAJILHOTO COCTaBa €CTECTBEHHOIO U3TYUYEHHS C HCIIOIb30BaHUEM CBETOIMOAOB Hanboee 3PpeKTHBHO
HCIIOJIB30BATh KPUTEPUM «CPEJHEKBAIAPATUUECKUE OTKIOHEHMSI OTHOCHUTENIBHBIX PA3HOCTEH ONTHYECKHUX
U BUAMMBIX CHEKTPaJIbHBIX COCTABIAIOUIMX ECTECTBEHHOIO M CBETOIMOJHOIO M3iIydeHus». CpaBHEHHE
KPUTEPHUEB 3aMETHOCTH LBETOBBIX OTIWYMM IIPU €CTECTBEHHOM MU CBETOAMOAHOM OCBEILEHUU I10KA3aJ10
MPUMEPHO OAWHAKOBYIO 3((EKTHBHOCTb HCIONb30BAaHMSI KPUTEPHUEB «Mallble LBETOBBIC Pa3IHYMs» U
«CpeTHEeKBapaTHYECKOe OTKIOHEHHE Mo (OoTopenenTtopamM» Ha COBPEMEHHOM JTalle W MEePCHeKTHBHOCTD
[IPUMEHEHUS BTOPOr0 KPUTEPUS IIPHU YCIIOBUH YCTAHOBIICHHUS €r0 JOIIYCTUMBIX 3HAYECHUM.

KnroueBple cjoBa: ONTHYECKOE M BHIMMOE H3JIyY€HHME, €CTECTBEHHOE M CBETOAMOJHOE OCBELICHHE,
CHEKTpajbHbII COCTaB, IBETOBBIE Pa3jInUMsl, IapaMETPhl CBETOJUOOB
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Introduction

Currently, people use artificial lighting more
than natural, the spectral composition of which de-
pends on the geographical latitude of the area, time
of day, time of year, weather conditions [1, 2]. Stud-
ies [3—8] have established that the difference in the
spectral distribution of artificial and natural lighting
can negatively affect health, as well as lead to a dis-
torted perception of the color of surrounding objects.
At the same time, a certain correction of the spec-
tral composition of light radiation in medical institu-
tions and workplaces has a positive effect on human
health [9]. At the same time, lighting control can use
the data of personal sensor devices that determine the
human condition [10].

In addition to the effect on human health, the
spectral composition of visible radiation determines
the perception of the color gamut of reflective objects.
The distribution of the spectral density of the radiation
flux along the wavelength from objects is the product
of the distribution of the spectral density of the radia-
tion flux along the wavelength from the light source
and the spectral distribution of the reflection coeffi-
cient of the object. This means that under different
lighting conditions, the color of the same object may
differ. The absence of color distortions can be impor-
tant both in the production of technical products and
in the visual assessment and perception of art objects.

From the above, it is obvious that it is possible
to adjust the distribution of the spectral density of
the radiation flux from artificial light sources in such
a way that it is as close as possible to the distribution
of the spectral density of the radiation flux from a
natural source. If they coincide, the effect on the hu-
man body in general and on its visual system in par-
ticular will be the same. But due to the peculiarities
of vision, it is possible that even if these distributions
do not match, it is possible to ensure the so-called
colorimetric accuracy, i.e. the invisibility of the dif-
ference between the color of the object and the color
of the image [11].

The purpose of the research is to select criteria
for comparing natural and LED optical and visible
radiation in terms of spectral composition and the
visibility of color differences. At the same time, it is
necessary to solve 3 tasks: first, select the appropriate
criteria, secondly, based on the proposed criteria, de-
velop a methodology for calculating the parameters
of LEDs that simulate natural lighting, and thirdly,
evaluate the effectiveness of these criteria.

The ability to change the parameters of LED
radiation

Currently, the most common sources of artificial
indoor lighting are LEDs. The spectral density of the
radiation flux of LEDs, with the exception of white
ones, has a bell-shaped shape that does not cover the
entire spectral range of natural radiation along the
width of the base of the "bell". Therefore, to simulate
the spectral composition of natural lighting, it is nec-
essary to use different LED groups, each of which
contains a certain number of LEDs with the same
spectral radiation characteristics. At the same time,
the characteristics of the various groups together
should cover the entire spectral range of natural radi-
ation. It is possible to adjust the spectral composition
of the radiation generated by a set of groups, firstly,
by changing the number of LEDs turned on within
the group, and secondly, by changing the power sup-
ply current of the LED.

The spectral density of the radiation flux of the
source S,;(A) is calculated by the formula:

dr (%)
f' e
e\

an
where P, is the radiation flux of the source.

According to [12], a change in current has a
different effect the shape of the distribution of the
spectral density of the optical radiation flux S,,(})
for LEDs with different chemical bases. Red and yel-
low LEDs shift the wavelength of radiation corre-
sponding with an increase in the supply current to the
maximum intensity into the long-wavelength region
of the spectrum. At the same time, the right branch of
the "bell" expands, and the degree of these changes
differs significantly for different types of red LEDs.
For green LEDs, the corresponding shift and expan-
sion occur in the opposite direction, into the short-
wavelength region of the spectrum. For blue LEDs,
the current change slightly affects the shape of the
distribution of the spectral density of the optical ra-
diation flux §,,(2) and the displacement of its maxi-
mum. At the same time, the radiation power Peart of
LEDs increases with an increase in the current pass-
ing through their structures [13, 14], and this depen-
dence is linear:

P_ =kP,

eart Oeart >

(1

k is a parameter determined by the number m of emit-
ting LEDs of one group and their supply current i,
calculated by the formula:
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F, )

Oeart

(W)d,

Amax
= Lm Ocart
where A, A, are the minimum and maximum
wavelengths of the optical radiation range; the nor-
malization condition has the form:
Xmax

[ Spu )L =1. 3)

A comparison of equalities (1-3) shows that the
dependence between the distribution of the spectral
density of the optical radiation flux S,,,(A.k), created
when m LEDs of the same group are switched on,
through which current i flows, and the normalized
distribution of the spectral density of their optical ra-
diation flux S,,,,(A) is linear:

(7\‘ k) kSOeart (}\‘) (4)

eart

If the lighting system includes LEDs of differ-

ent spectral groups, then, taking into account expres-

sion (4), their total distribution of the spectral density

of the optical radiation flux S, (L) calculated using
the formula:

Seart (7\’) = Z kpSOeartp (}\’)’
p=1

eart

)

where p is the number of a group of LEDs of the
same type; 7 is the number of groups of LEDs of
the same type; &, is a parameter determined by the
number of emitting LEDs of the same type m,, in the
group and the relative value of the current supplying

them 7, calculated by the formula:
k, = i,m,,

where i, is the relative value of the current supplying
the group of LEDs with the number p; m,, is the num-
ber of emitting LEDs in the group with the number p;
Soearpp(M) 18 the normalized distribution of the spectral
density of the optical radiation flux for a group of
LEDs with the number p, and the normalization con-
dition is similar to condition (3):

kmax
-[km Oeartp (k)d;& = 1

Criteria for distinguishing the spectral
composition of natural and LED optical and
visible radiation

In order to determine the parameters of artifi-
cial lighting, which ensure the minimum possible
discrepancy between the distributions of the spectral
density of the optical radiation flux of artificial and

natural origin, it is necessary to select quantitative
criteria for such a discrepancy. When choosing these
criteria, it is possible to use the concept of physically
accurate reproduction, designed to compare the reflec-
tion spectra of an object and its image. The classical
definition of N.D. Nyberg's physical accuracy given in
[15] implies that all corresponding points of the origi-
nal and its image characterized by the same spectral
composition of radiation perceived by the observer.
With regard to the comparison of optical emissions,
this definition interpreted as follows: the distribution
of the spectral density of the optical radiation flux of a
source is physically accurate with respect to the distri-
bution of the spectral density of the optical radiation
flux of another source, if these distributions coincide.
Naturally, in this case, the observer will not notice the
color change when replacing the light source.
Obviously, the simplest criterion for estimating
the discrepancy between the two distributions of the
spectral density of the optical radiation flux from nat-
ural S,,,(}) and artificial S,,,,() sources is the stan-
dard deviation o, of their relative differences for all
values of wavelengths A, which must be minimized:

woe S (M) =S, (A
J.)L ( enat ( ) eart ( ))2 dk
T Saa(B) (©)
minG, )
}\‘ max A‘min
where S, () and S,,,,(A) are the intensity values, re-

spectively; for natural and artificial radiation at the
wavelength A, A, and A, are the minimum and
maximum values of the wavelengths of the visible
radiation range.

In addition, it is possible to make a comparison
not only for the distributions of the spectral density
of the optical radiation flux §,,,(A) and S,,,(}), but
also for the distributions of the spectral density of the
visible radiation flux $’, (A) and §’,,(A), which can
be calculated using the formulas:

Syt M) =8, W)V (M); 7
S, M)=S,,,Q)VR), (8)

where V() is a function of the relative spectral lu-
minous efficiency, for daytime vision it is given in
accordance with GOST 8.332-2013".

enat

eart

'GOST 8.332-2013. The interstate standard. The state
system of ensuring the uniformity of measurements. Light
measurements. The values of the relative spectral luminous
efficiency of monochromatic radiation for daytime vision.

General provisions. The date of introduction is 2015-10-
01. Edition (February 2019) as amended (IUS 7-2016).
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In this case, the criterion is the standard devia-
tion 6, of the relative values for all components in the
distributions of the spectral density of visible radia-
tion fluxes, which also needs minimized:

e Sy () = S V)
[REe
min nat(;\,)

>\‘max - 7\‘min

In the first case (optical radiation), the effect of
radiation on the human body as a whole is taken into
account, taking into account the effect on ganglion
cells that determine circadian rhythms, including
sleep and wakefulness, in the second (visible radia-
tion) — the effect only on its visual perception.

Information on the use of the standard deviation
to compare the spectral flux densities of optical LED
and natural radiation given in [16], and the spectral
composition regulated by changing the number of
LEDs of different groups.

By varying the number of LEDs of seven dif-
ferent groups with of 655 A total, it was possible to
achieve a standard deviation of 21.4 % from the solar
radiation spectrum. In addition, there was a signifi-
cant unevenness in the sensitivity of ganglion cells
(460 and 480 nm), which determine the regulation of
circadian rhythms, and a decline in the long-wave-
length region (670 nm).

Since the intensity of the LED radiation at any
wavelength is directly proportional to the supply cur-
rent. It is possible to minimize it by averaging over
the number of identical LED groups the modulus of
deviation of the maximum intensities in the distri-
butions of the spectral density of the optical radia-
tion flux for all groups of LEDs from the intensi-
ties of a similar distribution for a natural source at
the corresponding wavelengths. So the criterion A4
was selected the sum of the modules of the relative
deviations of the maximum values of distributions
Searp(Mmaxp) Tor €ach pth group of LEDs from the val-

‘maxp
ues of a similar distribution S,,,,,(A,,,) for a natu-

eart,
ral source at the corresponding \falues of the wave-
lengths A, of radiation. As in the case using the
standard deviation o, the calculation formulas of the
second group of criteria A4, and A4', respectively,
for optical and visible radiation with a total number

of groups have the form:

- Senat (xmaxp) - Seartp (}\’maxp )|
; Senat (7\‘

2
) dA ©)

A

minG, =

minA4, = l 5 (10)
r

maxp)

minAA' :lz Snat(}\‘matp)_Sartp(}\‘maxp)|’ (11)
¥ p=1 Senat (}\'maxp)
where X, is the values of the radiation wavelengths

corresponding to the maxima of the distributions of
the spectral density of the radiation flux of LEDs in
the p™ group, other designations correspond to those
given earlier.

It should be noted that currently, for both vari-
ants of the criteria (6,, 6, and A4,, A4"), there is no
information about their acceptable values in terms of
their effect on the human body in general and on the
visual system in particular. Therefore, when analyz-
ing the applicability of these criteria for evaluation,
it is currently advisable guided by a comparison of
their values and the nature of the discrepancies in
the distributions of the spectral density of radiation
fluxes of natural and artificial origin.

Criteria for the visibility of color differences
in natural and LED lighting

To select criteria for the in distinguishability
of the chromaticity of radiation from natural and
artificial sources, the concept of physiologically
accurate color reproduction used. If the colors of
the image perceived by the observer as the same
in relation to the colors of the object, according to
N.D. Nyberg, physiologically accurate reproduction
takes place [15]. R.W.G. Hunt [17] proposed the
concept of "colorimetric accuracy of color reproduc-
tion", where an additional factor of physiological ac-
curacy is the same conditions for viewing the origi-
nal and reproduction, i.e. including the same spectral
composition of lighting sources.

If the influence of visible radiation on color per-
ception analyzed, then when choosing a criterion for
comparing spectra from different sources, it is advis-
able to accept the condition of illumination of objects
with the same spectral distribution of the reflection
coefficient. Therefore, to analyze the color differenc-
es of radiation sources, a white background model
chosen as a reflecting surface, in which the reflection
spectrum is similar to that of the illuminate CIE E
with a uniform relative distribution of radiation pow-
er over the spectrum, i. e. the reflection coefficient of
the background surface in the entire visible range is
constant.

Similarly to the comparison of the original and
reproduction, in the future we will use the concept
of "physiologically accurate reproduction” if the ob-

124



Tpubopul u memoowt usmeperutl
2024. T. 15. Ne 2. C. 120-130
P.S. Bogdan et al.

Devices and Methods of Measurements
2024,;15(2):120-130
P.S. Bogdan et al.

server does not distinguish the color of the radiation
from two sources on a white background with a con-
stant reflection coefficient of the background surface
in the entire visible range.

As a criterion for the difference between the
chromaticity of natural and artificial radiation, we
will consider the threshold AE of color difference,
calculated from the distribution of the spectral den-
sity of optical radiation fluxes using color coordi-
nates [18]. The threshold AE color difference defined
as the difference between two colors in the CIELAB
equidistant color space. This is the color space ob-
tained by constructing in rectangular coordinates L*,
a*, b*, uniquely associated with the values of X, V¥
and Z of the three-color coordinates. Coordinate L*
characterizes the lightness proportional to the bright-
ness and takes values from 0 (black) to 100 (white).
Coordinate a* characterizes the change in the hue of
the color tone from green to red and vice versa, and
coordinate b* characterizes the change from blue to
yellow and vice versa.

There are 4 known methods for calculating small
color differences AE, developed by the International
Commission on Lighting (ICO): 1950, 1976, 1994
and 2000. The formulas of the latest technique [19]
contained mathematical gaps and implementation er-
rors [20]. Therefore, the 1994 methodology used to
calculate the AE threshold. According to this meth-

odology:
( AL AC AH
kLSL kCSC kH SH

where AL, AC, AH are functions of the color coordi-
nates L, _*, a _* b _* of natural radiation and L__*

nat > “nat ° art >

a,.”*, b, * of artificial radiation, the remaining coef-
ficients are constants [18].

The coordinates L*, a*, b* can be obtained based
on the x, y, z coordinates of the color of the analyzed
source, which, in turn, are functions of area-normalized
fluxes of natural and artificial radiation, as well as addi-
tion curves for the color space of the 1931 MKO [18].

According to [21], small color differences AE
are considered to be in the range from 1 to 10 units
of color contrast, and if AE is less than 2.3 for two
non-touching colors, then an ordinary observer hard-
ly perceives this difference.

The development of another criterion for the
visibility of color differences for natural and artifi-
cial lighting based on taking into account the direct
effect on the photosensitive receptors of the visual
analyzer. The effective energy effect Iy g p . and

= Y+ (=) + () (12)

nat

Iy G rwar Tor blue-, green- and red-sensitive photo-
receptors and rods in color channels of the visual
system determined as integral of the products of the
spectral distributions S,,,(}A), S,,(A) of the natural
or artificial radiation and of the spectral distribution
of sensitivity Vy ¢ p v [22, 23]

)“max

Ly =, Soa O W o W (13)
)“max

IB,G,R,Wart = J.x ‘ S ear (X)VB,G,R,W (M)dh, (14)

where Vy ;py are the spectral distributions of the
sensitivities of each group of photoreceptors (B —
red—sensitive, G — green—sensitive, R — red-sensitive
cones, W — rods respectively) are calculated by the
formula:

VB,G,R,W ES AB,G,R,WVOB,G,R,W (A),

where Vi ; » y are the relative spectral distributions
of the sensitivities of each group of photoreceptors,
the maximum values of which are equal to 1; 4 ; &
are the maximum values of the sensitivities of each
group of photoreceptors, determined by weight coef-
ficients, standard deviations and brightness of adap-
tation, given in [16].

In addition to cones and rods, the human visu-
al analyzer contains photosensitive ganglion cells,
which, according to recent studies [7], are not only
associated with the effect on circadian rhythms, but
also through the melanopsin produced by it can affect
visual perception. This impact requires additional re-
search and therefore cannot yet taken into account
when developing the criterion.

In the presence of artificial lighting created by r
groups of LEDs, the effect on each of the four pho-
tosensitive receptors, taking into account (13-15),
described by the formula:

A‘max a
IB,G,R,Wart = L _ ZSpeart (K)AB,G,R,WV;)B,G,R,W (M)dA. (16)
min 7]

in

P

(15)

It follows that if for each group of cones and for
rods equality of integration results observed for two
radiation sources, natural and artificial, the image
will be physiologically accurate, i. e. the observer
will not distinguish the color of the radiation sources
even if their spectral distributions do not match.

Therefore, as a criterion, it is possible to use
the standard deviation € of the relative differences
&p g g w Of the effects of natural and artificial radiation
on blue-, green- and red-sensitive photoreceptors, as
well as rods:
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S 2
mine = Z €RG.RI > (17)
B,G,RW
where:
_ IB,G,R,Wnar B IB,G,R,Wart (18)
€pG.RW = Ji >
B.,G,R ,Wnat

values of Iy ; r jyuas @0d Iy ¢ 7 @r€ calculated using
formulas (13) and (16), respectively.

In the future, we will call the criterion the stan-
dard deviation of € for photoreceptors. There is cur-
rently no information on the acceptable values of the
€ criterion.

A method for determining the parameters
of LED lighting to simulate the spectral
distribution of natural radiation

To optimize LED lighting that mimics natural
lighting, it is necessary to perform 2 steps. First,
you need to select the necessary set of LED groups
containing LEDs with the same spectral character-
istics. Secondly, it is necessary to calculate the rela-
tive values of currents in each group of LEDs, which
minimize the discrepancy in the distributions of the
spectral density of radiation fluxes from LED and
natural sources in accordance with the criterion used.
At the same time, the condition of normalization
(equality 1) of the area under the total distribution of
the spectral density of radiation fluxes for LED and
natural sources must observed.

It is possible to use both additive and subtractive
variants to perform the calculation.

In the additive version, the minimum number
of LED groups selected, the combination of which
provides coverage of the entire spectral range. Next,
using the gamultiobj function, which is a genetic
optimization algorithm for the MatLab application
software package, optimization performed based on
two criteria’s: by minimizing the analyzed criterion
and by the condition of equality of 1 area under the
total spectral distribution (normalization condition).
The criterion is calculated for all possible combina-
tions of k, parameters (formula (5)). A combination
of them is selected in which the deviation of the ar-
ea from 1 is no more than 1 % and the value of the
criterion is minimal. At the same time, it assumed
that a change in the current in the LED does not lead
to a change in the wavelength corresponding to the
maximum radiation. Formulas (3), (6), (9)-(12),
(17) used for the calculation. If the emission spec-
tra of natural and calculated artificial sources do not
match, their difference calculated, representing a set

of graphs of spectral sensitivity graphs of the miss-
ing LED groups in the set. After calculating the dif-
ference, the previously selected set of groups manu-
ally or automatically supplemented with groups of
LEDs with spectral characteristics corresponding to
the groups missing in the difference, and the calcula-
tion performed again. Then the above cycle repeated
until the values of the criterion and the discrepancy
in the distribution graphs of the spectral density of
radiation fluxes for LED and natural sources become
acceptable.

In the subtractive version, the maximum pos-
sible number of LED groups selected from the LED
catalogues; the second stage performed similarly.
When calculating, some groups of LEDs turn out
to be superfluous due to the zero value of the cor-
responding parameter k,,.

When using an additive technique, the volume
of calculations increases from cycle to cycle, an
analysis of the results after each cycle is required
and the introduction of spectral density distribu-
tions of radiation fluxes for new groups of LEDs,
carried out by the user or automatically. These two
operations complicate the algorithm in relation to
the subtractive technique. In this case, the user can
stop the calculation at any stage that satisfies him
according to the results. The subtractive technique
provides for a single introduction of spectral charac-
teristics of a large number of different LED groups,
one long calculation cycle, and the absence of the
possibility of user intervention before the end of the
cycle. The considerable duration of the calculation
cycle when using a subtractive technique compared
with an additive one can become an obstacle in its
use if it is necessary to reconfigure LED lighting
quickly in accordance with rapidly changing natu-
ral lighting.

In order to test the developed programs, 3 cycles
of calculations using the additive method carried
out for all the criteria considered in this paper and
the calculation for criterion 6, using the subtractive
method. At the same time, the calculation duration
using the subtractive method with the introduction of
spectral characteristics of 31 LED groups as initial
data exceeded the calculation duration of one cycle
using the additive method by about 58 times.

The normalized by area spectral distribution
of daylight power at a correlated color temperature
(CCT) of 10000 K [7] as natural radiation is used:

[778,, (d=1.
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As part of the first cycle of calculations using
the additive method, 4 groups of LEDs were selected
(blue QB-12, green ZG-10, red SY-28, yellow SE-
28) [24], the spectral characteristics of which cov-
ered the wavelength range of radiation from about
415 to 670 nm. At the second stage, in addition to
the above four groups, a fifth was introduced, con-
taining a warm white LED with two phosphors
with a CCT of 2700 K with a spectral range width
of 400-800 nm [25]. After the second cycle, based
on the calculated difference in the spectral density
distributions of natural and artificial radiation fluxes,
additional groups from the commercially available
list used in [21] were added to the already existing
LED groups, and a third calculation cycle was car-
ried out. The spectral characteristics numbers of the
added groups from the list shown in Table 1 for each
criterion.

As an example, Figure 1 shows graphs of spec-
tral density distributions of optical LED radiation
fluxes obtained of each of the three calculation cy-
cles while minimizing the criterion "relative standard
deviation ee of the values of spectral density distri-
butions of optical radiation flux".

Table 1
The numbers of spectral characteristics from the
list of groups used in [21], added at the third stage

Designation
of the criterion

Spectral characteristics
numbers of the added groups

5, 6,9,19, 26
5, 11,18, 19
Ad, 6,9, 11,20
A4’ 1,9,11,18
AE 2,6, 12, 18,20
g 6,11,19

The analysis of the graphs presented in Figure 1
shows that, with the transition to each subsequent
cycle corresponding to an increase in the number of
LED groups, the discrepancy between the spectral

density distributions of optical LED and natural ra-
diation fluxes decreases.

The values of all six minimized criteria obtained
of each calculation cycle are presented in Table 2 as a
result, and the results of calculating the k, parameter
values for each group of LEDs after the third cycle are
shown in Table 3. k, values in Table 3 are arranged in
the following order: first for groups containing LEDs
QB-12, ZG-10, SY-28, SE-28, then for a group of
warm white LEDs with two phosphors, then for the
added groups according to the numbers from Table 1.

on 5-
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Figure 1 — Graphs of the distribution of the spectral den-
sity of the optical radiation flux from a natural source at a
CT of 10000 K (dotted line) and the results of three cycles
of calculating similar distributions from an LED source
for the criterion o, (blue line — after the first cycle, green —
after the second, red — after the third)

The data in Table 2 indicate that after each cal-
culation cycle, the values of all criteria decrease. At
the same time, different combinations of &, param-
eter values for LED groups correspond to each crite-
rion, which is shown in Table 3 as an example.

The spectral characteristics of 29 commercially
available LEDs were additionally introduced into
the initial data for calculation using the subtractive
method the available list used in [21] in addition
to the spectral characteristics of the groups used in
the second cycle of additive calculation (blue QB-
12, green ZG-10, red SY-28, yellow SE-28 [24] and
warm white LED [25]).

Table 2
The values of the minimized criteria after each calculation cycle
Cycle The values of the minimized criteria
number G, 6, A4, AA' AE €
1.0173 0.60779 0.91746 0.35289 8.526 0.5862
0.49051 0.33778 0.69179 0.185043 8.4913 0.35472
3 0.30334 0.2883 0.45468 0.096771 1.342 0.28557
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Table 3

K, parameter values for each LED group after the third calculation cycle

Designation of the criterion

k

D

G, 0.0072 0.1531 0.1372 0.0436 0.3149
G, 0.0000 0.1556 0.0160 0.0160 0.5806
A4, 0.0178 0.3115 0.2203 0.0128 0.0589
AA' 0.0138 0.1175 0.0149 0.0092 0.1502
AE 0.0293 0.0776 0.0559 0.0363 0.0557
€ 0.2528 0.0677 0.1684 0.0138 0.1142

0.1238 0.0953 0.0828 0.0425
0.1132 0.0581 0.0578

0.0261 0.0282 0.1640 0.1474
0.0066 0.0071 0.5813 0.0965
0.2144 0.0693 0.0573 0.1669 0.2338
0.1488 0.0304 0.1998

Approximately equal values of criterion 6,
(0.2883 and 0.29483) were obtained by additive after
3 calculation cycles and subtractive methods as a re-
sult of minimizing this criterion. The corresponding
graphs of the spectral density distributions of optical
radiation fluxes practically coincided in both cases.
In the first case, 9 LED groups were used for the syn-
thesis of artificial radiation, in the second — 13.

Analysis of the effectiveness of the criteria
for distinguishing the spectral composition
of natural and artificial radiation sources

A comparison of the results of minimizing the
criteria "standard deviation" 6,, 6, and the criteria
"average sum of the deviation modules of the maxi-
mum intensity values in the radiation spectrum of
the LED groups" A4, and A4', respectively for light
and visible radiation, showed that the first pair of
criteria is preferable according to calculations and
graphs. The cycle calculation time for both groups
of criteria turned out to be approximately the same.
The simplification of the calculation algorithm by
replacing the integral over the entire spectrum in the
first case of radiation with the sum of the maximum
intensity values in the radiation spectrum of LED
groups of LED groups in the second offset by the
need to introduce these maximum values into the
algorithm. Besides the graphs of the LED of spec-
tral density distributions of fluxes for the criteria of
the group "standard deviation 6," demonstrated a
greater and consistent approximation to the distri-
bution of the natural radiation spectrum after each
calculation cycle than for the criteria "average sum
of the modulus of deviations for optical radiation
spectrum of the LED groups A4,". The same result
was obtained when analyzing the criteria 6, and A4’
for visible radiation. As examples, Figure 2 shows,
respectively, graphs of the spectral density distribu-
tions of LED optical radiation fluxes obtained as a
result of the third calculation cycle according to the

criteria oe and AA4,, and Figure 3 shows graphs of
the corresponding spectral density distributions of
LED visible radiation fluxes according to the crite-
ria 6, and A4".

N W R W

Relative unit, x1 0
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Figure 2 — Graphs of the distribution of the spectral den-
sity of the optical radiation flux from a natural source at
a CT of 10000 K (dotted line) and the results of the third
cycle of calculation of similar distributions from an LED
source (blue line — calculation according to the criterion
c,, red — calculation according to the criterion A4,)
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Figure 3 — Graphs of the distribution of the spectral den-
sity of the visible radiation flux from a natural source at
a CT of 10000 K (dotted line) and the results of the third
cycle of calculation of similar distributions from an LED
source (blue line — calculation according to the criterion
G, red — calculation according to the criterion AA4")
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Analysis of the effectiveness of the criteria
for the visibility of color differences
in natural and artificial lighting

A study of the effectiveness of criteria evalu-
ating the visibility of color differences in different
lighting showed that, in addition to the tradition-
ally used criterion of small color differences AE,
it is possible to use the criterion "standard devia-
tion € by photoreceptors". This criterion represents
the standard deviation of the relative differences in
the effects of natural and artificial radiation on blue-,
green- and red-sensitive photoreceptors, as well as
rods. After each calculation cycle for both criteria,
the value of the criteria decreased (Table 2), and for
criterion € — with greater monotony. The value of AE
after the third calculation cycle corresponded to the
invisibility of color differences when illuminating
a white sample with selected natural and artificial
radiation [21]. At the same time, the discrepancies
in the distribution graphs of the spectral density of
visible radiation fluxes for natural and LED sources
were smaller when calculated using the criterion €
(Figure 4).

Relative unit, x1 O'3
[\ w N W

—_—
L

[«

600
A, hm
Figure 4 — Graphs of the distribution of the spectral den-
sity of the optical radiation flux from a natural source at a
CCT of 10000 K (dotted line) and the results of the third
cycle of calculating similar distributions from an LED
source for the criterion "standard deviation € by photore-

ceptors" (blue line) and the criterion “small color differ-
ences AE”(red)

Each of these two criteria has its advantages and
disadvantages. For the AE criterion, despite cumber-
some calculations using empirical coefficients and
there are known as mathematical gaps and imple-
mentation errors [20] in the 2000 version, the accept-
able values given, in particular, in [21]. Acceptable
values for the € criterion are not currently set. They
can be determined by comparing them with the val-
ues of AE under the same lighting conditions.

The acceptable values for the € criterion are not
currently established. They can be determined by
comparison with the values of AE under the same
lighting conditions. At the same time, it can be en-
tered the values of the coefficients determining the
photosensitivity of the photoreceptors of the visual
analyzer at different brightness adaptations into the
calculation. In addition, the method of calculating
the criterion ¢ is simple. The values of the energy are
used absorbed by photoreceptors, so a criterion € has
a physical meaning. After conducting experiments to
determine the acceptable values of the criterion, its
use may become more preferable.

Conclusion

To compare the spectral composition of natu-
ral and LED energy and light emissions, 2 groups
of criteria were selected. These include, firstly, the
standard deviations of the relative differences in the
spectral density distributions of their optical and
light radiation fluxes of natural and LED radiation,
and secondly, the averaged modules of deviation of
the maximum amplitudes of LED radiation from the
amplitudes of natural energy and light radiation at the
corresponding wavelengths. To assess the visibility
of color differences in natural and artificial lighting,
the following were used: the well-known criterion of
small color differences and the developed criterion
"standard deviation by photoreceptors", which takes
into account the effects of radiation on blue, green
and red-sensitive photoreceptors, as well as rods.

A comparison of subtractive and additive meth-
ods for calculating the parameters of LEDs that mini-
mize the criteria allowed us to conclude that the cal-
culation algorithm is more complex, but its perfor-
mance is higher for the additive method than for the
subtractive one with the same minimization results.

The criteria "relative standard deviations of the
values of the spectral density distributions of the
optical and light radiation flux for LED and natural
sources" are more effective than the criteria associ-
ated with averaged modules of deviation of the maxi-
mum intensity of LED radiation from the intensity of
natural radiation to simulate the spectral composition
of natural radiation.

A comparison of the criteria for the visibility of
color differences showed their approximately equal
efficiency of use at the present stage, as well as the
prospects of using the criterion "standard deviation
by photoreceptors" if it’s acceptable values are es-
tablished.
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