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Light & Engineering” is an international
scientific Journal subscribed to by readers
in many different countries. It is the English
edition of the journal “Svetotekhnika” the
oldest scientific publication in Russia, estab-
lished in 1932.

Establishing the English edition “Light
and Engineering” in 1993 allowed Russian
illumination science to be presented the
colleagues abroad. It attracted the atten-
tion of experts and a new generation of sci-
entists from different countries to Russian
domestic achievements in light and engi-
neering science. It also introduced the results
of international research and their industrial
application on the Russian lighting market.

The scope of our publication is to present
the most current results of fundamental re-

© Svetotekhnika

search in the field of illumination science.
This includes theoretical bases of light source
development, physiological optics, lighting
technology, photometry, colorimetry, radi-
ometry and metrology, visual perception,
health and hazard, energy efficiency, semi-
conductor sources of light and many others
related directions. The journal also aims to
cover the application illumination science in
technology of light sources, lighting devices,
lighting installations, control systems, stand-
ards, lighting art and design, and so on.

“Light & Engineering” is well known by
its brand and design in the field of light and
illumination. Each annual volume has six is-
sues, with about 80-120 pages per issue.
Each paper is reviewed by recognized world
experts.
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INSOLATION AND COVID-19: PROTECTION FROM THE AGGRESSOR
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Places lacking the sunlight
are often visited by doctors

ABSTRACT

The article reviews the importance of insolation
as a factor of prevention and containment of infec-
tious diseases and epidemics. The authors consid-
er insolation not as a mean of curing the Coronavi-
rus Disease (WHO fairly calls such possibility “a
myth”) but as a means to lower the risks of dissem-
ination of the infection, to reduce viability of the vi-
rus in the environment, to support human protective
immune mechanisms affecting susceptibility of the
population as a whole, severity and recovery time,
i.e. both sanitary and hygienic and prevention fac-
tors of the COVID-19 epidemic containment. Apart
from the germicidal and virucidal sanitising effects
of solar rays, the article reviews anti-epidemic capa-
bilities of insolation as a microclimate factor and a
psychological and physiological regulator of human
protective capabilities as well as the insolation stan-
dards as a mechanism of development density regu-
lation. It is impossible to efficiently combat massive
dissemination of highly contagious infections with-
out concerted utilisation of all available means and
measures: both medical and preventive and organi-
sational. The unprecedented mobilisation of health-
care systems and large-scale restrictive quarantine
measures are under special attention of the society.
This article reviews the importance of insolation as
a universal natural anti-epidemic factor which is un-
deservedly placed in the end of the list of effective
infection combating measures.

Keywords: insolation, communal hygiene, in-
solation standards, sunlight, psychophysiology, an-
ti-epidemic measures, prevention, health security,
COVID-19

1. INTRODUCTION

It is impossible to efficiently combat massive
dissemination of highly contagious infections with-
out concerted utilisation of all available means and
measures: both medical and preventive and organi-
sational. The unprecedented mobilisation of health-
care systems and large-scale restrictive quarantine
measures are under special attention of the society.
This article reviews the importance of insolation as
a universal natural anti-epidemic factor which is un-
deservedly placed in the end of the list of effective
infection combating measures. The authors do not
consider insolation as a remedy against the Coro-
navirus Disease (replying to Donald Trump’s state-
ment, WHO fairly called such possibility “a myth”),
but as a means to lower the risks of dissemination of
the infection, to reduce viability of the virus in the
environment, to support human protective immune
mechanisms affecting susceptibility of the popula-
tion as a whole, severity and recovery time, i.e. both
sanitary and hygienic and prevention factors of the
COVID-19 epidemic containment.

Since the period of establishment of commu-
nal hygiene as a scientific discipline, the range of
tools of doctors and hygienists has been largely en-
hanced by cheap and efficient antiseptics, hardware
and pharmacologic means of diagnostics and treat-
ment as well as artificial substitutes of solar radia-
tion, UV emitters.
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The shift of emphasis from natural means of pro-
tection to technical, disinfection, and pharmacolog-
ical ones stems from the fact that, other than high
efficiency of the latter, the natural factors are not
goods as they are available everywhere and, not be-
ing commercially attractive, have no other ways of
“promotion” apart from common sense, applicable
standards, and self-sacrifice of a few specialists. On
the contrary, many of recognised factors of hygien-
ic security of the artificial human habitat, which are
specified in standards, raise the prices of municipal
infrastructure maintenance and reduce profitabili-
ty of construction, and targeted pressure on sanitary
and hygienic standards, which have allegedly lost
their applicability in the new urban reality brought
by concerned parties (construction investors and
customers), including via government entities, is as-
sociated with it.

However, as we can see through the example of
the COVID-19 epidemic, contemporary cities and
contemporary people have not become less vulner-
able to new infections, primarily those caused by
viruses.

Lack of efficient means to be used for prevention
and containment of the COVID-19 epidemic makes
it necessary to solve the problem using restrictive
and quarantine measures, which are the most dam-
aging for economy and ultimately for the most of
population. But if we say that all possible resources
shall be used for combating the epidemic, it is fair
to start with the least resource-intensive, available
to everyone and essentially free natural factors, and
especially with insolation.

Someone may doubt the efficiency of insolation
as an anti-epidemic resource given that no coun-
try has avoided the pandemic irrespective of the de-
gree of direct sunlight availability. Undoubtedly, the
key factors of dissemination of COVID-19 includ-
ed intensity of transport flows, population density
and traditionally social forms of labour and leisure.
However, since the moment the infection appeared,
further development of the epidemic process has
been regulated by the entire set of anti-epidem-
ic factors, both targeted and natural or occasional
ones. In terms of the subject matter of this article,
the following significant features of the centres of
the pandemic are obvious:

— Geography — currently, the morbidity of
COVID-19 per 1,000 individuals is much higher
in the countries located in the Northern hemisphere

which are now leaving the period of seasonal defi-
ciency of sunlight;

— Population density — COVID-19 mostly af-
fects megalopolises with high density of develop-
ment, a factor that determines insufficient avail-
ability of sunlight in urban areas, especially in
conditions of its seasonal deficiency.

It is important to bear in mind that the hygien-
ic importance of insolation is not only defined by
direct sanitising effect of the short-wave region of
sunlight spectrum. The climate-forming role of in-
solation is of the same importance for containment
of the infection, including formation of microcli-
mate of indoor spaces, buildings and territories,
which had been specified as a “general health-im-
proving effect” in Russian insolation standards be-
fore 2001. Let us consider each group of factors
separately.

2. SANITISING EFFECT

The direct antivirus effect of solar radiation, es-
pecially of direct sunlight (insolation) specifical-
ly against the COVID-19 virus, is associated with
damage of the RNA molecule of the virus, which
makes it impossible to replicate it in a host cell. It is
not possible to evaluate the degree of sunlight resis-
tance of the COVID-19 virus based on the materi-
als available as of now. However, even if the results
of such studies had been available, their practica-
bility would have been low since actual insolation
is determined by constantly changing factors: cloud
amount, state of atmosphere, the Sun angle, sun-
shine duration as well as the position of the exposed
surface and its texture. Nevertheless, availability
of the UV-B component in the sunlight spectrum
[1] guarantees its virus-inactivating effect, and giv-
en the duration of sunshine on clear days (at least 2
hours in Moscow even in winter [2]), the virucidal
potential of insolation may be comparable with that
of short-time irradiations by means of germicidal
UV emitters and even largely exceed it in summer
months. With that, the virucidal potential of inso-
lation manifests itself everywhere and dynamical-
ly: depending on the date and time which define the
position of the Sun in the sky. Not only and not so
much the indoor spaces and territories are insolating
with the standardised insolation regime, but also all
urban areas are, such as streets and roads, parks, ur-
ban air, facades of houses open to sunlight, and all
indoor spaces where insolation is not required as per
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standards but its sanitising effect is also efficient and
necessary.

Insolation of urban areas and facades provides
also efficiency of another hygienic factor, natural
ventilation of indoor spaces.

3. CLIMATE AND MICROCLIMATE

Based on preliminary results of the publicly
available studies [3], temperature of (5-9) °C and
humidity of (35-50) % are the optimal conditions
for dissemination of the COVID-19 virus, and its
viability in the environment is reduced when tem-
perature is increased and humidity is lowered, and
virulence of the virus falls down to zero at 30 °C.
Therefore, the infra-red region of the sunlight spec-
trum also has the same sanitising effect which the
short-wave UV region has. Ingress of direct sunlight
through double glazing rises the temperature of an
irradiated wooden or plastic surface by (14-15) °C,
which will be equal to (35-40) °C at room tempera-
ture of (20-25) °C, the conditions neutralising ac-
tivity of the virus. In open urban areas, the heat ef-
fect of insolation has the same values ((13—15) °C
depending on the Sun angle and the state of the at-
mosphere), and temperature of concrete and asphalt
surfaces rises from (1-10) C° to 1(4—15) °C! during
the inter-season periods most favourable for the in-
fection, which makes them an unfavourable envi-
ronment for survival of the COVID-19 virus and
promotes its inactivation.

Simultaneously with increase in temperature of
insolate surfaces, humidity also reduces during the
inter-season periods, which is also a factor of infec-
tion containment.

4. PSYCHOPHYSIOLOGY
AND IMMUNITY STATUS

Apart from the direct physical and biochemical
virucidal effect, insolation directly and indirectly
contributes to regulation of some physiological pro-
cesses in human body, which also significantly af-
fects the course of the entire epidemic process de-
fining susceptibility to the infection of population
as well as severity of the disease and recovery time.
This set of factors is called psychophysiological ac-

! The data of changes in temperature of insolated surfaces
is based on the authors’ own reference measurements made on
April 21, 2020 in Moscow

tion. In this case, the entire visible part of sunshine
spectrum is of importance, and direct and scattered
sunlight affect retina simultaneously with further
transmission of nerve impulses to endocrine control
centres via the visual pathway. [lluminance within a
light spot increases by more than 30 times under di-
rect sunlight. With the size of a light spot of (2.5—
3.5) % of the floor area, illuminance on the horizon-
tal surface in the centre of an indoor space increases
by (2-2.5) times at height of 0.8 m above the floor
level and by (3-3.5) times at a floor level just by
means of reflected light (beyond visual line of sight
of the light spot). A light spot of 20 % of the floor
area increases the same values by 4.5 and 9 times,
respectively?. Given the fact that a physiological
standard value of daylight factor in indoor spaces
is (5—10)% (based on recommendations of WHO),
and standard illuminance of, for instance, residen-
tial spaces is 0.5 %, contemporary residents of cities
live in conditions of constant deficiency of environ-
mentally friendly, free, and unexpendable daylight.
Increase of illuminance by several times by means
of direct sunlight on sunny days eliminates this de-
ficiency partially or completely.

The subject ‘light and health’ has been repeated-
ly discussed in the Svetotekhnika Journal [4, 5, 6,
7]. Therefore, it is sufficient just to list the “light-de-
pendent” psychological and physiological processes
in the context of this article.

High levels of daytime illuminance promote
proper work of circadian rhythms responsible for
normal endocrine control of physiological processes
in a body. Impairment of the sleep-wake cycle, in-
cluding insomnia, diurnal somnolence, performance
decrement, and apathy is the most well-known con-
sequence of circadian rhythm deregulation. Low
levels of illuminance, which do not provide nec-
essary light contrast between day and night, is the
cause of development of seasonal affective disor-
der (SAD) during autumn and winter, which caus-
es development of depression and reduction of dis-
tress tolerance. The said negative consequences
of insufficient daytime illumination (and sufficient
natural illumination without direct sunlight is im-
possible in megalopolis environment) reduce the
immunity status of body, which manifests itself in
increased susceptibility to the infection, poor im-

2 The data of dynamics of illuminance in insolated indoor
spaces is based on the authors’ own reference measurements
made on April 21, 2020 in Moscow
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mune response and, subsequently, harder develop-
ment of the disease. A number of studies conducted
in the 20th century [8] confirmed the well-known
fact that wound healing is much faster in well-in-
solate wards than in insufficiently insolate wards
provided that disinfection and antiseptic regimes in
both wards are the same.

Even short-time contribution of direct sunlight
to formation of a lighting environment ‘adjusts’ the
inner clock of a body by forming daytime light ac-
cents, which increases human psycho-emotional
status, promotes distress tolerance and supports ef-
ficiency of all protective mechanisms including im-
mune ones.

5. INSOLATION STANDARDS AS
A REGULATOR OF DEVELOPMENT
DENSITY AND POPULATION DENSITY

With all importance of the climatic factor, im-
mune status of population and quality of healthcare
systems, it must be admitted that the main factor of
COVID-19 dissemination is population density and
associated load of public transport and social cen-
tres such as cultural, trade and sports areas. It should
be noted that one of the only factors preventing ur-
ban densification is standardisation of insolation
and natural illumination, and the dynamics of mod-
ifications of such standards demonstrates a number
of highly doubtful from the scientific point of view
opportunistic compromises between requirements
of sanitary and epidemiological security and inter-
ests of the urban development industry. Over the
half-century history of insolation standardisation,
the norms have been shortened from (3—4) hours
to an hour and a half or two hours [9], the calcula-
tion dates for the central geographic zone, where
most of Russia’s population resides, were shortened
by two months in 2017 without any reasons provid-
ed (now they are worse than those for the northern
zone), summer insolation requirements and prohibi-
tion of all-year shading were cancelled. The above
listed regulatory easements change the emphasis
from the human health improving factor (as in the
1982 version) to the factor “causing health-improv-
ing effect on human habitat” (as in the 2001 ver-
sion), which is essentially limited to the bactericidal
effect. Apparently, the logic of social development
implies that human species has changed sufficient-
ly over the previous 50 years to cancel its mecha-
nisms of self-protection and self-regulation that had

been forming for millions of years. However, it is
not true. Vulnerability of a modern city to highly
contagious infections is directly proportional to de-
velopment density, i.e. the volume of non-insolate
facades and territories, and population density, i.e.
just the number of hand grasps per one door han-
dle. In this context, construction of non-residential
apartments, which are in most cases used for resi-
dence, but are not compliant with any regulatory re-
quirements to residential premises, including san-
itary and epidemiological requirements, and not
providing any social infrastructure including medi-
cal institutions, is a very questionable trend.

The COVID-19 pandemic poses a question
whether contemporary cities are safe enough to ig-
nore the natural factors of human protection and its
artificial habitat which are justified by evolution,
life and science [10].

6. CONCLUSIONS

The role of sunlight transformed by the atmo-
sphere is not less important in human life. The stan-
dards of its utilisation, which is more large-scale
than utilisation of insolation, are also cut off by the
two authorities issuing them, namely, the Ministry
of Construction and the Ministry of Healthcare of
the Russian Federation, from time to time although
it does not attract attention of the society for some
reasons. In the last editions of the natural illumina-
tion standards, the reference point for the most of in-
door spaces is relocated from the depth to the cen-
tre with the same rather poor standard value daylight
factor. It is obvious that illuminance in indoor spac-
es becomes much lower, which will require utilisa-
tion of additional artificial illumination being not ca-
pable to replace daylight neither in terms of quality
nor in terms of quantity, over the most part of a year.

The basics of the Russian standards of natural
lighting and insolation were established in the hard
years after WWII when, nevertheless, the return
to peaceful life could not be imagined without a
comprehensive solution of the problems of safety
and quality of life in cities being reconstructed. The
government planned and subsidised comprehensive
studies in the field of sanitary and hygienic safety of
environment, in particular, determination of lighting
and climatic parameters necessary for productive
life. Dedicated organisations and high-level scien-
tists engaged in different spheres such as light engi-
neering, hygiene, architecture participated in the re-
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search programmes. The first sanitary standards of
natural lighting and insolation were developed and
put into effect on the basis of the evidence base. Un-
fortunately, that generation of independently think-
ing scientists with high levels of professionalism and
scientific potential has passed away, the institutes
and laboratories engaged in always topical works
in the field of public health have been either closed
or assigned new functions, and the following gen-
eration of specialists responsible for the fate of hy-
giene as a scientific discipline is represented more
by government officials than by well-known scien-
tists, which made it possible to adopt legal and reg-
ulatory easements under pressure of the interests of
the construction industry [9]. For instance, it is im-
possible to understand the motivation of decreasing
the standard requirements of insolation for the cen-
tral geographic zone of the Russian Federation ad-
opted by the Chief Sanitary Inspector A. Yu. Popova
without any scientific research, justifications, dis-
cussions in the professional community and more in
disregard of its opinion, just ‘supported by the Mos-
cow Investors Club’. Anna Yurievna did not reply
to the open letter [10] addressed to her.

It is to be added that the mankind has just
two proven means of combating infections like
COVID-19 before the start of industrial manufac-
turing of efficient vaccines and introduction of ef-
ficient treatment methods: restrictive quarantine
measures and the sunlight. And the more a contem-
porary city has of the latter, the less strict and de-
structive can be the former.
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EFFICIENCY DEPENDENCE ON THE CURRENT OF LEDS
WITH QUANTUM WELLS
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ABSTRACT

A physical-mathematical model of dependence
of internal quantum efficiency on current for LED
structures with quantum wells has been developed.
The volt-ampere characteristic is modelled with the
involvement of Shockley, Noyce, Sah recombina-
tion theory, supplemented by the quantum wells
distribution function. In order to obtain dependence
of internal quantum efficiency of LEDs on current,
model of rate of ABC recombination in quantum
wells is used. The developed model was tested with
variations of quantum wells parameters and external
impact conditions.

Keywords: LED structures with quantum wells,
internal quantum efficiency, Shockley, Noyce, Sah
recombination model; ABC recombination model

1. INTRODUCTION

Light emitting diodes (LEDs) with quantum
wells (QW) are promising sources of light for light-
ing devices, full-colour displays, optrons, etc.

Quantum efficiency (QE) is one of the main pa-
rameters of LEDs QW. After commencement of
serial production of LEDs based on QW hete-
ro-structures AIGaN/InGaN/GaN and AllnGaP |1,
2], intensive studies of dependence of QE on for-
ward-current density ] have begun.

In one of the first works analysing behaviour
of efficiency of a blue and green LED by Lumileds
Lighting [3], it was shown that it has a maximum at
J = (1-10) A-cm™. It was noted that higher values

of maximum efficiency correspond to higher barri-
er doping and explicit periodical changes of doping
density in the QW region (the modulated and doped
region of QW).

According to the data of [4], with strong light ex-
citation, when charge carriers (CC) generation rate
was equal to 1.7+ 1026 cm3-s°!, with reduction of dis-
location density from 5.7+ 10° down to 5.3-10% cm™2,
external QE (g) rose from 31 % up to 64 %. With
that, the maximum of #g reduces with reduction of
quality of epilayers and shifts towards higher val-
ues of J.

Measurements of #g, at different temperatures [4,
5] have shown that, with increase of temperature of
QW LED structures, the maximum of QE lowers
and shifts to the range of higher J.

In the course of analyses of QW recombination
processes, the ABC model [6-10] is widely used:
it allows us to describe recombination rate of LED
structures at different injection levels with consid-
eration of radiative and non-radiative mechanisms:

R(n)=;=An+Bn2+Cn3+f(n), ()
where R is the recombination rate, # is the excessive
concentration of CC taking part in the recombina-
tion process; 7 is the average CC life span; A, B, C are
the coefficients defined experimentally for recombi-
nation rates of the Shockley-Read-Holl recombina-
tion mechanism (A), radiative mechanism (B) and
the Auger mechanism (C). The other mechanisms of
current formation are taken into account by an addi-
tional member f (n).
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The finer mechanisms affecting QE of QW LEDs
are analysed in [11, 12] and other works, however,
all the differences identified there correspond to the
ABC model.

The analysis of literature allowed to identify that:
1) the ng-current dependence curve of QW LED
structures is bell-shaped with the maximum at J =
(1-1072-1-10) A-cm%; 2) the height of the maxi-
mum and its current position depends on perfection
of a hetero-structure and its temperature; 3) there
are still no mathematical models of the dependence
of g and internal QE (#;) on current and the Sah-
Noyce-Shockley (SNS) model [13] (further devel-
oped in [14]) is used as the voltage-current relation-
ship (VCR) model without taking non-uniformity of
recombination rate in the space charge region (SCR)
with a QW into account).

Based on the analysis, the common problem
was identified: lack of the analytical model defin-
ing the relationship between VCR and lumen-volt-
age characteristics (LVC) for LED heterostructures
based on wide-band-gap semiconductors with QW
and allowing to satisfactorily describe and simu-
late behaviour of #y and #; with different exter-
nal effects and distinctions of LED technological
structure.

The goal of this work is to develop the analytical
model of the dependence of #; (g) on current on
the basis of physical representation of recombina-
tion processes in QW hetero-structures.

The objectives of the work: to conduct exper-
imental studies of VCR and g behaviour of QW
LEDs at different temperatures and with introduc-
tion of point and continuous defects (dislocations,
disordering areas); to create the physical and math-
ematical model of the dependence of 7 (7;) on cur-
rent; to check validity of this model with different
external effects and variations of technological pa-
rameters of LED hetero-structures.

For the purpose of clarity and to prevent com-
plication of the model, it is assumed in the work
that there is a proportional relation between 7y and
ny expressed through the constant coefficient: 5y =
a1y, a < 1. Therefore, when modelling of QE de-
pending on current, 7; will be meant and #; may be
derived from it by means of the coefficient c.

In the course of the model development, it is as-
sumed that distribution of CC in quazi-neutral re-
gions and in SCR corresponds to the Boltzmann
distribution.
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2. EXPERIMENT

The green, yellow and red LED’s based on Al-
GaN/InGaN/GaN and AlInGaP hetero-structures
manufactured in PCR by Lumileds and Epistar were
studied. VCR, LVC and distribution of dopant over
the QW region were measured at temperatures of
300 K and 373 K. Graphic representation of these
characteristics is given in [15].

The blue experimental samples manufactured by
Lumileds were marked with letter B, the greed sam-
ples were marked with G (the InGaN/GaN struc-
ture) and the red ones were marked with letter R
(the AllnGaP structure).

VCR were measured by means of a computerised
unit. The current measurement range was (1-1077-
1-107') A or J = (1-1074-1-10%) A-cm™ up to max-
imum voltage of 5.12 V. Forward-bias potential in-
crement was equal to AU = (0.02 = 1-10™%) V.

Dopant distribution over the QW region was
measured by means of an original computerised
unit [16] using the dynamic capacity method. Reso-
lution of the dopant concentration profile depth was
up to 1 nm.

Radiation was registered by the PhD 7K silicon
photodiode operating in the light-to-photoelec-
tric-current conversion mode.

In order to identify the effect of point and con-
tinuous microdefects on 7, all LEDs were affect-
ed by reactor neutron fluxes (@) of 106, 107, 108 and
10% cm™ by means of the IRT 2000 installation. In
the course of it, the energy spectrum and the neu-
tron-flux density (equal to 5-10!% cm2-s7!) were
measured.

Processing of the experimental data and sim-
ulation of LED characteristics were conducted by
means of Origin 8 and MathCad 14.

The experimental dependences of 7y on current
I are presented in the Figs. 1a and 2a. With tempera-
ture rising from 300 K to 373 K, the maximum of g
reduces by (8-12)% and shifts to the range of higher
values of current by more than one order of magni-
tude (not shown in the Figure).

More significant reduction of 77 was observed in
LEDs after they being irradiated by neutrons at @ =
1-10% cm 2. The maximum of 5y reduces differently
in AIGaN/InGaN/GaN and AlUnGaP structures and
shifts towards higher values of current. At @ of up
to 1-108 cm™, no significant changes of the depen-
dence 5g(I) were observed at ambient temperature.
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Figure. The dependences of 7y (experimental, graphs 1a, 2a) and #; (simulated, graphs 1b, 2b) on current I for blue (a),
green (b) and red (c) LEDs, graphs la and 1b are for the initial structures and are normalised to one, graph 2a is for neu-
tron-irradiated structures, graph 2b is for model structures with concentration of radiation defects introduced in the model

The effect of neutron irradiation on lens trans-
parency was not studied, however, no visible chang-
es in lens transparency occurred.

The changes in distribution of charge centres of
dopant in the QW region after neutron irradiation
at @ of up to 10'> cm™2 for LEDs with different quan-
tum energy occurred in different ways. For instance,
in blue and green LEDs, dopant compensation was
observed only in the small region near the border
of the edge of SCR of the lightly doped layer. Sig-
nificant reduction of concentration of active dopant
within the range of SCR changes occurred in yellow
and red LEDs.

After neutron irradiation, the non ideality factor
of the exponential region of VCR increased by (20—
30)% and the saturation current increased by (5-6)
orders of magnitude.

3. DISCUSSION

Let us assume an asymmetrical p-n* LED struc-
ture with uniformly doped p and n* layers as the
model. QWs are located in the relatively slightly
doped p layer within SCR without bias voltage. The
QW coordinates are measured starting from the
metallurgical border.

It is assumed that no tunnelling, leak currents,
and other mechanisms of current formations are
available other than the Shockley-Read-Holl (SRH),
radiative and Auger recombination mechanisms;
the Shockley diffusion mechanism [17] and SNS
[13] are the main mechanisms of current formation
of LED structures. With that, QWs are represented
as single recombination centres with trap cross-sec-
tion of 0.

CCs trapped in QWs form current, which is di-
vided into two components: the zone-zone radiative
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one and the nonradiative local centre and Auger re-
combination component. Also, if there are point de-
fects in the forbidden band of local levels, forma-
tion of recombination current over the entire SCR
by means of the SNS mechanism is possible. There-
fore, density of total recombination current J with
forward bias in such structure is a particular sum:

J:JQW+Jrec+jdif=

where Jqy is the density of quantum-well recombi-
nation current, J is the density of recombination
current through local levels of point defects in SCR,
Jgir 1s the density of diffusion current of CCs that
crossed the p-n™ junction barrier and are trapped
in QWs in the quazi-neutral part of the p region
and within the range of operating currents of LED,
Jrees Jow >> it

Therefore, 7y proportional to #; is defined by the
ratio between radiative and nonradiative recom-
bination currents. The experimental results (see
the Figure) witness that the coefficients of the ABC
model vary significantly for different types of LEDs,
which is pointed at by different positions of the
maximums of 7;(#g) [7]. Simulation has shown that
it mostly refers to the A and C coeflicients.

In order to develop the model of the dependence
of #; on forward current, the SNS VCR theory was
used, and it was assumed that the levels of recombi-
nation centres are located close to the centre of the
forbidden band and the trap cross-sections of the
electrons and holes are the same. However, as op-
posed to its classic description, where it is assumed
that recombination centres are distributed uniform-
ly over SCR of the symmetrical p-n structure, here
it was taken into account that QWs are discrete-
ly distributed in the asymmetrical structure, i.e.
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the recombination centres are distributed in accor-
dance with some function fqw(x, U). In the gener-
al case, energy levels of point defects are distribut-
ed non-uniformly too [18], in accordance with the
function f; (x, U).

With these assumptions made, the magnitude
Jqw may be expressed as

Jow = (]O'NQWmd (U)W(U)VTNC1 -FQW )=
= c]O‘NQWmd(U)W(U)VTNd X
B>

=Jsow (V) exp[ ]—1], )

where, with the SNS model involved (Eq. 3),

Here fqw(x, U) is the function of QW distribu-
tion in the relatively slightly doped layer; Nqwma (U)
is the average QW concentration in SCR depending
on bias voltage U due to change in SCR width and
the number of QWs in it; ¢ is the barrier potential;

Pk qU

n (U)KT

qU
%

n (U)KT

17 _
Nowma (U)ZW J. Ny (x,U)dx 5 Nqw(x, U) is

the QW distribution over SCR;

Ny (x,U) WU)-N,
fQW(x,U)= = 3 Xy = ) ;
NQWmd(U) Nd+Na
_WWU)-N, .
P N,+N, '

2¢e, (N, + N,)- (¢, —qU)
qNaNd

is SCR

W(U)= \/

12

width; b = Ny/N,; g = 2n;/N,; N, and Ny are the
concentrations of acceptor and donor dopants.

In the expression (3), it is assumed that the front
of potential barrier at the side of the n* region grows

—-qU
(wk q )(x_xn)

wU)
in the formula; this assumption causes virtually no
impact on the nature of the model.

The coefficient n*(U) is defined using the
formula

linearly, therefore it is identified as

* ((Pk —-qU) |: jl_l
Uy=——"—"|In(F_ (U .
W)=~ I (W)
Given the discrete nature of QW distribution, let
us write the function fow (x, U) as

Noy (x,U)
fQW(st) ==
NQWmd(U)
O x<aq,

rec

D (%+ﬁ-zv Y a >x>(a, +H)

0> x>(q,+H)
NQWmd(U)

where a; is the position of the edge of the i-th QW
relative to the metallurgical border, H is the QW
width, N, is the concentration of nonradiative cen-
tres in QW, 8 =0, /0 is the ratio of trap cross-sec-
tion of nonradiative recombination centres to QW
trap cross-section, 1/H is the coefficient from the

at+H
condition A I dx =1 (for a single recombination
a

centre).

The current of SNS non-radiative recombination
in SCR depending on U is described by the expres-



Light & Engineering

Vol. 28, No. 6

sions identical to (2) and (3). Current density J; is
expressed as

J, =40 Ny (O UWN4F (U) =
=qo N, WUV Ny %
(o)

*

ny (U)kT

qU

* -1|=
n (U)kT

X exp| — exp

qU
%k

ntkT

=Jg | €Xp

where F,(U) is the function identical to the function
in (3), where the distribution function, f(x, U), the
sums of concentrations of initial, Ni,(x, U), and gen-
erated (by running, radiation), N,(U), point defects,
as well as CC trap cross-sections of defect recombi-
nation centres g, and o, therefore: g,/0, =y, are intro-
duced instead of QW distribution. As a result of it,
ft(x: U)Z[Nto(x: U) + V'Ntr(U)]/Ntmd(U)’ where Ny
md(U) is the average concentration of point defects
in SCR.

The exponent index coefficient n,*(U) for F(U)
is written as

* (¢7k -qU)
n (V)= -k [

-1
In(F, (U))J .

Let us assume that radiative recombination oc-
curs only in QW and is limited by the fraction of
nonradiative flux. Therefore, it is acceptable to ap-
ply the ABC model for definition of #y, and this for
each i-th QW, since concentration of excessive CCs
in QW is different at the same U:

AE
Mowi = €Xp| ——— |' N, -
1QWi p(”j (U)~ij d

Xp

| Fow(x.U)dx. (4)

X

where Fiqw(x, U) is the (3)-type function for single
QW, AE is energy difference of forbidden bands of
barrier materials and QWs.

0> x<aq
rec

(%+ﬁ-N Yo a, 2x2(a,+H)

0> x>(q,+H)
NlQWmd (U)

lew(x’U) =

and
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NlQWmd(U):
O x<a,
1 Bl o1
=— (—+pf-N, ) a=2x2(a+H) |dx.
W(U)_x H

0> x>(aq+H)

According to the three-dimensional ABC mod-
el, the recombination rates in the i-th QW are ex-
pressed by the formulae

Ry(U)=4- Mowis R, (U)=B- ”leWi )

R,(U)=C- ”13Qw1 >

where Rg;(U), Rp;(U) and R,;(U) are the recombi-
nation rates of SRH, zone-zone and Auger mech-
anisms in the same i-th QW respectively; 4, B and
C are the ABC model coefficients. With that, the
principle of equality of recombination fluxes as per
SNS and the 4BC model shall be met.

The QW regions are essentially two-dimensional.
Therefore, concentration of excessive CCs calculat-
ed using (4) and measured in cm™ for QW shall be
assumed equal to two-dimensional concentration of
CC, i.e. (4) shall be multiplied by QW width H and
the coeflicients A, B and C shall be normalised to the
two-dimensional ABC model [19]. Then #; depend-
ing on concentration of excessive charge carriers in
QWs may be expressed by the formula

B.Z:(HleWi )2
n= :
{A.Z<HnIQWi)+Jt /q}+

+B- Y (Hnygy, )2 +C- Y (Hmoy: )3

where the A4, B, C coefficients correspond to the
two-dimensional model.

The dependence of n;on current is defined by de-
pendence of excessive concentration on current and
the dependence of external quantum efficiency L on
J is described as

®)

J
L(J)=a-—-n,.
q

In (5), nonradiative recombination rate in bar-
riers between QWs is expressed by the relation
J./q=4, -n , where A, is the ABC-model coefhi-
cient for the SRH recombination mechanisms in re-
gions between QWs and n, is effective concentration
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Table 1. LED Model Parameters
Donor . q "
Sample concentration Acceptor concentration, QW Barrier Position of the first
of LED No. em ? N,, cm™ width, nm width, nm QW, a;, nm
d>
B (5 QWs) 2-101° 7-1018 3.0 12 52
G (5 QWs) 2-101° 8-107 3.0 12 4.5
R (8 QWs) 2-1018 8-1017 2.5 7.5 2.0

Table 2. Model Coefficients A, B, C and Parameters of the Dependences #; for Initial LED Samples

Sample L) cm—2 Imav A H1max
of LED A,s' | B,em?s! | C,em* 57! at 300 K
(model) T=300K | T=373K | T=300K | T=373K
B (5 QWs) 1-104 8-10° 1-10°1> 1.5-108 7.1-107° 1.3:10°3 1.0 0.93
G(5QWs) | 3-10* | 8-10 | 4-10°1° 91012 72-104 | 1.0-102 1.0 0.94
R(8QWs) | 8-106 | 4-105 | 8-10-20 1-1013 46-102 | 2.5-10-! 1.0 0.90

of CCs at an energy level (¢, - qU)/(n,'k) (effective
level of CC flow to the recombination region).

CONCLUSION

The presented model was tested by exposure to
temperatures ranging between -200 K and 500 K and
neutron @ ranging between 10° and 10'> cm~2, by de-
gree of QW region doping ranging between 1-1017
and 7-10'8 cm™ as well as by QW coordinates and
width. The model dependences #; without consider-
ation of the fourth member of f(n) in (1) are present-
ed in the Figs. 1b and 2b. The model parameters are
summarised in Table 1. The parameters of semicon-
ductors for the models were taken from [20].

The variations of the model parameters have
shown that the dependence of #; on current is pri-
marily influenced by QW position relative to the
metallurgical border, degree of doping of the p and n
regions, initial width of SCR and depth of QWs. To
the lesser extent the position of the maximum #; and
its values are influenced by QW width.

In order to obtain satisfactory fit of the results of
modelling of #;, the coeflicients of the two-dimen-
sional ABC model [19] were selected and the fea-
tures of interaction between neutrons and semicon-
ductors were taken into account: cross-section of
neutron and atom interaction, formation of tracks,
etc. Concentration of point defects formed by neu-
trons was calculated using the formula [21, p. 27].

N,=®N.o,v,
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where @ is the neutron fluence, N; is the number of
atoms in a unit of semiconductor volume, o4 is the
collision cross-section, v is the average number of
shifted atoms per one primarily displaced atom.

V equals approximately to 3 - 10? per one incident
neutron. Since neutron collides with the atom core,
04 is taken approximately equal to 1-10-24 cm?. The
disordering area after collision between a neutron
and a primary atom is about (50-60) nm [21].

The model coeflicients A, B and C for the two-di-
mensional ABC model are presented in Table 2. For
the red LED (R), modelling was not conducted in
the case of neutron irradiation at @ =1-10!> ¢m™
due to significant reduction of z; which is apparently
related to formation of tunneling current due to for-
mation of large disordering areas comparable with
QW repetition period.

In Table 2, n,,,, and I, are the values of exces-
sive concentration of CC and current at the maxi-
mum value of ; (91,,) normalised to one.

The rate of nonradiative SRH recombination
and, therefore, the coefficients A and A, are large-
ly influenced by degree of perfection of QW crystal
structure [4].

The main conclusions are the next:

1. The physical and mathematical model of de-
pendence of internal quantum efficiency of QW
LED on current was developed using the SRH and
ABC recombination models; the QW distribution
function was introduced in the SNS model and the
ABC model was applied for identification of rates of
radiative and nonradiative recombination in QWs.
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2. Due to low QW width, to calculated their re-
combination rate using the ABC model, it is nec-
essary to use the numeric value of CC concentra-
tion as two-dimensional concentration of excessive
charge carriers and the relevant coefficients 4, B and
C normalised to the two-dimensional model.
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ABSTRACT

As energy problems emerge, high-efficien-
cy lighting devices that can replace convention-
al lighting are required to save energy, and among
them, LED (light emitting diode) lighting has be-
gun to emerge as the next-generation lighting. Since
LED has low power, high efficiency, long life-
time, and fast response speed, it is suitable to re-
place existing lighting such as incandescent lamps,
fluorescent lamps, and halogen lamps. The pres-
ent study proposes safety of household applianc-
es to prevent a degraded replacement effect due
to excessive luminous flux of an LED lamp that
replaces a bending-type fluorescent lamp (FPL),
to prevent excessive design investment for manu-
facturers by providing appropriate optical reference
values, to identify safety issues during the installa-
tion of AC power direct LED lamps, and to stan-
dardize the optimal power supply method that can
be fixed by using the LED lamp based on external
converters and the LED lamp for fluorescent lamp
replacement.

Ballast

AC 220V ( E %

‘Lﬂ 3 [

Ballast: A device for operating fluorescent lamps (AC input-AC output)

]

Fig. 1. Fluorescent lamp replacement type LED lamp —
built-in converter type (the certified lamps and ballasts for
fluorescent lamps can be used without modification)

Keywords: LED luminaire, LED lighting, safe-
ty standards for electrical appliances, electrical ap-
pliances safety standards in Korea, electrical safety
management, safety certification, ballast, power di-
rect, power supply, connection method

1. INTRODUCTION
1.1. Background of the Present Study

The LED lighting market has rapidly appeared
due to the rapid growth of the green energy business
since 2009. Furthermore, to meet the demand for en-
ergy saving, LED light sources are being replaced
by traditional light sources with low energy efficien-
cy. The light source has evolved from candles in the
past, to incandescent lamps, fluorescent lamps, and
LED lamps.

LED light sources have been replacing fluores-
cent lamps, and related luminaire are appearing in
the market. In particular, the fluorescent replacement
LED lamps have been actively developed to increase
energy efficiency and reduce the use of mercury for
environmentally friendly factors. Fluorescent lamps
have been used most often in homes, offices, and in-
dustrial facilities, and recently, G13 cap’s linear-type
LED lamps are actively being used.

Furthermore, safety standards have been recent-
ly enacted (14.4.30) for LED lamps and linear-type
LED lamps, which can replace the conventional FPL
fluorescent lamps (FPL) used in homes in Korea, and
certified to be distributed and commercialized.
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Table 1. FPL LED Lamp Safety Standard (KC10025)

Item Linear type (G13 cap) FPL type (2G11 cap)
Shape ﬂ %

Power, W 20, 32, 40 36, 55

Luminous flux 20 W 1100 Im — 858 Im 36 W 2590 Im — 2202 Im

standard 32W 2300 Im (simulation) 55W 4000 Im — 3400 Im

Note The calculated luminous flux is 85 % of the luminous flux standard of KS C7601 (fluorescent
lamp)

There are different types of LED lamps. The first
type is shown in Fig. 1 and it is the so-called G13/2G11
cap-shaped fluorescent lamp replacement LED lamp-
built in converter, which only uses LED lamps. The
second type is G13 linear type with an external con-
verter, as shown in Fig. 2. The final type of LED lamp
is shown in Fig. 3, where 220 V commercial power is
supplied to the LED lamp caps of the linear type with a
G13 cap and the FPL type with a 2G11 cap. [1]

Criteria for the optical characteristics of the lin-
ear type LED lamp can be found in the safety stan-
dards (KC) for the conventional fluorescent lamp
replacement type LED lamp—built-in converter and
the linear type LED lamp—external converter. Fur-
thermore, the criteria for the linear type FPL LED
lamps are only discussed in the safety standards of
the conventional fluorescent lamp replacement type
LED lamp-built-in converter (KC10025). Howev-
er, as shown in Table 1, because the suggested val-
ue is defined as 85 % or higher of the standard value
of the fluorescent lamp (KS C7601), rather than the
actual measurement data, research needs to be con-
ducted to determine whether fluorescent lamps can
be replaced by those LED lamps or not. [2]

The fluorescent lamp replacement LED lamp
can save time and money by using existing lumi-
naires for fluorescent lamps without modification.
Therefore, compared to the case where new LED
luminaires need to be installed, the burden for the

Power Convetor for LED Lamp

LED Lamp-External

Converter: a device for operating LED (AC input-DC output)

Fig. 2. Linear LED lamp — external converter type (an LED
converter and an LED lamp with AC/DC50 V or lower)
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installation can be relatively reduced and the exist-
ing luminaires for fluorescent lamps can be recycled
without discarding them. Therefore, these lumi-
naires have three main advantages: high efficiency,
long lifetime, and eco-friendliness.

The linear type lamps are classified as:

1. The fluorescent lamp (1200 mm 32 W, 36 W,
40 W);

2. The LED lamp-external converter;

3. The fluorescent lamps replacement type (bal-
last compatible);

4. The power direct-type LED lamp.

Among them, the first, second, and third can
be certified through the KC certification by the Na-
tional Institute of technology and standards, but the
forth (the power direct-type LED lamp) has not
been certified due to the lack of safety items to be
tested, such as standardization of the power system
when a LED lamp is used with conventional lamps
and fluorescent light bulbs having the same shape
as the LED lamp. As a result, due to the lack of cer-
tification standards, the demand for certification by
Korean companies is increasing rapidly.

When direct-type LED lamps are supplied, it is
expected that problems such as fire, electric shock,
and burning accidents may arise due to misuse of
lamps with different power supply methods. There-
fore, this paper will study and analyse the problems

AC 220V
) 6

I

L Power direct LED Lamp J

a)

Fig 3. Power direct LED lamp (a) and FPL lamp (b) (this
is a 220 V direct input method, where a converter and an
LED lamp are integrated)
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Table 2. Linear LED Lamp Certification Status
Method Compatible ballast External convertor 220 V power direct
[ Forescent — : @
[ poast I ——] LEDDdwr [ N:zz:-t;\r B0HZ
Circuit & ! s e
e e | AT
No certified companies exist
Manufacturer 20 companies 300 companies *foreign manufactuning companies can-
not sell in Korea
Standard . . . .
—— Established in 2/25/2013 Established in 12/21/2010 -
Standard KC10025 (G13 base) KC20001 (G13 and D12 3
number bases)
Intemnational IEC62776 (G13 and G5 IEC62931 (GX16t-5 base) -
standard bases)
Table 3. Linear LED Lamp — External Converter Type
Lamp type

(date of notice
on safety standards)

LED converter and LED lamp below AC/DC0'V used
= (Notice of Electrical Appliances Safety Standards: 2010.12.21)

Structure

LED Driver

In Korea, the base

on this side is

AC 220V, 60Hz

a dummy base.

LED Lamp

Table 4. Fluorescent Lamp Replacement Type LED Lamp — Built-in Converter Type

Lamp type
(date of notice

on safety standards)

Certified luminaires and ballasts for fluorescent lamps are used without modification
= (Notice of Electrical Appliances Safety Standards: 2013.03.25)

Structure

Fluorescent
Ballast

AC 220V, 60Hz

=

LED Lamp t

of the conventional fluorescent lamps and the ex-
pected problems in the actual use of those lamps,
which are summarized in Tables 2, 3 and 4.

Furthermore, safety standards for electrical ap-
pliances (KC) will be established to ensure that safe
and high-quality products are distributed, and con-
sumers can use safe products.

Therefore, with this study, it is possible to de-
rive the safety problems that can occur when the di-
rect-type LED lamp, which is shown in Table 4, is
attached to the conventional fluorescent lamp and
the luminaires shown in Table 2 and Table 3, and
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to ensure safety when using them together by stan-
dardizing the optimum power supply method. Fur-
thermore, the conventional FPL fluorescent lamps
are mounted on a luminaire, and the lamp power, lu-
minous flux, and illuminance are measured and ana-
lysed to study optimized optical characteristics that
can replace the conventional lamps, based on which
the domestic electrical appliance safety standards
(KC) will be proposed.

Table 5 shows the connection circuit for the
power direct LED lamp, which will be analysed in
this work.



Light & Engineering

Vol. 28, No. 6

Table 5. Power Direct LED Lamp

Lamp typfs 220 V direct input method is used and a converter and an LED lamp are integrated
(date of notice
= Absence of safety standards
on safety standards)
_EH LED Lamp :ﬂ: @
AC 220V, 60Hz
Structure A~
$ Y .
A LinE‘(rHUl} AC 2\2;\:_sum Ne:Iral a H” ACLED Lamp ”E [
Input in one side Input in both sides
Table 6. Direct Power LED Lamp Cross Table
Power direct LED lamp
Item
Connection method 1 Connection method 2
-] [ ] = m— =[]

Luminaires for fluorescent lamp /
LED lamp for replacing a fluores-
cent lamp with a built-in converter

| Ballast
1

=

€

LED Lamp-external converter type

! -0
‘ C

J
onvertor ‘
o

..\__\

2. MATERIALS AND METHODS

This study analyses the risks when the power di-
rect-type LED lamps are installed in the conven-
tional luminaires for fluorescent lamps and LED
lamp built-in converter type and LED lamp-exter-
nal converter, which are shown in Table 6, for safe-
ty investigation. Furthermore, as shown in Table 7,
the risks are analysed when the LED lamp-exter-
nal converter is installed in the existing luminaires
for fluorescent lamps and luminaires for power di-
rect-type LED lamps, and as shown in Table 8, the
risks are analysed when the fluorescent lamps and
fluorescent lamp replacement LED lamps are in-
stalled in luminaires for the LED lamp-external
converter and luminaires for the power direct-type
LED lamps.

Based on the analyses, problems such as compati-
bility, electric shock, and fire risk were derived:

1. The products that were certified by KC10025
(fluorescent lamp replacement type LED lamp-built-
in converter) were analysed and the suitability for
the specified luminous flux was confirmed as shown
in Table 1;

2. The revised proposal was made by compar-
ing and analysing the luminaire parameters for three
FPL 36 W lamps with fluorescent lamps and LED
lamps respectively;
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3. The revised proposal was made by compar-
ing and analysing the luminaire parameters for three
FPL 55 W lamps with fluorescent lamps and LED
lamps respectively to propose safety standards.

In addition, the reason why a luminaire with
three FPL lamps was used for testing is that this
type of luminaire is most common in household
applications.

The optical properties were measured in accor-
dance with Annex B of IEC60901: Single-capped
fluorescent lamps—Performance specifications and
illuminance simulations were analysed with a Go-
niophotometer (LMT, Germany) in accordance with
Annex A of KS C8000: General rules for lighting
equipment. The lighting method of the luminaire was
measured by connecting the test ballast specified in
KS C7601 (fluorescent lamp) standard as shown in

Standard Ballast
= 1]

"

poner (V) =

Lamp

]

<v> :I Starter

Fig. 4. Test circuit
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Table 7. Converter External LED Lamp Cross Table

Note

Item

LED lamp-external converter type

Luminaire for fluo-
rescent lamp

I ]

[ Ballast

S

Connection method
1

=2 )
Luminaire for power
direct LED lam N :
E I | :
P ’—L. Connection method
2
&
Table 8. Fluorescent Lamp and LED Lamp Built-In Converter Type Cross Table
Item Fluorescent lamp LED lamp built-in Note
converter
Luminaire for LED =1 [ 1=
lamp-external con- Sonvertor =
verter type (‘Ff b)
AR T T TRE 3
[ - A \ Connection method
\ N {,\'\ L|/ 1
. \5 ~7 -
Luminaire for power
direct LED lamp
LIk Connection method
2
Table 9. Certified Product Analysis Results
FPL36 W FPLSS W
Parameter Unit Fluorescent lamp
A R LED lamp | Fluorescent lamp LED lamp
Luminous flux Im 5410 5733 6558 8295 9948
Luminaire power W 91 101 54 159 94
Luminous efficacy lm/W 59.5 57.0 121.4 52.2 105.8
Floor surface average Ix 150 161 215 218 319
illuminance
Table 10. Comparison Characteristics of FPL 36 W Fluorescent Lamp with LED Lamp
Luminaire for three FPL 36 W lamps
Parameter Unit
Fluorescent Lamp LED Lamp
. 4967
Luminous flux Im 5733 (1902)
Luminaire power W 101 42
u € powe (14)
Luminous efficacy Im/W 57.0 1179
Floor. surfa}ce average Ix 161 160
illuminance
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Table 11. Comparison Luminaire Characteristics with FPL 36 W Fluorescent Lamp and LED Lamp

Type At aq
P Luminaire for fluorescent lamp LED luminaire
Item (FPL 36 Wxluminaire for three lamps) (FPL 14 Wxluminaire for three lamps)
Reflocted luminous flux
Luminaire /\~ S /
Operation conceptual ; / \ :
diagram : '
unraflected uminous fux
™
12 “a
B8 3 i 2
e 199 107 02 296 208 188 181 191 =
i i e ot B
3 2 i M
Illuminance - wmm
. . . 1 156 189 194
distribution 9 EbmEmEniED B
16
' T xm
Harizental Iluminance Herizental llluminance
All illuminancs values in lux 3 All illuminance vahses in lux
Table Average: 181 Table Maximum: 222 Table Minimum: 34.8 Table Average: 160 Table Maximum: 240 Table Minimum: 83.5
Mounting Height =27 m Mounting Helght = 2.7 m
}ES" FPL 36W_3EA_20180820_100W_#2IES ;D'wﬂ_Fw LED 3EA _#1_14W IES
Baam widih: 1.718m Baam widin: 1.304 m
T hax i cantor BEAE hux i canter Lih -
‘Baam widgth: 3.437 m " b Baam width: 2.608 m o
1678 hux in oandmr 2162 ot In canber
Beam wicih; 5,158 m 4 Beam wicih: 3.013 m oom
BT ux In center BT lux n camar
Illuminance Baam wigih; 8,875 m b Bonm wigih: 5217 m am
AD4 bux in Conter S40 lux n certer
Beam width: 8.584 m o Beam widih: 8.521 m e
318 hix in conber 348 lux N cenler
Baam widih: 10312 m o Bewm widih: T.828 m aam
220 hux In contor 240 lux In centor
27m 2.7m
Averoge Boom Half-Angle = 827 Average Boam Half-Angle = 557
Distribution curve
(of luminous intensity)

Fig. 4, and measurements were made in a darkroom
at25°C=+1°C. [3]

3. TEST RESULTS

For cross-sectional analysis, safety studies
were conducted for two connection methods (the
first method and the second method), as shown in
Table 8, and the measurement results according
to IEC60901 and KS C8000 are as follows.

Product analysis showed that replacing the flu-
orescent lamp FPL 36 W with a KC10025 certified
commercially produced LED lamp with a built-in
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current converter provides a higher illuminance val-
ue of 65 Ix while reducing power consumption by
47 W, as shown in Table 9. In addition, if the fluo-
rescent lamp FPL 55 W was replaced with an LED
one, the illuminance level increased by 101 Ix, and
the power consumption decreased by 65 W. Based
on this, it can be concluded that the luminous flux
of LED lamps exceeds the regulated values speci-
fied in the standard, so they need to be modified. [2]

The result of a comparative analysis of an EX-D
fluorescent lamp (daylight) and an LED lamp in a
three-dome luminaire designed for FPL 36 W lamps
is as follows: each light source was turned on at the
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Table 12. Comparison Characteristics of FPL 55 W Fluorescent Lamp with LED Lamp

Parameter

Luminaire for three FPL 55 W lamps

Unit

Fluorescent lamp

LED lamp

Luminous flux

Im

8295

6898

(3217)

Luminaire power W 159

70
(23)

Luminous efficacy

Im/W

52.2

98.8

Floor surface average illuminance Ix 218

219

Table 13. Comparison Luminaire Characteristics with FPL 55 W Fluorescent Lamp and LED Lamp

Type

Item

Luminaire for fluorescent lamp
(FPL 55 Wxluminaire for three lamps)

LED luminaire
(FPL 23 Wxluminaire for three lamps)

Luminaire
Operation concep-
tual diagram

Reflacted luminous flux

unrefiected luminous fiux

’1('5", o e
X 00 7% 7 N 17
T4 T 100 T T 190 T8 TG T . : o
12 445 108 40 17E GBT B4 300 306 308 3N 30 308 37 303 18 43 488 e i T o I P e i o 5
T 2 X T 300 T T TV TS T4 TN TW A v -
FoFF 23 133 343 350 355 264 243 358 350 3 T 4 198
s 50 204 45 74 T2 T M3 24 4 240 2e3 T3 T 7
30 J0 M6 7T T8 MT F54 FB 760 74 38 367 30 a6 TN I - 220 240 200 268 27 162 280 ITS G 355 22 1T I
06 0% T TT) 776 709 251 260 P60 277 774 74 IT4 ITF I6T IS 35 T 10 1 50 785 TIV 2 T B EE BN P N S PE 2R
i 200 200 335 M8 34 371 370 24 304 304 384 383 ITH 2T 360 M8 206 w8 281 370 368 290 305 311 308 30 303 36 M6 24 I8
03 T 7 T A1 G AW A0 TR T2 T 7 T 72 FUI ITY AR AE m me 270 294 2ob 310 318 331 10 313 02 288 312 Zie D8
w A ANERSNESEEREEENE SEEERRRRaflas
4
. A7 FID TS M4 255 377 A0 P 75T X0 W08 M 798 350 384 3T M8 ns ITE 93 306 M6 13 T 105 38 308 304 T 258 1
Illum1nance 43 194 7 T 29 FA 267 3D 6 291 A 6 T 92 W 219 268 Ak Nz e 78 786 798 310 J06 117 319 313 M3 268 777 24 705
TED 794 719 T AT 0 X0 2% T2 08 06 06 704 28 30 1 2 3 = 1 275 799 799 W05 306 309 W3 93 I b 41 9
48 AED 987 30 34 T B 35T M5 3V 373 373 304 372 36T 30 264 e o 0 784 216 TH) 790 73 FI6 70 I AW £ 28 71
: . : TTH 988 301 394 T30 T4 344 201 266 260 200 260 288 23 247 I3 T - T T3 240 268 26N 373 705 IO 375 D66 255 243 70 24
dlstnbutlon 23 190 M4 M3 ZM 29 X6 M0 20 M3 M) 20 2 10 24 HE T 700 MO P 255 P T 58 750 M8 1T FA 1M
T TS G VIV T TM T 0% I I 3% 2 200 76 2% T 2% I M3 18 T 20 712 200
a2 D 10 T M 06 7 708 708 F7 74 1 TH0 306 12 190 207 712 26 217 22 T N3 W0
45 T 1S IS U T UM AT W T W W U 12 7 198 23 20 1
A5 W % 45 136 10 S0 ST §TS ST AT §73 472 470 W7 TA T S8 046 £38 2D 15 112 122 - i g
A5 A 88 N8 43 A0 &3 08 03 43 45 A5 42 a8 a8 or 83 08 08 iz 18
x (m) x{m)
Al Brminonics valnes i ux Harizontal lluminance
% - L All lluminance values in lux
Lo Lt :_‘;'m"_";,”.: Table Minimum: 12¢ Table Average: 219 Table Maximum: 328 Table Minimum: 112
a9 o Mounting Helght = 2.7 m
1 1
TEST_FPL 56 W_#1_20180625.1E5 20180706_FPLESW LED 3EA _#1_23W.IES
Baam wisth: 1,827 m Beam widt 1370 m
10607 hax in ceniar 11840 e in comter
Qdm 0.4m
Beam wiath: 3,853 m Beam wiar: 2357 m
2727 hx in canter 2080 hux in conter
asm 0.9m
Baam wiath: 5,480 m Beam wide: 1834 m
1212 ok in center 1318 ux i1 conter
. 1.3m 13m
Illuminance aam win 7397 ssamigm 5114 m
882 I in Denter 740 i in comer
18w 1.8m
Boam width: 9,133 m Baam widey 6303 m
438 lux in Center 474 ux i comer
22m 22m
Baam wizn 10,960 m Baam wide 7871 m
303 hux in center 320 hux i camer
im 2m
Aerige Beam Hall-Angle = 847 Average Beamn Hat-Angle # 557

Distribution curve
(of luminous
intensity)

C o130 8y
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Table 14. Connection Diagram Suggestion

Connection

Connection diagram

power (1-3), dummy (2—4) or
power (1-4), dummy (2-3)

Example

Connection method 1

@ g

(

JHI €O

TL

@ AC 220V, 60Hz Lr

Connection method 2

power (1-2), dummy (3—4)

Example

@ 4

H:

N L AC 220V, 60Hz

Table 15. Safety Inspection of Luminaires for Fluorescent Lamp and Direct Power LED Lamp

Luminaire for fluores-
cent lamp

Power direct
LED lamp

Luminaire for fluores-
cent lamp +
Power direct

LED lamp

Safety product combination

Test setup

same area in a certain space, the illuminance from
the fluorescent lamp and the average illuminance
from the LED lamp were evaluated under the same
conditions, and the luminous flux was calculated
and analysed, as shown in Tables 10 and 11.

As a result of the analysis, the luminous flux of the
LED lamp was 1902 Im, and the power was 14 W at
the same average illuminance. Compared to the current
standard of 2202 Im shown in Table 1, it should be re-
duced by about 300 Im. [4]

Below are the results of a comparative analysis of
EX-D fluorescent lamps (daylight) and led lamps in
a three-column lamp designed for 55 W FPL lamps.

After each light source was turned on under the
same conditions in the same space as in the actual
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test, the point at which the illuminance from the fluo-
rescent lamp and the led lamp are identical was eval-
uated, and the appropriate luminous flux was calcu-
lated and analysed. The results are shown in Tables
12 and 13.

As a result of the analysis, it was found that
the luminous flux of the LED lamp was 3217 Im
at the same average illuminance, and the power
was 23 W. In comparison with the current standard,
the value of the luminous flux should be reduced
to 183 Im. [4]

A detailed connection diagram is shown in
Table 14.

As a result of the cross-analysis of the lumi-
naire for fluorescent lamp and the power direct LED



Light & Engineering

Vol. 28, No. 6

Table 16. Safety Inspection of Luminaires for Direct Power LED Lamp and Fluorescent Lamp
(LED Lamp Built-In Converter)

Fluorescent lamp, LED

lamp built-in converter

Luminaire for power
direct

LED lamp

Fluorescent lamp, LED
lamp built-in converter +

Luminaire for power

Safety product combination

direct P —

—— e

LED lamp L e, T R
Test setup

lamp, the connection method 1 was working well
and no safety problem was found. However, in the
case of connection method 2, the lamp was dam-
aged and flickered, resulting in a risk of electric
shock and fire. The results of safety inspection in
this case are shown in Table 15.

In the case of the connection method 1, where
the luminaire for the power direct LED lamp and
the fluorescent lamp were used, the lamp did not
turn on and there were no safety problems occurred,
and after the testing, the safety can be ensured for
fluorescent lamps, as shown in Table 16. Howev-
er, in the case of connection method 2, all the fluo-
rescent lamps were damaged, resulting in the safety
and electric shock problems of the lamp.

As a result of the cross test of the combination
of LED lamp built-in converter and luminaire for
the power direct LED lamp, the connection method
1 did not turn on the lamp and there were no safety
problems occurred on the lamp and luminaire, while
in case of the connection method 2, some LED
lamps built-in converter were damaged, there was a
safety problem occurred, and electric shock and fire
risk problems were identified.

As a result of the cross test of the combination
of the luminaire for power direct LED lamp and the
LED lamp-external converter, the connection meth-
od 1 did not turn on the lamp, and after the test-
ing, the lamps were normally turned on and no de-
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fects or safety problems were found, as shown in
Table 17.

However, in case of connection method 2, the
LED lamp- external converter was damaged, smoke
was generated, and a safety problem was found.

The cross-analysis of the luminaire for LED
lamp-external converter and the power direct LED
lamp showed that the lamps did not turn on for both
connection methods. As shown in Table 18, no dam-
ages or safety problems were found, and the lamps
turned on properly after the test.

4. DISCUSSION

In this study, the comparative analysis of the LED
lamps, which can potentially replace the FPL 36 W
and 55 W fluorescent lamps using the 2G11 cap, was
conducted. Since the level of technology at the time
when the existing safety certification was carried out
is very different from what is currently happening,
since the efficiency of the LED chip and driving part
is rapidly improving due to the technology develop-
ment of related companies, there is a need to revise
the relevant standards in accordance with the realis-
tic standards.

As a result of the cross-analysis according to the
connection method 2 using the power direct LED
lamp, the LED lamp built-in converter, the LED
lamp-external converter, and the fluorescent lamp
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Table 17. Safety Inspection of Luminaire for Direct Power LED Lamp and Converter External LED Lamp

Luminaire for direct pow-
er LED lamp

LED lamp — external
converter

Luminaire for direct pow-
er LED lamp + LED lamp
external converter

Safety product combination

Test setup

Power direct LED lamp

Luminaire for LED lamp —
external converter

e _..“ﬁu“' PR
@ LG Innotek
570mA |

Luminaire for LED lamp —
external converter + Pow-
er direct LED lamp

Safety product combination

Test Setup

were damaged serious safety problems occurred,
as shown in Table 19. On the other hand, the pow-
er direct-type LED lamp in connection method 1
can ensure safety without any problem such as fire,
electric shock, burns even when used with different
luminaires and lamps. Furthermore, to prevent a de-
crease in energy efficiency due to excessively lumi-
nous flux, it is necessary to revise the relevant stan-
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dards to a suitable level. The standards are proposed
in Table 20.

In other words, it is necessary to redefine rele-
vant standards to use safe products, and the suggest-
ed connection method is shown in Table 21.

Further research will be required in the future
to evaluate the safety and performance of the power
direct type of luminaire and lamp.
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Table 19. Cross-Risk Analysis Table

Power direct LED lamp built- | LED lamp-external
. Fluorescent lamp
LED lamp in converter convertor
Luminaire for power di- . . .
o LD, s Risk 1 Risk 1 Risk 1
Luminaire for fluorescent Risk | Risk |
lamp
Luminaire for LED lamp- Risk | Risk | Risk |
external convertor
Table 20. Proposed Safety Standards
Standard Unit FPL 36 W LED Lamp FPL 55 W LED Lamp
KC10025 Im 2202 (85 % of KS standard) 3400 (85 % of KS standard)
Proposed standard Im 1900 (74 % of KS standard) 3200 (80 % of KS standard)

Table 21. Direct Power LED Lamp Power Supply Connection Method

Double Cap LED Lamp
Cap
Power Dummy
1,2o0r1,4 2,40r2,3
G13, G5

2,30r2,4 1,4o0r1,3

1 3E

2 4
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ABSTRACT

In this study, a simulation study was conducted
for the loss of efficiency caused by the heat emitted
by the LED chips. The temperature change of LED
luminaire was analysed for three different scenari-
os using finite element method. Due to the increase
in the internal temperature of the luminaire and due
to the air effect inside the LED luminaires, failure
of the LEDs has been tried to be prevented. For this
purpose, a passive cooling method was proposed in
the simulation environment. So, in high power LED
luminaires, the high heat emitted by the LED chips
is reduced to low heat by an air flow method. In this
way, efficiency in LED outputs has been achieved.

Keywords: LED lighting, LED temperature,
thermal analysis, energy efficiency

1. INTRODUCTION

LED (light emitting diode) technology, which
makes efficient lighting with less energy consump-
tion, is preferred because of its features such as high
luminous efficacy, good colour rendering, differ-
ent colour options and long lifetime. In addition, as
semiconductor technology continues to evolve, the
efficiency of LEDs is constantly increasing. How-
ever, values of luminous efficacy are valid for ex-
perimental studies of LED chips in the laboratory
environments. It is known that the luminous flux-
es and lifetimes of LEDs are affected by tempera-
ture changes more than that of conventional light
sources. When the optimal operating temperatures
are exceeded, the distortion rate of the LEDs in-
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creases, the luminous fluxes decrease, and the co-
lour properties worsen. As a result of this situation,
high luminous efficacy, which are stated as advan-
tages for LED light sources, suffer from loss of effi-
ciency. Therefore, lighting installations using ineffi-
cient LED luminaires are seen in many applications
[1-5].

According to ASSIST-2005, measuring LED
chips requires a total of 6000 hours of LED opera-
tion. The first 1000 hours measurement lifetime are
not included in the calculations, the last 5000 hours
of the 6000 hours measurement are used. To be able
to evaluate the LEDs as thermal, it recommends to
measure temperature by connecting a temperature
measuring device to the soldering point if possi-
ble. ASSIST specifies the soldering point tempera-
tures as 45 °C, 65 °C, and 85 °C for high power
LED chips with driving current of more than 100
mA. The luminous flux values obtained at the end
of the first 1000 hours of measurement are normal-
ized to 100 %. At 6000 hours, the luminous flux
change is compared with the 1000-hour values. AS-
SIST publications provide an infrastructure for LED
lifetime measurements, although some measure-
ment and calculation methods are not fully recom-
mended [6].

2. LED ARMATURE PARAMETERS

Today we live in a period when energy efficien-
cy is very important. As the population grows, en-
ergy consumption increases at any time. For this
reason, inefficient methods that cause energy con-
sumption are abandoned and efficient methods are
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Table 1. Heat Transfer Forms for Light Sources

Type of light source Irradiance,% Convection,% Transmission,%
Incandescent >90 <5 <5
Fluorescent 40 40 20
HID (discharge) >90 <5 <5
LED <5 <5 >90

sought. For this purpose, many methods of the en-
ergy efficient have been tested, both for improving
the maintenance factors, as well as for automation
and smart lighting. The main purpose here is to use
energy more efficiently. For this reason, it has been
searched for solutions to the problems of LEDs that
provide energy efficiency in lighting [7-14].

Since the efficiency of the light source depends
on the temperature in LED luminaires, thermal anal-
ysis is very important. Parameters that affect ther-
mal design of the LED luminaire are luminaire body
material, PCB elements, thermal intermediate fill-
ing materials, LED thermal powers, and ambient
temperature.

Thermal analysis in LED luminaires is done for
printed circuit board (PCB), on which the LED chip
is mounted, and for the luminaire body. Because the
heat produced by the LED chip is collected in the
armature body due to the PCB. For the heat inside
the armature body to pass outside, the thermal resis-
tance must be minimal. Efficiency is directly related
to thermal design, especially in luminaires that use
high power LEDs. For thermal analysis, it is neces-
sary to know the thermophysical properties of el-
ements such as the LED chip, the housing materi-
al, PCB, thermal intermediate filling material that
makes up the LED armature. As a result, in order for
LED luminaires to work with optimal performance
that will meet the necessary criteria for illuminance,
it is necessary to perform optical analyses that cor-
responds to the type of luminaire and achieve the
desired cooling solutions.

The heat transfer mechanisms of LEDs differ
from other light sources. Conventional light sourc-
es generally transmit the generated heat to the en-
vironment through radiation. However, LEDs must
transmit the heat they produce through transmis-
sion. This difference requires different solutions
when designing systems for working with LEDs. A
thermal path is required to exhaust the heat generat-
ed in the LEDs. Therefore, heat conduction problem
must be solved in luminaire design. Disadvantag-
es such as phosphor layer degradation, damage of
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lenses, and degradation of solders are encountered
with high temperature effect in LED armatures [15].
In his study on the cooling of LEDs in 2006, James
Petroski compared conventional light sources with
LED light sources according to their heat transfer
properties [16].Table 1 shows the heat transfer pat-
terns for light sources [17].

In this research, we studied changes in the prop-
erties of LED light sources with temperature. For
this purpose, thermal changes in the simulation en-
vironment were analysed using the finite element
method for an LED luminaire used in road lighting.

3. LED ARMATURE THERMAL DESIGN

The heat produced in the LEDs affects the LED
efficiency. As the driving current passing through
the LED chip increases, the electrical power and
luminous flux it draws increases. However, as the
electrical power increases, heat is also released.
Therefore, for LEDs driven at high currents, wider
cooling surfaces are required. In this way, the tem-
perature can be reduced, because the LED efficien-
cy decreases with increasing temperature. LEDs
transmit most of the heat they produce to the PCB,
the armature body, or the ambient air inside the ar-
mature, which they use as a transmission path. Es-
pecially in high power LED armatures, metal cool-
ing elements are used to transfer the heat generated
by the LEDs to the ambient air. In addition, to re-
duce the luminaire temperature, thermal intermedi-
ate filling materials (thermal paste or thermal gel)
are used. Because the heat accumulated in the spac-
es increases the junction temperature. Each part
combined in the LED armature needs to be filled
with solder, gel or paste. The lower the heat transfer
resistances of the thermal intermediate filling mate-
rials, the easier it is to remove the heat generated in
the LEDs. The thermal parameters of the LEDs are
given below [1-7].

» Ambient temperature: the heat produced in the
LED chips passes to the armature body through the
conduction way, and then transferred to the out-
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side air. Increasing the temperature in the luminaire
leads to the fact that the lifetimes of the LEDs is re-
duced and they do not work. The heat accumulated
in the armature body remains in the armature, in-
creasing the junction temperature. For this study,
the ambient temperature in the luminaire was se-
lected as 22 °C.

» Thermal power of the LED chip: part of the
electrical power in LED chips is emitted as optical
power, the rest is produced as thermal power. For
the LEDs to work efficiently, this thermal power
produced must be removed from the LEDs. Increas-
ing the thermal power of the LED chip increases
the junction temperature. In particular, the junction
temperatures of the LED chips driven above their
rated currents become harmful with increasing ther-
mal power. It is known that high temperature nega-
tively affects luminaire efficiency and LED lifetime.

* Armature body material: different body mate-
rials effectively dissipate the heat produced in the
LED chips and transport it to the external environ-
ment. In this way, the junction temperature values
can be reduced. In this study, an aluminium body
was chosen as body material for simulation.

* Printed circuit board: PCBs are the surface
where LED chips or other elements are soldered.
PCBs deliver the current from the LED driver to the
LEDs. Therefore, heating occurs on PCBs.

* Thermal intermediate filling material: the main
purpose of thermal intermediate filling material is
to fill the gaps on the surfaces to be joined and pre-
vent the high temperatures that will be created by
the air gaps.

Therefore, important thermal parameters related
to LEDs are the ambient temperature, the thermal
power of the LED chip, the armature body materi-
al, PCB, and the thermal intermediate filling materi-
al. The thermal power of the LED chip is the factor
that has the greatest impact on the junction tempera-
ture. ANSYS simulation was prepared in accordance
with this approach.
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Fig. 1. The space be-
tween surfaces: 0 cm —
without air flow (41 —
P1) scenario, front (a),
left (b), bottom (c), and
isometric (d) views

d)

4. SIMULATION AND PERFORMANCE
ANALYSIS

The thermal efficiency depends on the junction
temperature of the LEDs. It is known that lumi-
nous flux decreases with increasing temperature
in LEDs. LED chip catalogues generally provide
luminous flux at a junction temperature of 25 °C.
These values (which are also referred to in the lit-
erature as cold luminous flux) are the luminous flux
values obtained as a result of pulsed currents in the
range of (10-20) ms in the LED production band
[18]. In these measurements, the LEDs light for a
very short time, and there is no increase in tempera-
ture at the junction. LEDs measured before reach-
ing thermal equilibrium show lower performance
under real operating conditions [19]. Luminaire de-
signs usually 85 °C made with these luminous flux-
es, which are called warm lumens, can give more
realistic results. In this study, the initial tempera-
ture of the LED luminaire was simulated according
to the junction temperature of 22 °C and the maxi-
mum temperature of 85 °C in ANSYS program. It is
assumed that the simulated LED luminaire works
ideally and operates in the temperature range of
(22-85) °C. So, this LED luminaire is a quality er-
ror-free light source. While designing LED lumi-
naire, luminaire and light source were evaluated
as a single unit. Thanks to the simulation, it is easy
to estimate the internal temperature of the LED ar-
mature or the LED junction temperature, which
makes it easier to estimate the optical and colour
characteristics of the LEDs used at that tempera-
ture. In this study, ANSYS program was used to pre-
dict LED junction temperatures. It is assumed that
the heat discharged from the electronic element
emerges from the junction point. It is assumed that
part of the heat passes from the bottom to the print-
ing circuit, and part from the top to the medium or
the refrigerant block. The simulation was prepared
in accordance with this principle.
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Table 2. The Properties of Polyethylene and Aluminium Materials

Design-1 5 3 Isotropic thermal conductivity, 5 o
Materials Density, kg/m Wi(m-°C) Specific heat, J/(kg-°C)
Polyethylene 950 0.28 950
Aluminium 2689 237.5 951
Table 3. Material Properties for (42 — P2) Scenario
Design-2 . 3 Isotropic thermal conductivity, . A
Materials Density, kg/m: Wi/(m-°C) Specific heat, J/(kg-°C)
Polyethylene 950 0.28 950
Aluminium 2689 237.5 951
Air 1.1614 0.026 1007

4.1. Simulation Scenarios

The structure, consisting of 2-layer polyethylene
and aluminium, was made to represent an LED lu-
minaire for outdoor lighting. There are 30 LED
chips on the polyethylene surface. The thickness of
the polyethylene surface is 10 mm (1 cm). The up-
per cooling surface is 0.5 cm thick (aluminium). If
each LED chip emits a temperature of 85 °C, ap-
propriate boundary conditions are simulated. Ac-
cording to the simulation designed by the finite ele-
ment method, there is no air gap between these two
surfaces. That is, the spaces are filled with thermal
paste or thermal gel. In Fig. 1, representing the LED
armature, the space between surfaces: 0 cm — with-
out air flow (41 — P1) scenario, front, left, bottom,
and isometric views is seen.

Space between surfaces: 0 cm — without air flow
(A1 — P1) scenario, as it consists of two parts, 2 dif-

.,..5_ Fotpeiniens.

ferent materials are defined. In Fig. 2, the first piece
on the top is aluminium, and the second piece on the
bottom is polyethylene. ANSYS form for the space
between surfaces: 0 cm — without air flow (41 — P1)
scenario is shown in Fig. 2. The properties of poly-
ethylene and aluminium material are given in Ta-
ble 2 [15].

Space between surfaces: 0.5 cm — without air
flow (42 — P2) scenario, an air gap of 5 mm stays
between the polyethylene plate and the aluminium
plate. The circumference of the air gap between the
two surfaces is closed. So, there is no air flow. In
this design, the air showed an insulating effect, like
double glass windows. Fig. 3 shows space between
surfaces: 0.5 cm — without air flow (42 — P2) sce-
nario, front view, and left view.

Time-independent thermal analysis was per-
formed in ANSYS program. In Fig. 4, an air gap
of 0.5 cm is left between aluminium and polyeth-

Fig. 2. ANSYS form for space between surfaces: 0 cm —
without air flow (41 — P1) scenario

b)

Fig. 3. Space between surfaces: 0.5 cm — without air flow
(A2 — P2) scenario, front view (@), and left view (b)
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Fig. 4. ANSYS form for space between surfaces: 0.5 cm —
without air flow (42 — P2) scenario

ylene. In this way, a 3-storey design was formed.
There is no air flow in this design. This design is
called “space between surfaces: 0.5 cm — without
air flow (42 — P2) scenario”. ANSYS form for space
between surfaces: 0.5 cm — without air flow (42 —
P2) scenario is shown in Fig. 4. In Table 3, mate-
rial properties are given for the (42 — P2) scenario.

If all properties in Fig. 4 and Table 3 are equal,
if there is air flow between the two plates, then the
simulation used for this scenario is called “‘space
between surfaces: 0.5 cm — air flow (43 — P3)
scenario”.

4.2. Performance Analysis for Simulation

This study analyses 3 scenarios for thermal anal-
ysis of LED armatures. These scenarios has been
named:

— Space between surfaces: 0 — without air flow
(A1 - P1);

— Space between surfaces: 0.5 cm — without air
flow (42 — P2);
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— Space between surfaces: 0.5 cm — with air
flow (43 — P3).

The simulation prepared by the finite element
method was run. In the results of the thermal anal-
ysis of the top layer aluminium (41, 42, A3), the
bottom layer polyethylene surface (P1, P2, P3) is
shown in Figs. 5, 6 and 7. The space between sur-
faces: 0 cm — without air flow (41 — P1) scenario, as
a result of the analysis in ANSYS, Fig. 5 shows the
temperature distribution on the aluminium plate and
the polyethylene plate, respectively.

As can be seen from Fig. 6, if there is a 0.5 cm
air flow between the upper aluminium surface and
the lower polyethylene surface, the heat rises very
quickly. Since there is no air flow in the 0.5 cm air
space between the plates, it is seen that the value of
22 °C of the polyethylene plate given as the bound-
ary condition is exceeded even at ¢t = 1 sec. In the
(A2 — P2) scenario, it was observed that the tem-
perature reached 22.46 °C for ¢ = 1 sec on the al-
uminium plate and 26.22 °C on the polyethylene
plate. In other words, regardless of the threshold
temperature value, it produced air insulation. Such
LED luminaries should not be used.

As can be seen from Fig. 7, if there is a gap be-
tween the upper aluminium surface and the low-
er polyethylene surface with an air flow of 0.5 cm,
the heat does not increase. As the air flow occurred
in the 0.5 cm air space between the plates, the tem-
perature of the polyethylene plate of 22 °C, which
was given as a boundary condition, allowed the
plate to be exposed to low temperature. In the simu-
lation, the maximum temperature rose to 22.02 °C.
Under the conditions shown in Fig. 6, it is seen that
the temperature in an armature with an air flow
will not rise. A passive cooling method can be used
to prevent the LED luminaries from heating up. This
situation can be seen in Fig. 7. If the [PX protection
standards are met, LED luminaires in the (43 — P3)
scenario exposed to air flow prevent heating. In
Fig. 7 it is seen that the aluminium surface does not

Fig. 5. The temperature
distribution on the
aluminium plate (41)
and the polyethylene
plate (P1)



Light & Engineering

Vol. 28, No. 6

get heat up. In the (43 — P3) scenario, although it is
in equal conditions, it is seen in Fig. 7 that no LED
on the polyethylene surface exceeds the threshold
value. Whatever the threshold value, it does not iso-
late air. On the contrary, it makes air cooling. In this
respect, cheaper materials can be used instead of al-
uminium on the upper cooling surface.

5. RESULTS AND DISCUSSIONS

When the scenarios were evaluated, the presence
of an air gap layer brought the temperature to the
highest level. Because it had the effect of air isola-
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Fig. 6. The temperature
distribution on the
aluminium plate (42)
and polyethylene plate
(P2) for the (42 — P2)
scenario

Fig. 7. The temperature
distribution on the
aluminium plate (43)
and the polyethylene
plate (P3) for the (43 —
P3) scenario

Fig. 8. Top and side
heat dissipation for an
LED chip, side cross-
sectional temperature
distribution for an LED
chip(a), and overhead
heat distribution for an
LED chip (b)

Fig. 9. Front section
heat distribution for the
LED luminaire

tion. Therefore, there should be no air between the
aluminium layer and the polyethylene layer in the
LED armatures. For this purpose, thermal paste or
thermal gel should be used.

As can be seen from Fig. 5, 5 LEDs exceeding
the threshold temperature values were detected in
t =1 sec. There is no air gap between the alumini-
um plate and the polyethylene plate. It is clear that
the aluminium layer will make sufficient cooling for
the transfer.

However, in Fig. 6, if there is air in the closed
area between the aluminium transfer surface and
the polyethylene surface, cooling does not occur.
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(A2)

Because air is a very good insulating material. If
the air flow does not occur, that is, if the air inside
is stationary, then you can see that the polyethylene
plate is subjected to more heat. As can be seen from
Fig. 6, 17 LEDs exceeded the threshold temperature
value specified in the simulation in # = 1 sec. As the
LED armature operates, the temperature will contin-
ue to increase, and it is clear that the temperatures
will be reached, which will deteriorate the LED, re-
gardless of the threshold temperature value.

This was repeated for 65 °C specified in 4S-
SIST standards in the simulation environment. In the
simulation, the temperature of the threshold in the
closed area was accepted as 65 °C under the condi-
tions shown in Fig. 6. Fig. 8 shows top and side heat
dissipation for the LED chip.

As can be seen from Fig. 9, when the air tem-
perature inside the LED armature is 65 °C, the tem-
perature covered the aluminium transfer surface.
Due to the isolation of the air in the closed area, the
temperature exceeds the threshold value in =1 sec.
So, as soon as the LEDs started working, heating
started. This shows that the temperature will in-
crease over time. Since the air is in a closed area,
it does not transfer the heat outside, like the double
glass effect on the windows. The heat generated by
the LED chips increases on the polyethylene lay-
er and causes the LEDs to fail. It shows air insulat-
ing properties for the aluminium surface. Therefore,
aluminium cannot transfer heat. Fig. 9 shows front
section heat distribution for LED luminaire.

Fig. 10 shows that the aluminium surface heats
up much more at a indoor temperature of 65 °C.
However, it has an air isolation effect. Therefore,
the heat transfer rate decreases. So, 12 LED chips
exceed 65 °C in ¢ = 1 sec. You can see that over
time, this temperature will rise too much and cause
the LEDs to malfunction. Fig. 10 shows the tem-
perature distribution on the aluminium plate and the
polyethylene plate for the (42 — P2) scenario (air
temperature within armature 65 °C).
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Fig. 10. The
temperature
distribution on the
aluminium plate (42)
and the polyethylene
plate (P2) for the

(42 — P2) scenario (air
temperature within

(P2) armature 65 °C)

6. CONCLUSION

The main factors affecting the junction tempera-
ture are the ambient temperature and the LED chip
thermal power.

In this study, LED chips heat the polyethylene
surface and the air inside the luminaire. Therefore,
the LED chips on the polyethylene surface, which
get too hot decay. The flowless air gap between
the layers acts as an insulator and causes the tem-
perature to rise more. Therefore, there should be no
gap between aluminium and polyethylene plates. If
there is a gap, heating can be prevented with ther-
mal paste or thermal gel.

In addition, the heat can be reduced by applying
passive cooling in LED armatures. If the flow of air
accumulated in the gaps is provided, then cooling is
provided. This situation can be seen in the simula-
tion in Fig. 7.

The thermal power of the LED chip is the most
effective parameter. As the LED chip’s thermal
power increases, the amount of heat released in-
creases. When the LED armature system is exam-
ined in a holistic way, the heat emitted from the
LED chip is transferred to the armature body and
then to the ambient air. Increased heat in the arma-
ture in the indoor area damages the LEDs. This sit-
uation can be seen in the simulations in Fig. 6 and
Fig. 10.

As a result, every parameter is important in high
power LED luminaires.
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ABSTRACT

The current state of LED lighting systems with
parallel power supply by photovoltaic modules and
central power supply network is analysed. The ap-
proach to implementation of parallel operation of
LED luminaire powered by two sources of pow-
er is presented. It is simple, cheap and highly reli-
able as compared to the existing solutions. Based on
this approach, four diagrams are developed which
are applicable correspondingly to lighting applica-
tions and characteristics of photovoltaic modules
and power consumers. The first and the second di-
agrams contain minimal quantity of transformers,
but a number of operational constraints shall be tak-
en into account when using them. The third diagram
contains standard transformers and implies mini-
mal number of various constraints, which makes it
an optimal solution for the low-power lighting sys-
tem being designed. The fourth diagram is expen-
sive due to utilisation of equipment with automatic
maximum power point tracking (the MPPT tech-
nology); it provides maximum possible energy ef-
ficiency of the lighting systems but the advantages
of the MPPT technology apply only to high-pow-
er systems.

It is preferable to use such objects where lighting
is mostly required during daytime as consumers of
such systems (shopping malls, underground passag-
es, storage facilities, poultry farms, etc.). A positive
aspect is increase in reliability of consumer power
supply since power supply of LED luminaires will
be also provided by an additional source.
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The proposed approach leads to reduction of
power consumption for LED lighting, saving of fos-
sil energy sources and therefore to ecologisation of
the environment.

Keywords: solar radiation, photovoltaic mod-
ule, direct current micro-grid, voltage stabiliser,
current stabiliser, parallel operation, LED lighting

1.INTRODUCTION

The sphere of application of photoelectric trans-
formers (PET) has been continuously expanding.
Large-scale introduction of photoelectric systems
is mostly promoted by reduction of the cost of PET
[1-3] and growth of tariffs for electric energy gen-
erated using conventional sources of energy. Devel-
opment of photovoltaic energy is also affected by
environmental issues [3, 4] and development of en-
ergy-efficient electronics and direct-current light-
ing devices.

Application of photovoltaic modules (PVM) as
sources of energy allows us to connect direct cur-
rent consumers directly without an inverter estab-
lishing a direct current micro-grid. Such concept is
being studied constantly throughout the world [5-7]
and relevant technologies will become more popu-
lar and be introduced all over the world as soon as
the cost of photovoltaic energy drops.

Many devices use direct current for operation in
our homes and offices. A significant part of house-
hold and office appliances and other electric equip-
ment operates using direct current being supplied by
the alternate current network thanks to built-in pow-
er transformers. These devices are technically capa-
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Fig. 1. Lighting system with parallel power supply by two
sources

ble to use direct current directly; however, manufac-
turers do not design such functionality. Devices that
are capable to use AC and DC networks for opera-
tion simultaneously can be rarely encountered re-
cently, but the number of such devices will increase
following the observed trend. It is important that it
does not lead to significant technical complication
of devices and to rise in their prices. They will oper-
ate in hybrid DC and AC networks [8].

With consideration of the above described cir-
cumstances and trends, photovoltaic systems sup-
plying direct-current loads will allow to reduce
customers’ expenses for power supplied by power
network operators. A system of lighting by means of
LED-based luminaires with parallel power supply
by PET and general-use power network (Fig. 1) is
one of distinctive examples.

2. METHODS

Various methods of matching parallel opera-
tion of a lighting system powered by a PVM and
an electric network are possible. For instance, one
of the designs comprises super capacitors and a re-
lay for switching between sources of energy [9].
With such approach, relays suffer large load — due
to frequent switching, their operation cycle will be
short and will require frequent replacement of ele-
ments. Moreover, transition processes occurring in
case of fast and frequent switching will impair qual-
ity of power. Another design comprises application
of a special control device (driver) which matches
parallel operation of LED sources powered by the
network and by PVM by means of a high-frequen-
cy transformer [10]. This device also operates as an
inverter outputting excessive energy to the network.
However, the quality of output power does not com-
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Fig. 2. Wiring diagram of the lighting system with com-
bined power supply

ply with standards. There is one common disad-
vantage of the two above mentioned systems: their
complexity and expensiveness.

This article proposes a different approach to par-
allel operation of LED sources which is significant-
ly different from similar solutions being very sim-
ple and less expensive. The method comprises of
matching two parallel sources of power by voltage
level (Fig. 2).

With such connection, it is important that nom-
inal voltage of photovoltaic modules (PVM) is
higher than nominal output voltage of the AC-DC
network supply. Then the entire energy will be
consumed by the luminaire with sufficient power
generation by PVM. When output of PVM is not
sufficient for supply of the luminaire, lack of photo-
voltaic energy is compensated by the network sup-
ply. Lack of photovoltaic energy will lead to de-
crease of voltage at input of the current stabiliser
Stab. I (Fig. 2) of the luminaire, and the network
supply will stabilise input voltage of this stabilis-
er compensating insufficient power at this moment.
The current stabiliser is necessary for stabilisation
of LED light source’s operation in this diagram. In
case the latter is equipped with a built-in current sta-
biliser, it will be removed from the diagram.

The diagram proposed above is the basic one,
and some other variants are developed on its basis;
the differences are primarily additional elements or

()
3
% o
<7 D )
< Ll Y
LED

Power su}iply
networ

Stab. I

Fig. 3. Lighting system wiring diagram with the combined
power supply and modernised network current stabiliser
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modernisation of some elements. One of the vari-
ants is presented in Fig. 3. It is based on division
between the network current stabiliser and its mea-
surement unit. The measurement unit of the network
current stabiliser is located at the input of the lumi-
naire downstream of the connection point of two
sources of power. Controlling current of the lumi-
naire, the network transformer compensates lacking
power from PVM (as required).

This variant looks very similar to the standard
variant of LED-based luminaires powered by the
network; the difference is just addition of another
source of power and modification of the structure
of the current stabiliser. Therefore, it is one of the
cheapest variants of connection of a PVM to a con-
ventional supply circuit of LED-based luminaires.

In search for compromises for low-power LED-
based luminaires, a widely applicable variant is de-
veloped. It comprises application of step-up and
step-down converters with voltage and current sta-
bilisers (Fig. 4). With that, in the diagram for out-
feed of energy generated by the PVM, an ordinary
DC-DC voltage transformer-stabiliser is used.

In the case of high-power lighting systems, it
is necessary to apply the Maximum Power Point
Tracking (MPPT) technology; the power circuit of
such system is shown in Fig. 5. The MPPT technol-
ogy allows users to out-feed more power from the
PVM. Different types of such devices (MPPT con-
trollers) are being developed for LED-based light-
ing systems [11, 12].

3. RESULTS

The diagram variants presented above have ad-
vantages and disadvantages. Let us consider them
in more details.

The variant with direct connection of PVM to a
network supply (Fig. 2) has a number of disad-
vantages associated with impossibility of maxi-
mum out-feed of power from PVM and necessity
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of its output voltage selection. The diagram is effi-
cient only with correctly selected characteristics of
elements.

In the second variant, with the modernised cur-
rent stabiliser (Fig. 3), a minimal number of ele-
ments are required for functioning of the system.
However, to prevent burnout of LEDs, peak power
of PVM should not exceed operating power of LED.
It is also possible to apply special limiter of PVM
output power. Like in the previous variant of the di-
agram, it is important to select the PVM based on
voltage: nominal voltage should be approximately
equal to operating voltage of the luminaire.

After comparing the two above mentioned vari-
ants, it should be noted that the first one is prefera-
ble with PVM power comparable to that of a lumi-
naire and the second one is preferable with PVM
power less than that of a luminaire.

The third variant is preferable for low-power
lighting systems. Its advantages are lack of man-
datory necessity to select PVM and load voltage,
which is necessary for the two previous variants.
The PVM output voltage stabiliser operates with-
in a broad range of input voltage and exceeds pow-
er out-feed from photoelectric transformers as com-
pared to the first two variants, and the input current
stabiliser of the luminaire protects its LED from
burnout. Additional advantage of such diagram is
capability to establish an AC micro-grid which may
be supplemented with new sources and consumers
of electric energy.

Although it is the most energy-efficient, the
last diagram variant using the MPPT technology
(Fig. 5) requires additional evaluation of feasibili-
ty of specific application due to its expensiveness.
The advantages of this technology mostly mani-
fest themselves in high-power lighting systems. For
low-power systems, it is more beneficial to increase
power of the photovoltaic part by means of addi-
tional photoelectric transformers than by means of a
MPPT controller.

&

Stab. I ﬁ

Power suq{ply
networ]

Fig. 5. Lighting system wiring diagram with combined
power supply and MPPT controller
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The variant of a controller designed specifical-
ly for parallel operation with a PVM and an electric
power is more promising; a DC-DC voltage trans-
former with the MPPT technology will be integrat-
ed with an AC-AC network supply.

The problems of optimal selection of equipment
and comparison of different variants of the diagrams
are more conveniently solved using special means
of mathematical modelling like MATLAB-Simulink
etc. Therefore, operation of these diagrams will be
considered in detail with use of such means in fur-
ther studies related to this subject.

A special attention shall be paid to unavailabili-
ty of a battery in the circuits, which allows us to de-
velop cost-efficient LED-based lighting systems,
since the batteries would have significantly risen
the price of generated power. And even application
of lithium iron phosphate batteries which are opti-
mal in terms of the cost of the charge/discharge cy-
cle nowadays will not provide significant reduction
of prime cost. However, application of batteries is
necessary and feasible, for instance, in emergen-
cy lighting networks with LED-based luminaires.
Also, application of low-capacity batteries is nec-
essary for achievements of high characteristics in
some cases, but it is necessary to solve problems of
optimisation with consideration of specific criteria
for this purpose. However, in any case, the power of
batteries used for lighting will be minimal, which is
caused by their inability to compete with PVM and
electric network in terms of prime cost of energy.

4. CONCLUSION

Development of PET and lighting installations
with LED-based luminaires leads to a large num-
ber of designs using them, but most of such in-
stallations are autonomous and accumulate ener-
gy throughout the day [13]. To make them cheaper,
it is necessary to reduce capacities of batteries to a
minimum and use general-use power networks as
a guaranteed source of power. It is such approach
that is implemented in LED-based luminaires with
parallel supply from PVM and electric power un-
der development, which reduces consumption of
power from the general-use network and losses for
transformation.

Moreover, complex supply circuits often have
extensive functionality but their large costs lead
to high expenses. In this context, it is very important
to create simple solutions with their functionality
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limited to some extent which, however, solve ma-
jor set problems and are efficient in terms of price
and reliability. Therefore, different variants of sup-
ply circuits are developed, which are applicable de-
pending on the objectives and distinctions of PVM
and power consumers.

It is important to wisely select the loads; it ap-
pears that buildings with spaces requiring artificial
lighting throughout the day are the most optimal.
For instance, we would like to note shopping malls,
underground passages, storage facilities and poul-
try farms. Reliability of power supply plays a very
important role for such responsible consumers and
is increased by LED-based luminaires being sup-
plied by two to three sources of power (depending
on power supply rating of a consumer).

As noted above, the price reduction of PVM
over the last years has significantly increased their
competitive ability as compared to other sources of
energy [1-3]. In this view, a larger number of solar
power plants operating directly for power networks
have been appearing in Russia [14]. Nowadays, the
prime cost of power generated by photovoltaic pan-
els is able to compete with the cost of power from
the network for enterprises in some regions. Con-
sequently, such systems allow users to reduce con-
sumption of power from the network in some cases
even today allowing consumers to save on electric
power bills and contributing to environmental safe-
ty growth.
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ABSTRACT

Architectural design of a facade, both at the aes-
thetic point of view and from the point of view
of internal daylighting performance of the build-
ing, can be considered as a complex task. In this
study, we implement a multi-objective evolution-
ary algorithm to formally exploration the process
of reconstruction of the education building’s fa-
cade. The purpose of this research is to create a fa-
cade configuration by considering the size and loca-
tion of elements and their materials when creating
a suitable internal daylight distribution. The to-
tal construction cost of the building’s exterior and
the daylight performance of the building’s interior
are considered as objectives. The problem formula-
tion includes two conflicting objectives, which are
to increase daylighting aspect on each floor and re-
duce the total construction cost of the facade. To de-
tect the approximation of Pareto fronts, including
non-dominated solutions, we used a fast and elit-
ist multi-objective genetic algorithm (NSGA-II).
Computational and architectural results show that
NSGA-II is efficient enough to demonstrate eligible
facade design alternatives.

Keywords: facade design, multi-objective opti-
mization, education building design, computation-
al design

1. INTRODUCTION

The architectural design procedure is often de-
scribed as a complex process because it requires the
ability to respond to different needs of people at the
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same time. In addition, the design process involves
making decisions on many parameters simultane-
ously in order to maximize objective performance
while satisfying design constraints [1]. Decisions in
this process affect final solutions.

In the discipline of architecture, educational
buildings are one of the most multi-layered organi-
zations types due to the diversity of spatial require-
ments in relation to the type of education. The ex-
istence of various persons, materials, providers,
and high skilled qualifications to provide the ser-
vice creates management issues [2]. The architec-
tural design of an education building should be able
to respond to different types of spatial requirements
in relation to educational purposes. Educational
building design relates to the design of the phys-
ical environment that includes interior layout and
design (e.g., adjacencies and furnishing of differ-
ent purposed spaces), internal environmental qual-
ities (e.g., lighting) [3], and the building’s exterior
features (e.g. building’s envelope, facade systems).

When designing educational buildings, building
envelope systems can be considered as important
architectural elements that have a positive contri-
bution to daylight design [4] and should be care-
fully evaluated at the early stages of design. The
existence of daylighting in enclosed spaces can im-
prove the effectiveness of education and the quali-
ty of learning, while reducing stress [5]. In [6], the
authors tried to prove the relationship between day-
lighting and human behaviour in a relative envi-
ronment. Daylight autonomy [7] was used as a cal-
culated metric in modelling to build a relationship
between the probabilistic potential of daylight and
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the comfort of lighting in relation to society. The in-
fluence of changes in window sizes, orientation, and
glazing material on achieving satisfactory lighting
values is studied. Experiments have shown that suf-
ficient lighting can be achieved by a small amount
of glazing in certain orientations. In [8], the authors
demonstrated the influence of daylighting on users
in addition to reducing the energy consumption of
artificial lighting. In [9], authors presented an op-
timization study for a glazing system, considering
the maximum useful daylight while reducing energy
consumption. Based on the literature, one may ar-
gue that the optimization methodology is associated
with parametric computer-based simulations to de-
termine the glazing system design.

This paper aims to use parametric workflows and
optimization methods to improve the design of the
external glazing of the educational building. It fo-
cuses on optimizing the geometry of the external
facade geometry of a building in Yasar University
by configuring the placements and sizes of the ele-
ments for controlling solar penetration and improv-
ing daylight performance while reducing the over-
all cost of the structure. To investigate this problem,
we employ the non-dominated sorting genetic algo-
rithm IT (NSGA-II).

In this study, the south-west and south-east fac-
ing facades of the education building at Yasar Uni-
versity campus are re-designed in order to increase
the usage of daylighting inside the building. The
building is in the district of Bornova, Izmir, Turkey,

Table 1. Initial Widths of the Glazing

Notations Width, m
G, 4.00
G, 12.00
G, 4.00
G, 6.00
G 2.00
G, 1.00
G, 4.00

having 38° 27" N latitude, 27° 12" E longitude, and
17 m altitude. The dimensions and materials of ex-
isting facade elements are defined as decision vari-
ables in order to create daylight analysis.

In the rest of the paper, section 2 explains the
parametric model, including decision variables and
their impact on the geometric form-finding. Sec-
tion 3 describes the problem formulation with con-
straints and objective functions. Section 4 high-
lights the key features of the algorithm that was
used throughout the study. Section 5 presents com-
putational and architectural results. Finally, in sec-
tion 6, conclusions of the study are presented.

2. PARAMETRIC MODEL

The parametric model is generated in Grasshop-
per parametric modelling environment, which is a

G1 G2 G3 G4 G5 G6 Fig. 1. Notations of the
existing glazing
| [
G1 G2 G3 G4 G 6
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Fig. 3. The workflow diagrams

plug-in developed for Rhinoceros 3D software. In
this study, we focus on a building within the bound-
aries of Yasar University campus that has measures
of 50 m (width) and 16 m (depth).

As shown in Fig. 1, the building skin includes
seven curtain-wall type glazing elements. The total
height of the building is 5.80 m. The height of the
glazing elements is fixed at 5.80 m, and widths are
defined as decision variables.

The model considers the centrelines of each
glazing as relative reference lines in the 1-D scal-

Table 2. Decision Variables

Notation Type Range, m
G, Real [4.00, 10.00]
G, Real [10.00, 16.40]
G, Real [3.00, 10.00]
G, Real [4.00, 7.40]
G, Real [1.00, 3.00]
G, Real [0.60, 1.70]
G, Real [4.00, 13.00]
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ing process, since the height of the building is fixed.
A complete list of the initial dimensions of each
glazing is presented in Table 1.

3. PROBLEM FORMULATION
3.1. Objective Functions

We consider two objective functions: minimiz-
ing of the facade system’s construction cost (C faca de)
and increasing the penetration of the daylight into
the foyer area. Measurement grids are created for
each room in relation to their floors to measure and
evaluate the daylight performance of each floor sep-
arately. Measurement grids are shown in Fig. 2.
Daylight autonomy (DA) metric [10] is used to opti-
mize the interior daylight distribution. The notations
related to decision variables are shown in Table 2.
We formulate the problem as a multi-objective opti-
mization problem (MOP) as follows:

1
Min (P—,Cfmde) , where

DA

n O’ E i < E min
BM=2M%E2E_} M
C/acade = Cglazing + Cwall ’ (2)

where Cpyeqqe 18 the total construction cost of
building facade, Pp, is the performance of day-
light autonomy, Cy,.;ne is the total cost of glazing,
C,,.u 1s the total cost of exterior walls, E,,;, is the
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Step 1:
Step 2:
Step 3:
Step 4:

Step 5:
sorting algorithm to R;;

Step 6: fori = 1,.., k, do following steps:

Step 6.2: create P, 4 as follows:

from f; to Py q;

N size;

Step 8: sett =t + 1 and go to step 3.

set t = 0 and construct a random parent population P; with N size;
generate offspring population Q; with N size, perform SBX and PM;

if termination criterion is satisfied, stop and return P;;

in order to combine parent and offspring populations, set R, = P; U Q¢;

to find the non-dominated fronts f;, f5, .., fx , apply the fast non-dominated

Step 6.1: for solutions in f;, calculate crowding distance;
if |Peys| + Ifil < N, thenset Pryq = Pryq U fi
if |Pey1] + |fi] > N, then add the least crowded N — |P,,4]| solutions

Step 7: use crowded tournament selection to choose parents from P;, ;. Then,
employ SBX and PM to P, in order to get offspring population Q;,, with

Fig. 4. Steps of
NSGA-II

specified threshold for daylight performance eval-
uation, £; is the illuminance at a sample point in a
specific hour provided that average spatial daylight
autonomy is

sDA > 50%. 3)

3.2. Daylight Objective

DA is considered as a metric for calculating day-
light performance, mentioned in [10], which result-
ed in many discussions in the early 1900s. Later
on, it was integrated into the building standards and
considered as a standard for buildings since then
[11]. DA is formulated as the percentage of annual
daytime hours that a specific point is above a spec-
ified illuminance level. For this study, the specific
illuminance threshold (£,,,) is defined as 300 Ix in
relation to Leadership in Energy and Environmental
Design (LEED) criteria.

DA is calculated using values that are obtained
by using the simulation software named Radiance.
To create a workflow between Radiance and Rhi-
noceros CAD program, DIVA, which is a plugin for
Grasshopper, is used to calculate DA values. DA
evaluates the hourly illuminance values for each
measurement point in relation to the specified illu-
minance level, considering the working hours. For
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each hour, the values of 1 and 0 are assigned, con-
sidering their relationship to the specified threshold
value. Hours above the threshold considered as 1,
else are considered as 0, and the ratio is defined con-
sidering the summation of these hours and all work-
ing hours during the year. For this study, the work-
ing hours are defined as from 08:00 a.m. to 17:00
p.m. The DA calculation is expressed as follow:

|

For daylight calculations, we adopt DA values.
Since the calculation of DA includes direct sun-
light calculations, thus leads to more accurate re-
sults considering obsolete metrics, such as daylight
factor [11]. The building has two south-facing el-
ements, this situation creates a suitable environ-
ment for using DA to calculate daylight perfor-
mance of a focused building, since it includes the
direct sunlight calculations as well as the location of
the building. For our study, we define the measure-
ment grid as 0.5 m from each wall and 0.8 m above
the floor plates. Our objective is determined to ob-
tain the LEED criterion that achieves a minimum
of 50 % of the space above 300 Ix during working
hours throughout the year [11].

O’E[ < Em[n
LE >E

min

DA(Point,) = 21{ 4)
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3.3. Cost Objective

As shown in the eq. (5), C,,,. can be found by
adding the total construction cost of walls (C, ,)

and the total cost of glazing elements (C,,,,,)-

Cfacade = Cwall + Cglazing . (5)
Cwall = Cuw ’ A wall * (6)
glazing = ug : Agluzing' (7)
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o

100

DA (% Time > 300 Ix) [l

where A4,,,; is the total area of exterior walls,
Aglazing 18 the total area of glazing, C,,, is the unit
price of glazing per sq. m, C,, is the unit price of
wall per sq.m.

These costs depend on the area of the relative el-
ement in relation to the unit cost per square meter.

3.4. Constraint

As shown in eq. (3), there is a constraint relat-
ed to the calculated DA values. In order to satisfy
the LEED criterion [11], the minimum value of spa-
tial daylight autonomy (sDA) should be larger than
50 %.
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Fig. 7. DA
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4. EVOLUTIONARY ALGORITHM

In the current literature, there are various stud-
ies, which include the multi-objective optimization
problems (MOPs). In terms of optimization algo-
rithms, evolutionary algorithms (EAs) can be con-
sidered as an effective optimization algorithm type
due to its unique way to deal with problems. In this
respect, multi-objective evolutionary algorithms
(MOEAs5) are defined as the implementations of
EAs within MOPs. In this research area, NSGA-II
[12] and SPEA2 [13] are well-known and effec-
tive algorithms. Implementing genetic operators of
EAs to MOEAs, several MOEAs are developed for
multi-objective architectural problems (MOAPs)
[14-20], also in [21]. The process diagram of the
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Fig. 9. DA
measurement results
for case 5 and case 6

0
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workflow shows how to integrate the NSGA-II al-
gorithm into our parametric model in Fig. 3.

In terms of MOEAs, NSGA 11, which is devel-
oped by [12], can be considered as one of the most
powerful algorithms. The outline of NSGA-II is
shown in Fig. 4. NSGA-II is known as being capa-
ble of dealing with very difficult MOPs. Key fea-
tures of this algorithm are expressed as follows:

1. To discover non-dominated solutions, it em-
ploys O(MN 2) sorting algorithm;

2. In terms of the cuboid volume neighbouring
between elements that attend for the same rank val-
ue, it calculates the “crowding distance”;

3. Using a crowding distance, superior of fea-
sibility, as well as ranking for diversity preserving
through binary tournament selection;
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Fig. 10. DA
measurement results
for case 7 and case 8

4. Elitism strategy specifically, using the combi-
nation of elite parents and offspring members;

5. Utilization of the genetic operator namely,
“simulated binary crossover (SBX)” [12];

6. Utilization of polynomial mutation operator
(PM)[12].

5. COMPUTATIONAL AND
ARCHITECTURAL RESULTS

For calculations, a computer with a data process-
ing speed of 4.4 GHz and 32 GB of DDR4 RAM is
used. The population sizes are defined as 100 peo-
ple. Since the development of a single individual
during the optimization process takes approximate-
ly 150 s, the algorithm is stopped at the 50t gener-
ation that defines our termination criteria. For 5000
function evaluations of the algorithm, the computer
is run for approximately 209 hours. The Pareto front
chart of non-dominated solutions at the 50" genera-
tion for 100 population size is given in Fig. 5.

After the optimization process concluded, we
observed that NSGA-II discovered cost values with-
in a range (135617.54-166798.34) TL. In terms of
daylight performance, the algorithm suggested re-
sults within a range (50.02-59.20) %. The average
values for total construction cost and daylight per-
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Fig. 11. DA
measurement results
for case 9 and case 10
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formance are 149499.92 TL and 54.50 %, respec-
tively. Ten results are selected uniformly from the
Pareto front and compared with each other, as well
as the initial state of the building. In terms of day-
light performance and cost objectives, a statement
can be made that the decision variables, which are
the widths of the exterior glazing elements have a
significant effect on total construction cost and inte-
rior daylight distribution.

In terms of daylight performance of the build-
ing’s initial state, the sDA values 28 % and 31 %
are achieved for the ground floor and the first floor,
respectively. The DA distribution in relation to the
respective floors is shown in Fig. 6 and the val-
ues of relative decision variables and objectives for
the initial state of the building are presented in Ta-
ble 3. According to these results, it can be argued
that opaque interior walls prevent sunlight to pen-
etrate spaces that do not have a glazing surface.
Therefore, both floors are below the daylight con-
straint sDA > 50 % . The DA distribution in rela-
tion to the respective floors for each case is shown
in Figs. 7-11. The values of relative decision vari-
ables and objectives for each case are presented in
Table 4 and Table 5.

For the optimization problem, the unit cost of
glazing per sqm (C,,) is defined as 400 TL, and
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Table 3. The Decision Variables and Objectives for Initial State of the Building
Notations Value Notations Value
G, 4.00 m G, 1.00 m
G, 12.00 m G, 4.00 m
G, 4.00 m sDA 29.5%
G, 6.00 m C fucade B
G, 2.00 m R, 35.7%
Table 4. The Decision Variables and Objectives for Each Case from 1 to 5
Case 1 Case 2 Case 3 Case 4 Case 5
facade 166798.34 163086.34 161044.74 154919.94 150465.54
sDA 59.2 % 58.5 % 58.01 % 56.43 % 55.01 %
R, 77.8 % 73.1 % 70.6 % 63.5 % 58.8 %
G, 10.00 m 10.00 m 9.80 m 10.00 m 10.00 m
G, 16.40 m 16.40 m 16.40 m 16.40 m 16.40 m
G, 9.60 m 9.80 m 9.80 m 9.80 m 6.00 m
G, 7.40 m 520 m 4.40 m 5.00 m 5.00 m
G, 1.00 m 1.40 m 1.00 m 1.00 m 1.00 m
G, 1.00 m 0.60 m 0.60 m 0.60 m 0.60 m
G, 12.60 m 12.60 m 12.80 m 8.80 m 10.20 m

the unit cost of wall per sq. m (C,,) is defined
as 80 TL. Added construction costs, transporta-
tion, workmanship, etc. are not taken into account.
To enhance the daylight performance results, trans-
lucent partition walls (P,) are employed on the first
floor. For the exterior glazing clear glass materi-
al is used, which has transmittance value (£, ) of
88 %. For the translucent interior partition walls,
double-pane glass material, which has E, , of 65 %
is employed.

In terms of daylight performance and cost ob-
jectives, a statement can be made that some of the
decision variables have a significant effect on total
construction cost and interior daylight distribution
in comparison to others. For the width of the glaz-
ing 2 (G, ) the algorithm selected the largest value
of the range in each example. It can be argued that
it is a required condition to satisfy the daylight con-
straint, otherwise the results would be below the re-
quired minimum value. Furthermore, for the width
of the glazing 7 (G, ), the algorithm did not suggest
any values below 8.60 m. Although the minimum
value in its range is 4.00 m, the algorithm employed
higher values in this range due to glazing 7’s loca-
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tion and relation to the sunlight has a substantial ef-
fect on interior daylight distribution.

On the other hand, for the width of the glazing
6 (G;), the algorithm employed the minimum val-
ue of its range. It can be argued that the effect of
G, to the interior daylight distribution is relative-
ly small than the other variables. Considering their
range, the algorithm selected the maximum possi-
ble values for decisions variables of G,, G,, G,. In
comparison, the decision variables of G, and G, are
defined in relation to the minimum values of their
ranges. According to these results, we can consid-
er that G, and G, have almost no effect on interi-
or daylight distribution whereas, it greatly affects
the total construction cost. The other decision vari-
ables mediated between their range to find suitable
design solutions.

6. CONCLUSION

In this study, the NSGA-II algorithm is imple-
mented for a building facade design problem in an
education building, which described as a real-pa-
rameter constrained MOP. We formulated the de-
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Table 5. The Decision Variables and Objectives for Each Case from 6 to 10

Case 6 Case 7 Case 8 Case 9 Case 10

facade 147867.14 144897.54 140814.34 137844.74 135617.54
sDA 54.1 % 532 % 51.9 % 50.7 % 50.0 %
R, 56.1 % 532 % 49.3 % 46.7 % 44.7 %
G, 10.00 m 10.00 m 520 m 420 m 4.60 m
G, 16.40 m 16.40 m 16.40 m 16.40 m 16.40 m
G, 7.20 m 5.60 m 6.40 m 6.40 m 4.60 m
G, 4.00 m 420 m 5.00 m 4.40 m 4.60 m
G, 1.20 m 1.00 m 1.00 m 1.00 m 1.00 m
G, 0.60 m 0.60 m 0.60 m 0.60 m 0.60 m
G, 8.40 m 8.40 m 8.60 m 8.60 m 8.60 m

sign task to reach the minimum value of the total
construction cost, while contributing to the day-
lighting aspects of interior space, using the daylight
autonomy as the performance metric. Throughout
the study, seven decision variables related to glaz-
ing widths and one constraint are taken into consid-
eration to develop the best possible set of solutions
for two objectives. As the results show, consider-
ing the termination criteria, the algorithm is effi-
cient enough to demonstrate eligible facade design
alternatives.

The implementation of numerous important de-
sign aspects that the facade design process contains
is achieved. However, additional incorporation of
various aspects related to performance may bring
benefits. As an example, an investigation of using
different construction materials for glazing parts of
the facade can be a direction for further study. Last
but not least, dynamic metrics for daylight perfor-
mance, such as the daylight autonomy (DA), pres-
ents more accurate results, but the simulation takes
longer time. There is no doubt that static metrics,
mainly daylight factor (DF), require less compu-
tation time compared to DA. At this point, dealing
with such a long simulation time for these metrics
should be discussed, considering the local climate
and the buildings’ direct exposure to sunlight.
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ABSTRACT

Classical optimization and search algorithms
are not effective for nonlinear, complex, dynam-
ic large-scaled problems with incomplete informa-
tion. Hence, intelligent optimization algorithms,
which are inspired by natural phenomena such as
physics, biology, chemistry, mathematics, and so on
have been proposed as working solutions over time.
Many of the intelligent optimization algorithms are
based on physics and biology, and they work by
modelling or simulating different nature-based pro-
cesses. Due to philosophy of constantly research-
ing the best and absence of the most effective al-
gorithm for all kinds of problems, new methods
or new versions of existing methods are proposed
to see if they can cope with very complex optimi-
zation problems. Two recently proposed algorithms,
namely ray optimization and optics inspired opti-
mization, seem to be inspired by light, and they are
entitled as light-based intelligent optimization algo-
rithms in this paper. These newer intelligent search
and optimization algorithms are inspired by the
law of refraction and reflection of light. Studies of
these algorithms are compiled and the performance
analysis of light-based intelligent optimization al-
gorithms on unconstrained benchmark functions
and constrained real engineering design problems
is performed under equal conditions for the first
time in this article. The results obtained show that
ray optimization is superior, and effectively solves
many complex problems.

Keywords: optimization, optics inspired optimi-
zation, ray optimization, artificial intelligence
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1. INTRODUCTION

Optimization is present everywhere in our
lives — from engineering to industrial design, from
business planning to travel planning [1]. Optimiza-
tion has played an even more important role in our
lives recently. Evolutionary and population-based
optimization methods are very popular and wide-
ly used in many engineering fields [2]. These op-
timization techniques choose the best of the many
available options intelligently, and they provide a
suitable environment for the solution of problems
[1]. Most optimization algorithms require a math-
ematical model for the system model. Establishing
a mathematical model for complex systems is often
difficult. Even if the model is established, the solu-
tion time cannot be used due to the huge cost [3].
That is, the design of an optimization algorithm has
a challenging process, which is caused by physical
events to obtain appropriate global and local search
operators [2].

Classical optimization methods may be insuf-
ficient and unsuitable for solving complex nonlin-
ear large scaled search and optimization problems.
Classical methods are not effective in adapting them
to the problems of interest. This, in many cases,
requires some assumptions that may be difficult
to confirm. Often, due to the natural solution mech-
anisms of solving classical search methods, the
problem concerned is modelled such that the meth-
od will manage it. The strategy for solving classical
methods usually depends on the types of objectives
and constraints, as well as on the types of decision
variables. Their effectiveness also strongly depends
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on search space, the number of constraints, and
the number of decision variables. Another import-
ant shortcoming is that they do not stand for com-
mon target strategies for different types of constraint
functions and variables. In other words, classical
methods solve models that have a specific type of
objective function or constraint functions. However,
many optimization problems, such as management,
sports, engineering, economy, computer require
concurrent different types of objective functions,
constraint functions, and decision variables, simul-
taneously. Intelligent optimization and search algo-
rithms are proposed and efficiently used in many
different fields, because they are computational-
ly powerful, and their transformations are easy [3].

General purposed artificial intelligence optimi-
zation algorithms are divided into various groups,
such as biology-based, social-based, chemi-
cal-based, physics-based, music-based, mathemat-
ics-based, sports-based, swarm-based, plant-based,
light-based, and water based. Their combinations
can also be considered as a hybrid category. OIO
and RO are the newest artificial intelligence opti-
mization algorithms inspired by the light behaviour.
OIO is inspired by the optical characteristics of
convex and concave mirrors that can be used for
searching the best solutions for different types of
optimization and search problems. When the light
rays fall on the convex mirror, they are reflect-
ed from the principal axis, and divergence occurs.
When they hit a concave mirror, these rays are re-
flected in the direction of the principal axis, and
convergence occurs. The exploration and exploita-
tion capabilities of OIO are adjusted considering the
convex and concave mirror phenomena [4, 5]. Ac-
cording to light refraction law of Snell, light is re-
fracted when it passes through environments with
different luminance factors. Inspired by this feature
of the light in the RO, it uses the light as a candidate
solution. The transition of the ray is used to obtain
the optimal solutions [6].

RO was used to reduce the weight of truss under
necessary constraints by Kaveh and Khayatazad in
2013 [7]. During this study, numerical results were
compared for the five truss structure, and it was ob-
served that the obtained truss weight was at a satis-
factory level. RO gave better results than GA [8],
ACA [9], BBBC [10], and PSO [11] algorithms.
However, its performance was slightly lower than
HPSACO [12], which is a hybrid method. Kaveh
and his colleagues developed RO in 2013 and ad-
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opted a new approach to produce new candidate
solutions that had no restrictions on the number
of variables of the problem interested. That is why
there was no need to group the variables in the algo-
rithmic process of RO [13]. With this new RO de-
veloped, a better balance between the exploration
and exploitation was achieved. In addition, the al-
gorithm was improved considering transport con-
straints [14]. Using the RO in 2014, an effective hy-
brid method for the shape and size optimization of
the truss structures was implemented [14]. For this
hybrid developed algorithm where PSO, HS, and
RO were used together [14]. In this hybrid method,
PSO algorithm was used as the main engine. While
the movement vector was developed by the RO, HS
was used to enhance the local search skill. The ex-
perimental results of this hybrid method showed
that it gives better results than the existing mathe-
matical and artificial intelligence optimization algo-
rithms [14].

The OIO algorithm was applied to constrained
problems, namely mechanical real engineering
problems by Kashan in 2015 [5]. These tests were
performed with five real-world engineering prob-
lems. The performance of OIO was compared with
many artificial intelligence optimization methods,
such as CPSO [15], PSRE [16], RSPSO [17], IHS
[18], FSA [19], and SES [20]. OIO was reported as
the outperformed algorithm among others [5]. In
2015, a master thesis was presented on the develop-
ment of a new method for solving combinatorial op-
timization problems with permutation-based solu-
tion structures using the OIO method [21]. In 2015,
a master thesis was published on the design of im-
age processing methods using OIO [22]. In 2015, the
OIO algorithm was used to solve the traveling sales-
man problem by Badrloo and Kashan [23]. In 2015,
Badrloo and Kashan used the OIO method to solve
the combinatorial quadratic assignment problem
[24]. In 2016, OIO algorithm was used for routing
and clustering in wireless sensor networks [25]. The
cluster head choice and routing problem in wireless
sensor networks is a known optimization problem
due to the high computational complexity of large-
scale networks. In their study, OIO was adapted for
cluster head choice problem considering distance,
energy, and node level parameters.

The OIO based routing method was proposed
to calculate the path to the base station from each
cluster head, considering the same parameters, such
as distance, energy, and node level. The perfor-
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mance evaluation of OIO was extensively evaluated
and compared with other routing methods. OIO al-
gorithm was shown to be more successful than the
other techniques [25]. The conventional techniques,
such as HF [26], EADC [27], and DHCR [28] were
not suitable for cluster head choice and routing
problems. As the size of the network increased, the
performance of these conventional techniques rap-
idly fell. In recent studies, it was suggested that ar-
tificial intelligence method could be developed that
maximizes the coverage area and distributes the
nodes to minimize the number of nodes [25]. In
2016, optimal load frequency controller gains were
optimized by Ozdemir and Ozturk using an OIO al-
gorithm in a two-area power system. In this appli-
cation, OIO was used to find optimal controller pa-
rameters of PID that controlled the frequency in a
two-area power system [29]. The performance of
the OIO for this problem was compared with the
performance of the PSO and bacteria foraging op-
timization algorithm [30]. It was noted that OIO is
better than these algorithms in terms of values of
maximum blackout and settlement time. It was sug-
gested that the optimal PID that adjusts itself could
be performed to increase the practical work on the
use of OIO in this way [30].

Intelligent algorithms for optimization and
search for solutions for effective solution of prob-
lems of interest are proposed. One of the important
current trends in the field of intelligent algorithms
is the development of new search methods based on
light. Concepts, events, and processes in light be-
haviours seem to be an inspiring guide for the de-
velopment of effective optimization algorithms.
This work aims to review the most important con-
cepts of new existing two light-based intelligent op-
timization methods and their specific characteris-
tics in the frame of complex optimization problems.
The performances of light-based artificial intelli-
gence optimization algorithms are also compared
for the first time under equal conditions using un-
constrained benchmark problems and constrained
real engineering problems in this study.

2. METHODS

Nature has always been a good teacher for peo-
ple. For instance, the invention of radar has been
possible by the behaviour of the bats. Intelligent
optimization methods inspired by the behaviour
of natural beings or natural phenomena are used
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to solve problems that take a long time or mathe-
matical models cannot be derived. In many prob-
lems, the solution search space is infinite or so large
that all candidate solutions cannot be evaluated. For
this to be acceptable, it is necessary to evaluate the
solutions and find a good solution. Evaluating solu-
tions in such a way that they are acceptable for such
problems means evaluating “some solutions” in the
entire solution space. The way some solutions are
chosen and how they are selected varies based on
artificial intelligence method [31].

The solution proposed by artificial intelligence
optimization techniques for solving the problem
may be perceived as good, global, or near-global
optimal solution [31]. Artificial intelligence optimi-
zation algorithms are computational methods that
are defined to find what is effective from various al-
ternative actions to achieve any purpose or reach a
specified goal.

Artificial intelligence optimization algorithms
are categorized according to whether they are in-
spired by nature or not, a number of candidate solu-
tion they iterate is one or more, the objective func-
tion is dynamic or static, the memory structure is
used or not, and they use single or multiple neigh-
bourhood structures.

The reasons for the need to use artificial intelli-
gence optimization algorithms are:

a) The optimization problem may have a struc-
ture in which the optimal solution finding process
cannot be defined;

b) In terms of clarity, intelligent search algo-
rithms can be much simpler in terms of decision
makers;

c) Intelligent optimization algorithms can be
used as part of the learning and precise solution
finding process;

d) Definitions made using mathematical formu-
las often ignore the most difficult parts of real-world
problems; inaccurate data used to determine model
parameters can lead to greater errors than the sub-
optimal solution that the artificial intelligence opti-
mization approach can produce [32].

General purposed artificial intelligence optimi-
zation algorithms are divided into various groups,
such as biology-based, social-based, chemi-
cal-based, physics-based, mathematics-based, mu-
sic-based, sports-based, swarm-based, plant-based,
light-based, and water based. Their combinations
can also be considered as hybrid category.
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All these population-based iterative methods fol-
low a balance between exploitation and exploration
as iterations progress. In general, exploration will
be more effective in the first stages of the iteration,
but exploitation will be strengthened towards the fi-
nal iterations.

2.1. Ray Optimization

RO is a population-based general purposed
stochastic artificial intelligence optimization and
search algorithm proposed by Kaveh and Kha-
yatazad in 2012 [6]. The light, which is also a natu-
ral event, is refracted and changes direction accord-
ing to the law of refraction of light when passing
from the light environment into a dark environ-
ment. Inspired by this feature of the light in the
RO, it uses rays belonging to the light as a candi-
date solution. This behaviour of light helps to ex-
plore the search space in the first iterations, while
it helps converge to the optimal solution in the last
stages [6]. The optimization process ends when pre-
determined criteria are satisfied. If the criteria are

not met, the optimization process continues, and
the candidate solutions are moved to their new loca-
tion. The steps are iterated until one of the defined
criteria is met. The flowchart of the RO is shown in
Fig. 1 [6].

2.2. Optics Inspired Optimization

OIO is a light-based physics inspired artificial
intelligence optimization algorithm proposed by
Kashan [4, 5]. Optics examines light properties,
its behaviour, and interaction with matter. Practi-
cal applications of optics include mirrors, lenses,
telescopes, microscopes, technology. The curved
or spherical mirror has a curved concave or convex
reflective surface. Most curved mirrors are shaped
like a spherical piece.

Since the exploration and exploitation capabili-
ties of OIO are controlled by mirror phenomena [4,
5], as described in the introduction, the reflection
surface of the mirror functions as a search function.
The flowchart of OIO is shown in Fig. 2.
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Table 1. Algorithm Performances in Benchmark Functions
T i Optimization algorithms

GEN GEN S GEN S M LS 010 RO

Griewank n=2 18838(0.91) 3111(0.91) 1652(0.99) 1825.94 1091(0.98)
Sphere n=3 9900 3040 1281 506.72 452
Goldstein and Price n=2 1478 1478 1325 1071.4 451
Exponential n=2 938 936 807 572.14 136
Exponential n=4 3237 3237 1496 1376.18 382
Exponential n=8 3237 3237 1496 2889.08 1287

Exponential n=16 8061 8061 1945 28994.14 17236(0.46)
Cosine Mixture n=4 2105 2105 1539 1673.7 802
Bohachevsky 1 n=2 3992 3356 1615 567.36 677
Bohachevsky 2 n=2 20234 3373 1636 620.7 582

Rastrigin n=2 1533(0.97) 1523(0.97) 1381 753 1013(0.98)

3. RESULTS

3.1. Results within Unconstrained Benchmark
Functions

Researchers often use benchmark functions
to compare the search and optimization algorithms
[33]. There are many benchmark problems that are
defined as unimodal, multimodal, and composite.
In addition to complex mathematical expressions,
the benchmark functions have many local and glob-
al minimums. Because of these features, the per-
formance of artificial intelligence optimization al-
gorithms is evaluated under equal conditions. In
this paper, the performances of light-based intel-
ligent search and optimization algorithms with-
in Griewank, Cosine Mixture, Goldstein and Price,
sphere, exponential, Bohachevsky1, Bohachevsky?2,
and Rastrigin benchmark functions were compared.

The performance comparison of OIO and RO,
which are light-based optimization algorithms, is
shown in Table 1 using benchmark functions. Light-
based optimization algorithms are also compared
with genetic algorithm and some of its variants in
this table [6]. The number of function evaluations
to achieve the predefined accuracy rate (€ = f,,;, —
— Jfinas =10-4) is listed in this Table. Values written
in parentheses in Table 1 show the ratio of success-
ful runs of the algorithms according to this pre-
defined accuracy rate. The absence of the paren-
theses shows that the algorithm is successful in all
runs. During the experiments, problem dimension
for sphere function was defined as 3, problem di-
mension for the Cosine mixture function was de-
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fined as 4, and problem dimension for other func-
tions was defined as 2. The number of populations
was 20, the number of function evaluations (NFE)
was 20000, and the number of independent runs
was selected as 50. In addition, the performance of
light-based optimization algorithms was measured
by choosing the exponential test function dimension
2,4, 8, 16 to check the performance in high prob-
lem dimensions. When the problem dimension is 16
and the population number is 100 in the exponen-
tial function, NFE is determined to be 50000 and
the obtained results are listed in Table 1. In this Ta-
ble, GEN, GEN_S, GEN_S M LS are variants of
genetic algorithms whose performance has been re-
ported promising [10].

When examined in detail in Table 1, it is seen
that RO in the Griewank test function gives bet-
ter results than all other artificial intelligence opti-
mization algorithms. The OIO algorithm produced
better solutions in terms of the ratio of successful
runs. Light-based optimization algorithms are much
more successful than other methods within sphere,
Goldstein and Price, Bohachevsky 1, Bohachevsky
2, and exponential for n= 2 and n= 4. For exponen-
tial n=8, RO was seen to perform better than all
other methods. However, it is impossible to gen-
eralize that the light-based methods are better than
all other methods, because the OIO algorithm per-
formed worse results in the exponential test func-
tion than the GEN_S M LS algorithm. It was seen
that RO was the most successful method in the co-
sine mixture test function. However, it was that the
OIO algorithm was more successful than the GEN
and GEN_S algorithms, but it was observed that it
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Table 2. Obtained Optimum Results from Different Methods for Tension/Compression Spring Design Problem

Design variable and cost
Method
X1 X2 X3 Jeost
RO 0.051370 0.349096 11.76279 0.0126788
O10 0.054557 0.429089 8.053812 0.0128404
Belegundu 0.050000 0.315900 14.250000 0.0128334
Arora 0.053396 0.399180 9.185400 0.0127303

was more unsuccessful than the GEN_S M LS al-
gorithm. OIO seemed the best algorithm for Rastr-
igin function.

3.2. Results within Real-World Engineering
Design Problems

The Tension/Compression Spring Design en-
gineering design problem was first introduced by
Belegundu and Arora [7]. Minimizing the weight
of a tension/compression spring subjected to con-
straints on a minimum deflection, surge frequency,
and shear stress [7] was aimed at this problem. The
problem has four non-linear inequality constraints.
It also has three continuous variables.

During the experiments, the number of popula-
tions was 40, NFE was 10000, and the number of
independent runs was 50. The performance of light-
based optimization algorithms under equal condi-
tions were evaluated. The design variable values of
the problem and the best cost values are shown in
Table 2. In addition, mean values and standard de-
viation values obtained from the algorithms for this
problem are listed in Table 3.

As shown in Table 2, RO performance is bet-
ter than OIO algorithm for best results (f,.,,). It can-
not be concluded that all the light-based optimiza-
tion algorithms are better than the other algorithms.
Because during the experiments, OIO algorithm
did not find better results than Belegundu and Aro-
ra [34]. However, as shown in Table 3, OIO gave
more stable results than the RO algorithm accord-
ing to the obtained standard deviation values and
mean values.

The main object in welded beam engineering
problem is to obtain minimum manufacturing cost
of the welded beam subjected to constraints on
shear stress, bulking load, bending stress, end de-
flection, and side constraint [7, 30, 35]. It also has
four continuous variables.

During the experiments, the number of popula-
tions was 40, NFE was 10000, and the number of
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Table 3. Mean and Standard Deviation Values
for Tension/Compression Spring Design

Mean and standard deviation
Method
Sonean Std. dev.
RO 0.13547 0.001159
Oo10 0.01326 0.000297

independent runs was 50. The performance of the
light-based optimization algorithms was tested un-
der equal conditions. The design variable values of
the problem and the best cost values are shown in
Table 4. In addition, obtained mean values and stan-
dard deviation values are shown in Table 5. The
success of light-based optimization algorithms was
compared with other mathematical optimization
algorithms.

As shown in Table 4 and Table 5, RO was more
successful than OIO algorithm in terms of best cost
result and mean cost result, respectively. Table 5
shows that light-based optimization algorithms are
much more successful than other methods such as
Approx, David, Simplex, and Random [35]. As
shown in Table 4, light-based optimization algo-
rithms were experimentally demonstrated that they
are less fitted to the local minimum and better con-
verged to the global minimum than other methods
used in testing in real-world engineering problems.

4. DISCUSSION

For real world optimization problems, there are
many intelligent methods that have been inspired by
nature or other phenomenon. Almost all of the intel-
ligent optimization algorithms perform with meta-
heuristic population-based search procedures that
incorporate random selection and variation. These
algorithms should have two key components: explo-
ration and exploitation.

RO and OIO are two of the methods inspired
by the concepts, events, and processes in light be-
haviours, and they are entitled as light-based in-
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Table 4. Optimum Results for Welded Beam
T Design variable and cost
X1 X2 X3 X4 feost

RO 0.2037 3.5285 9.0042 0.2072 1.7353

(0] (0) 0.1914 3.8049 9.1382 0.2052 1.7605

Approx 0.2444 6.2189 8.2915 0.2444 2.3815

David 0.2434 6.2552 8.2915 0.2444 2.3841

Simplex 0.2792 5.6256 7.7512 0.2796 2.5307

Random 0.4575 4.7313 5.0853 0.6600 4.1185

Table 5. Mean and Standard Deviation

for Welded Beam
Mean and standard deviation
Method
f;'ost Std Dev
RO 1.9083 0.173744
(0) (0] 2.0381 0.167309

telligent optimization algorithms in this paper. Ac-
cording to the experimental results obtained, RO
algorithm seems better than OIO in both uncon-
strained benchmark test functions results and con-
strained real-world engineering problems. However,
it is not the best algorithm when compared the oth-
er methods. According to the No-Free-Lunch the-
orem, there is no single universally most efficient
method for every types of optimization problem.
Though theoretically solid, No-Free-Lunch theorem
may have limited impact in practice because solv-
ing all problems and taking average performance
are not needed. One of the main targets of optimi-
zation problems in practice is to inquire to obtain
high-quality possible or optimal solution in an ac-
ceptable duration. For some types of problem, some
methods can outperform the others. Furthermore,
balance between exploration and exploitation is
needed so that a method can achieve good perfor-
mance. However, obtain such a balance is not re-
solved. No method claims that such a balance has
been achieved. This balancing is a hyper optimiza-
tion problem that depends on many factors, such as
the working mechanism of a method, its parameter
settings, controlling of these parameters. Further-
more, such balance may not universally exist, and it
may depend on the interested problem.

Researchers do not aim to develop a single most
successful method to solve all types of problems.
They intend to propose more successful versions
of the methods and more new methods based on
untested phenomena in the nature. Furthermore,

values of parameters of the algorithms affect the
performance. Setting the right fine-tuned values is
essential for better performance. Setting parameters
is still an active research area.

4. CONCLUSIONS

Light-based optimization methods and literature
reviews based on these algorithms were compiled
for the first time in this study. The performances of
these algorithms were tested using unconstrained
benchmark functions and constrained real-world
engineering problems. Light-based optimization al-
gorithms were also compared with other intelligent
search and optimization methods, such as GA and
its variants. The success of light-based optimization
algorithms was experimentally proven.

The performance of light-based optimization
algorithms in constrained real-world engineering
problems was evaluated. During these tests, welded
beam problem and tension/compression spring de-
sign problem were used. The performances of light-
based optimization algorithms were compared for
the first time under equal conditions. In the tension/
compression spring design problem, RO outper-
formed all other methods, including the OIO algo-
rithm. However, in this problem, the OIO algorithm
could not obtain better results than other methods.
In this context, all the light-based optimization al-
gorithms did not yield better results than the other
artificial intelligence methods in the literature with-
in the problem of the tension/compression spring
design. In the welded beam problem, it was seen
that the light-based optimization and search meth-
ods better converged to the global minimum than
the other methods. Another important consequence
of this is that an artificial intelligence method that
yields good results in a constrained real engineer-
ing problem cannot be proven to yield good results
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in all other constrained and unconstrained problems
and functions.

To the best of our knowledge, there is not any
light-based artificial intelligence optimization algo-
rithm developed in the literature other than the RO
and OIO algorithms. In terms of performance of
light-based optimization algorithms, RO algorithm,
when both unconstrained benchmark test functions
result and constrained real-world engineering prob-
lems tests are taken into consideration, usually con-
verges better to the global solution. Light-based
optimization algorithms are very new, and the ob-
tained results are based on their classical main ver-
sions. In future works, better results can be obtained
by proposing new distributed, hybrid, adaptive, and
parallel versions using optimized parameters. Cha-
os theory and quantum computing features and ca-
pabilities can also be built into these methods to im-
prove performance.
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ABSTRACT

In this study, design and implementation of a
new cost-efficient daylight-based lighting control
system is proposed to provide energy saving in a
public building with a conventional lighting sys-
tem. Energy gain recovery and regional daylight
utilization coefficients are obtained by conducting
daylight measurements in all indoor spaces of the
building where the proposed lighting system will
be applied. Daylight value is continuously trans-
ferred to the control system through the pyranome-
ter placed outside and the need for artificial lighting
is calculated by using sectional daylight utilization
coefficients. Thereby, maximum benefit from day-
light is realized when unnecessary energy consump-
tion for artificial lighting is reduced. Experimental
measurement results show that the proposed day-
light-based lighting control system provides an av-
erage energy efficiency of the building at the level
of 60 %. Additionally, the required investment, such
as operating cost and payback period for converting
an existing conventional lighting system into the
proposed system, are discussed in detail. Cost anal-
ysis shows that the payback period of the proposed
system can be reduced by 5 years compared to the
conventional system.

Keywords: energy-efficient buildings, daylight
harvesting, lighting control system, energy efficien-
cy, energy saving, cost-efficient systems, automa-
tion system design
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1. INTRODUCTION

Getting a better quality of life requires envi-
ronmental protection and the efficient use of natu-
ral resources. Achieving energy efficiency by ap-
plying new technologies in lighting is essential not
only to reduce energy costs, but also to promote
environmental and economic sustainability [1, 2].
The energy consumed for the lighting of buildings
constitutes a large part of the energy consumption.
Electricity lighting covers 19 % of the total electric-
ity production in the world [3]. Commercial and of-
fice buildings are in the group of high energy-con-
suming buildings. While 14 % of total electricity
consumption in commercial buildings is spent on
lighting, 11 % of the energy consumed in houses
is used for lighting and small appliances [4, 5]. It
is determined as (100-1000) kWh/m? per year de-
pending on the location of office buildings, equip-
ment used, working hours, ventilation use, and type
of lighting. Approximately 40 % of the total elec-
tricity consumed in office buildings is used for light-
ing [6-8].

New materials and systems are necessary to re-
duce the need for lighting and preserve the light-
ing comfort of users [9, 10]. By using energy-sav-
ing lamps, 40 % of energy savings are achieved by
using a combination of occupancy lighting with
presence and absence sensors and utilizing daylight
[11-13]. The rapid development of detection and
microcontroller technologies has enabled the de-
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sign and use of high energy efficient lighting sys-
tems built on new smart lighting platforms. Con-
trol of artificial lighting standardizes user comfort
while reducing energy consumption [14—19]. Open
or closed-loop controlled lighting can be used as a
control tool [20]. In the study conducted by Chew
et al., a closed-loop controlled lighting system has
been established and autonomously shaped based
on the data received from the light sensors installed
together with the LED lighting system. Luminaire
luminous flux is provided by amplitude modula-
tion depending on the sensor feedback information.
The system saves 55 % of energy in continuous
use under test conditions. In addition, the system is
commercially 31.52 % cheaper compared to a sys-
tem having manual dimming and a PIR detector
[14]. In another study, Sahana et al. designed a day-
light-based system using LDR (light-dependent re-
sistance) and PIR (passive infrared sensor) sensors.
In the developed system, when there is no user in
any room or if the daylight level is sufficient, arti-
ficial lighting is turned off and electricity consump-
tion is reduced. Artificial lighting control was car-
ried out by determining different reference voltage
levels for daylight range depending on the seasonal
changes. The low-cost controller with both sensors
integrated was implemented to a small room for
lighting control and high efficiency was achieved
[16]. Like the studies mentioned above, Dun car-
ried out a study aimed at optimizing smart light-
ing in the university classroom and reducing energy
consumption. In the study, the fuzzy model refer-
ence adaptive system (FMRAS) control algorithm
was used. It has found that FMRAS has better con-
trol performance, higher steady state accuracy, low-
er overload rate, and higher response rate than typi-
cal fuzzy controllers currently used [18]. In another

study on classroom lighting control, a lighting con-
trol system based on machine vision technology has
been proposed to increase energy efficiency. It was
found that a different number of signals could com-
prehensively control the level of illuminance creat-
ed by classroom luminaires, and save energy used in
classroom lighting [19].

The use of daylighting saves energy used for
lighting, achieve high luminous flux, low heat dissi-
pation compared to high illuminance level, protects
the environment, better quality visual lighting com-
pared to artificial lights, reduces stress and increas-
es efficiency in workspaces since its human-friendly
feature [15, 21-24]. When the literature is exam-
ined, it is seen that (20—60) % of the energy used
for lighting is saved by using daylight harvesting
systems (DHS) [25]. The study performed by Pand-
haripande et al. aimed to provide lighting comfort
and energy saving for users in an office by optimiz-
ing artificial light sources with changing daylight-
ing, and it is proposed to use sensors in the user
platform as an alternative to the sensors used in the
armature platform. If the sensors are placed at the
user level, the illuminance level has been measured
10 % lower and consequently more energy is con-
sumed. If the occupancy rate of the office space is
above 25 %, it is seen that the control system should
be disabled due to the decrease in the illuminance
level of the working spaces [26]. In the study per-
formed by Tang et al., daylight harvesting system is
applied by using a smartphone in smart home sys-
tems. The illuminance level of a room with 3 lumi-
naires is measured by using the light sensor feature
of the smartphones, the luminaire luminous flux
are controlled by amplitude modulation in the Ar-
duino processor, and Raspberry Pi is used to con-
nect the system with the mobile application editor.

ST el
|

Fig. 1. Study object
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Fig. 2. Material
laboratory and isolines
on the working surface

54.7 % of energy savings are achieved on sunny
days [27]. In another study of daylight-based light-
ing system, Meugheuvel et al. used a light sen-
sor, which provides information about the local il-
luminance level under each luminaire in an open
space office, and occupancy sensor. A control de-
vice is used to adjust the dimming level of the lu-
minaire. According to the readings of light sensors,
it is aimed to achieve the standard illumination lev-
els for working zones and unused zones by using PI
control. Two scenarios are applied. In the first sce-
nario, each controller is operated independently, and
it is found that the desired reference value could not
be achieved in each case. The lighting reference val-
ue is captured through the PI controllers on the net-
work, while a high saving in power consumption is
achieved [28].

In this study discusses the energy savings, which
can be achieved with a daylight-based lighting sys-
tem for a building with a conventional lighting sys-
tem, and recovery period of installation cost. Sec-
tions and utilization coefficients are determined by
performing daylighting measurements in all indoor
areas of the building within the specified time. The
proposed lighting system components and control
algorithm have been formed based on the number
of sections The results obtained in the course of ex-
perimental measurements and analysis of the results
are described in detail in the conclusion.

2. EXPERIMENTAL METHOD
2.1. Application Building

The building where the daylight-based lighting
control system will be installed consists of 10 inde-
pendent laboratories and offices. It has a total indoor
area of 641 m2. In the building shown in Fig. 1, the
application laboratories are located on the ground
floor, and the personnel departments are located on
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the first floor. The lighting installation for offices
and laboratories consists of 75 luminaires (4x18 W)
with fluorescent lamps using with on/off control.
The instantaneous power consumption is 5.4 k-W,
and the energy consumption for lighting for 8 hours
shift is 43.2 kW-h.

2.2. Daylight Measurements

Measurements are performed over three months
to find the utilization rate of daylight during the
working hours in all the internal spaces in the build-
ing. Zones of lighting are specified by using individ-
ual daylighting measurement values for each office
and laboratory. 26 zones of lighting have appeared
for 10 detached internal spaces inside the building.
The measurements for material laboratory of the
building with different facades are detailed below.

In the material laboratory shown in Fig. 2, light-
ing installation consists of 16 pieces of luminaires
(4x18 W) with fluorescent lamps. In addition,
the laboratory has a window area of 7.56 m2, due
to which daylighting can make a significant con-
tribution to illuminance of workspaces. The area is
divided into 3 zones, considering luminaire layout
and the distribution of daylighting. The first zone is
the farthest from the windows and there are 4 lumi-
naires with a total power of 288 W. The third zone
is the closest to the window, and total artificial light-
ing power is 288 W. In the zone defined as zone 2,
there are 8 luminaires with a total power of 576 W.

The contribution of daylighting on 3 zones in the
material laboratory between (09:00—-17:00) working
hours is shown in Fig. 3. The desired level of illumi-
nance in the laboratory should be 500 Ix of the ref-
erence value. In this respect, the daylight utilization
rate and the need for artificial lighting are specified
by comparing the change of daylighting in zones
without artificial lighting and reference value. When
the graphs given in Fig. 3 are examined, daylight-
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ing contributes to the illuminance of the zones by
36 % at the first zone, 64 % at the second zone, and
100 % at the third zone. The energy requirement
for lighting the first zone during working hours is
2304 W-h. While 830 W-h of that energy is sup-
plied by daylighting, 1474 W-h of energy must be
supplied through the network. In the second zone,
3000 W-h of the total energy demand of 4608 W-h is
met by daylighting and 1608 W-h of energy is with-
drawn from the network. In the third zone, artificial
lightening is not required due to the high contribu-
tion of daylighting in the specified time.

3. DAYLIGHT-BASED LIGHTING
SYSTEM

3.1. Daylight Automation System

In daylight-based lightening systems, the correct
measurement or calculating the effect of daylight-
ing on the indoors is of great importance for light-
ing control. In this context, the most used method
is closed-loop controlled structures. In such sys-
tems, sensors are placed in each designated indoor
space to transfer the level of illuminance to the con-
trol system instantly. Although the use of multi-
ple sensors allows an easier and correct control, it
poses a major disadvantage in terms of installation

1. Zone
Local :
Sun ’ ADC B Penetration Bp .
Function ;
n Zone
Controller
S§7-1200 PLC

cost. Furthermore, the need to verify each sensor
by checking their calibration regularly leads to in-
creased operating costs. In this context, the system
recovery time can be shortened by reducing instal-
lation and operating costs through the installation
of an open-loop controlled lighting system. More-
over, the conversion of conventional lighting sys-
tems into a daylight-controlled automation structure
can be achieved with fewer components via open-
loop control.

In this study, the proposed daylight-based light-
ing system is constituted with an open-loop con-
trol structure, and the control block diagram is giv-
en in Fig. 4. In the proposed system, daylighting is
transferred to the control system instantly by us-
ing a pyrometer placed in the outdoor environment.
The transfer coefficient of daylighting in each des-
ignated indoor zone is determined with experimen-
tal measurements. The need for artificial lighting
is calculated for each zone by evaluating instant
daylighting.

The controller calculates the amount of artifi-
cial lighting for areas where there is insufficient
daylighting regionally. The required voltage rat-
ing in the luminaires is specified to meet the need
for artificial lighting. The proposed lighting con-
trol system is installed in the Industry 4.0 labora-
tory. 6 existing luminaires (4x18 W) with T8 type

-‘ 3 Phase Drive
1. Zone * 1. Lighting Group

».

n Zone

1. Zone

Lighting
Armature
Drive

Local
Lighting W
Control

L

Local
Lighting
Set Value

»

- Z-one * n. Lighting Group

Fig. 4. Lighting automation system control block diagram
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fluorescent lamps are removed and replaced with 6
LED luminaires 35 W by Ledova. The luminaires
are grouped in pairs concerning their distance from
windows that are a daylighting source, location of
existing luminaires and workspaces, and a total
of 3 lines are formed. The value of the analogue
voltage (0—5) V obtained from the pyranometer is
transferred to the system via the S7-1200 PLC an-
alogue input unit on the control panel shown in
Fig. 5. One pyranometer is used for outdoor day-
lighting radiance measurement. In the PLC, the lu-
minaires are controlled in the range of (0—10) V in
line with the created algorithm by calculating the
amount of required artificial lighting based on the
amount of daylighting. Total current, voltage and
power values of the network and each line are mea-
sured with the analyser. Measured values are trans-
mitted from the analyser to the PLC via Ethernet.
All measured values can be read from the panel.
Data can be saved to the memory card on the pan-
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Fig. 5. Daylighting
automation panel and
Industry 4.0 laboratory

el. Also, the system can be accessed and intervened
via the internet.

The measured values should be made as linear
as possible to produce daylight saving coefficient
in each zone specified in Industry 4.0 laboratory.
Zone coefficients can be calculated based on time,
as well as calculated by considering the effect value
of the amount of daylighting. In this study, the co-
efficients are determined by considering the effect
of daylighting on the zones. Measured values are
categorized according to the first zone, where day-
lighting has the least effect, and the voltage ratings
of luminaires in line with the needs of the zones are
determined. The number of categories has kept high
due to the eye-straining effect of sudden changes
in the level of illuminance. A smooth transition is
provided to increase or decrease the level of illu-
minance received from artificial light sources. Ta-
ble 1 shows the determined groups of illuminance
levels, the amount of daylighting impacting zones,
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Fig. 6. Illuminance between (08:00-10:00)
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the amount of artificial lighting required for these
zones, and the analogue voltage rating that the con-
troller should apply to the luminaires to obtain the
artificial lighting.

3.2. Experimental Performance of Daylight
Automation System

The proposed lighting control system is operat-
ed in line with the coefficients specified in the pre-
vious section. The measurement is performed by
placing luxmeters in each zone for measuring the
system can achieve the desired illuminance level in
designated areas. As a result of the measurements,
daylighting illuminance values are divided accord-
ing to time, and the measured levels of illuminance
readings for each zone during the working hours
are shown in Fig. 6 and Fig. 7. For modelling have
examined and graphed the hours between (08:00—
10:00) and (10:00-13:00). Segmentation is made
depending on the change for daylighting. Between
(08:00—-10:00), the amount of daylighting increas-
es slightly, but illuminance produced by daylight-
ing increasesr significantly between (10:00—13:00).

The level of illuminance at zone 1 is taken be-
tween (8:00—10:00). The low amount of daylighting
increases the need for artificial light sources. A de-
lay is added to the system due to the negative effects
of sudden illuminance changes on eye health, thus
the total illuminance level increases up to 590 Ix.
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Daylighting has a higher impact on zone 2, and the
need for artificial lighting has decreased. The third
zone is the area that makes the most use of daylight-
ing, since it is located next to the window. The need
for artificial lighting is minimal. The required artifi-
cial lighting decreases with increasing daylighting.
It is seen that the power consumption decreases ac-
cording to time by zones. By 09:05, the power con-
sumption in zone 3 was 0 W.

If LED luminaires are installed instead of exist-
ing 6 luminaires (4x18 W) with fluorescent lamps in
Industry 4.0 laboratory, the installed power capacity
decreases from 432 W to 210 W. Table 2 shows that
the energy consumption during the 8-hours working
hour decreased from 3456 W-h to 1680 W-h. Using
LED luminaires instead of luminaires with fluores-
cent lamps saved 48 % of energy.

In the proposed lighting control system, LED lu-
minaire is used instead of luminaires with fluores-
cent lamps, and the illuminance level of the outdoor
area is measured by a sensor and LED luminaires
are turn on as necessary. It is experimentally shown
that the desired illuminance level for each zone is
realized due to the maximum use of daylighting.
The electrical energy consumed by the lighting sys-
tem during the day is measured and given in Ta-
ble 2. The percentage of energy efficiency may vary
depending on parameters such as weather condi-
tions, seasons, glass pollution. The Table shows that
the target lighting system provides (33-83) % ener-
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Table 1. DIM Voltages to Be Applied to Obtain Required Artificial Lighting in Industry 4.0 Laboratory

Dayliziting range (kix) The amoun: l:)ef Zdoa:elig(lll;i)ng affecting The amountigftﬁztizf‘i)fli:sl gglting needed
1 zone 2 zone 3 zone 1 zone 2 zone 3 zone

0-0.2 0 0 0 500 500 500

0.2-0.9 8 15 50 492 485 450

0.9-1.9 31 55 141 469 445 359

1.9-2.9 39 75 220 461 425 280

2.9-3.9 66 124 310 434 376 190

3.94.8 80 151 353 420 349 147
4.8-5.7 125 236 499 375 264 1
5.7-6.9 140 271 602 360 229 0
6.9-8.8 165 295 850 335 205 0
8.8-9.7 171 308 974 329 192 0
9.7-10.9 183 328 1136 317 172 0
10.9-11.9 197 357 1220 303 143 0
11.9-19.0 298 519 1410 202 0 0
19.0-55.4 310 535 1500 190 0 0
55.4-69.7 325 597 1623 175 0 0
69.7-78.7 338 622 1652 162 0 0
78.7-83.7 383 710 1826 117 0 0
83.7-100.0 444 820 1948 56 0 0
100.0-120.0 490 944 2183 10 0 0

gy efficiency in the zones and 59 % energy efficien-
Cy on average.

Depending on the results of the study conducted
in the Industry 4.0 laboratory, the installed power
of the workspaces consisting of 10 laboratories and
offices in the building, the amount of energy spent
on an 8 hours shift, and the effect of daylighting
on the regions are determined. Table 3 shows op-
erating and percentage values of the installed pow-
er in the workspaces with daylight, the amount of
consumption from 09:00 hours to 17:00 hours, the
contribution of daylighting. 79 pieces of the exist-
ing luminaires (4x18 W) with T8 fluorescent lamps
are used, and the installed power is 5688 W. If the
luminaires are continuously active and on/off con-
trolled for 8 hours shift, then the consumed energy
is 45504 W-h.

The power and energy consumption values are
determined in case of replacing 79 existing lu-
minaires in all work environments with built-in
panel LED luminaires ((600x600) mm Ledova
PL1400125 Olea, 35 W), used in Industry 4.0 labo-
ratory and controlling the luminous flux depending
on the daylighting received from a single sensor. If

the LED luminaires are operated in on/off mode, the
consumption in 8 hours will be 22120 W-h, and the
energy consumption through daylighting control is
decreased to 13228 W-h.

4. COST ANALYSIS

The system is designed for 10 independent zones
used in central laboratories and student affairs build-
ing and can be used to improve energy efficiency by
lighting control. In the study, there was no control
system work for corridors, storage areas, archives,
and toilets. Cost analysis is performed for the areas
where the daylighting control system is installed.
There is a total of 79 luminaires (4x18 W) with flu-
orescent lamps in the controlled areas.

In conventional lighting systems, luminaires are
controlled by using on/off switches. In the case of
illuminance of laboratories using different lighting
methods, the required expenditures are shown in
Table 4. The installation cost for lighting the spac-
es requiring control in our building by convention-
al methods is 3884 $. LED luminaires are used in
conventional daylight-based lighting systems, and
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Table 2. Comparison of Daylight-Controlled Lighting System Designed with on/off Control

1 zone 2 zone 3 zone Total
Energy Energy Energy Energy
consumption consumption consumption consumption
(W-h) (W-h) (W-h) (W-h)
On/off controlled consumption 1152 1152 1152 3456
(fluorescent)
On/off controlled consumption (LED) 560 560 560 1680
Day.hgllltlng control for LED 375 218 95 688
luminaires
Comparison of on/off controlled ex-
isting lighting installation and on/off 48 % 48 % 48 % 48 %
controlled LED lighting installation
Comparison of on/off controlled LED
lighting installation and daylighting 33% 61 % 83 % 59 %
control LED lighting installation
Table 3. The Effect of Daylighting on Workspaces
5 E _ o 5% | Sew| =& £E
@« 5 @ =] =
£ 2 25 | 28 |55 | E=: | Exf | £8%
5§ So| 225 | TEg |PEET| SE5 | EEE | S w2
59 22 | E5& | DEE |2552| £5S | 25 | 252
cE s | SE2° | 2E |=Ez27| E£8 | £E5:2 | =58
£ £ o & sH S8 SSN =S
=] — O (©)] S Q 35 _g
Materials laboratory 1000 9000 560 4000 70 % 2500 26.1
Casting laboratory 864 6912 420 3360 63 % 2128 28.4
Electric Engine laboratory 864 6912 420 3360 63 % 2128 31.4
Industry 4.0 laboratory 432 3456 210 1680 60 % 1008 3.1
Robotics laboratory 432 3456 210 1680 64 % 1087 23.4
Academic staff room 432 3456 210 1680 56 % 936 26.7
Student affairs main office 168 4032 245 1960 61 % 1196 26.5
Documentation office 432 3456 210 1680 40 % 663 17.6
Management office 288 2304 140 1120 80 % 896 44.8
Support office 288 2304 140 1120 22.5% 252 12.6
Total 5688 45504 2765 22120 59 % 13228

Note to Table 3: The lighting energy numerical indicator (LENT) method provides an alternative way of calculating the lighting en-
ergy performance of a building. Whereas each luminaire is usually assessed for its energy efficiency (for example a luminaire with
no controls should have a minimum efficiency of 60 luminaire lumens per circuit watt), the LENI method calculates the actual en-
ergy used in kW-h per square meter per year. This figure is then assessed against a maximum benchmark value depending on the

illuminance (Ix) required within a room.

there is a sensor that measures the illuminance lev-
el in every workspace or under each luminaire. The
use of a controller is mandatory for processing sen-
sor information and driving luminaires. The control-
ler also provides data monitoring and remote access
to the system. Using an energy analyser to mea-
sure site data enables the measurement of energy
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savings. Luminaires must be suitable for DIM op-
eration. LED luminaires are appropriate for con-
trol structure. The system must have a sensor that
can measure the illuminance level of 10 closed ar-
eas, and a control structure that can drive 26 zone
luminaires. In the case of lighting zones with con-
ventional daylight-based lighting system, the cost
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Table 4. Cost Analysis Table
yomonthine | OneMIENSE | gl bued | b ghing

ighting system system

1 | Luminaries 2756 $ 3635 % 9042 $ 9042 $
2 | Sensors and detectors - - 4500 $ 450 $

3 | Controller and components - - 5350 $ 4919 §
4 | Cabling infrastructure 615$ 615$ 1285 $ 1117 $
5 | Installation work 513 % 513 $ 1010 $ 945 $

Total 4763 $ 21187 $ 16473 $

of installation is 21187 $. Unlike conventional day-
light-based lighting system, the proposed system
uses a single sensor. Using a single sensor saves the
inputs of the controller. The proposed single-sensor
daylight-based control system has an installation
cost of 16473 $.

According to the 2019 tariff applied in schools
in Turkey, the cost of 1 kW-h of electricity reflected
to the consumer is 14.89 C [29]. If the LED lumi-
naire is used instead of the luminaire with T8 fluo-
rescent lamps, an added 879 $ will be added to the
installation cost. In case of using LED luminaire in-
stead of the luminaire with fluorescent lamps, the
excess cost can be compensated within 1 year. If
a conventional (sensor in each working area) day-
light-based lighting system is installed instead of a
luminaire with T8 fluorescent lamps, an added in-
vestment of 17303 $ is required.

5. CONCLUSION

A single sensor and open-loop control system is
created as an alternative to conventional daylighting
control systems. Daylighting illuminance levels are
measured depending on daylight in indoors spaces
where control system will be applied. Daylight fac-
tors of these spaces are determined accordingly. The
experimental system has been installed in the Indus-
try 4.0 laboratory. Existing luminaires are replaced
with DIM controlled LED luminaires, and their op-
erating performance is examined depending on/off
operating mode and daylighting. The performance
of current conventional luminaires, LED luminaires
and daylight-controlled LED luminaires are com-
pared. When the LED luminaires are operated in on/
off mode, it is found that they are 48 % more effi-
cient than conventional lighting systems. Daylight-
ing value is measured with a single sensor placed
outdoors, and the luminaires are dimmed depending

on daylighting. Empirically, 59 % energy savings
are achieved. The cost analysis is performed and
compared with the current conventional lighting
if the system is installed throughout the building.
It is seen that the start-up costs of current conven-
tional lighting systems are lower than the daylight-
ing control systems; however, a single-sensor open-
loop controlled daylighting control system achieved
high energy efficiency. Despite its high cost, day-
light-controlled lighting systems support a fixed il-
luminance level at low daylighting values and sup-
ply lighting comfort for users. Since the aim of the
study is energy efficiency, shading studies have not
been conducted in cases where the daylighting val-
ue is high. It has been found that the payback pe-
riod can be reduced by 5 years with the proposed
system compared to conventional daylighting con-
trol systems. Also, the proposed system supplies ad-
vantages such as 59 % energy savings, instant data
monitoring of system current, voltage, power, and
illuminance, as well as remote intervention.
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ABSTRACT

This paper examines the characteristics of LED
filament lamps from various manufacturers: LLC “
Lisma “(Russia), an American company with pro-
duction in China “ GENERAL LIGHTING CO.
LTD”, a joint Chinese-Russian company “ Uniel
“and Taiwan company” Smartbuy “ in the A60
bulb — the time of stabilization of characteristics,
luminous flux, colour temperature, colour render-
ing index, flicker index, radiation spectrum during
6000 hours of burning. The research was carried out
on the Gooch&Housego measuring system. The re-
sults of experimental studies that showed that the
clear leader in the test results is the lamp SDF-8
(LISMA), according to GOST of all tested samples
of led filament lamps, it can be recommended for
lighting in lighting devices for household lighting.

Keywords: luminous flux, luminous efficacy,
colour temperature, colour rendering index, ra-
diation spectrum, luminous intensity distribution
curves (LIDCs), lighting, stabilization time, house-
hold premises

1. INTRODUCTION

LED lamps are considered the most energy-ef-
ficient, reliable and promising light sources (LS)
nowadays. There is a wide range of these LSs on
the market, including filament LED lamps (FLED),
which allow these products to select rationally with
consideration of their purpose and major character-
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istics [1-6]. The purpose of this work is to compare
light and engineering characteristics of FLED lamps
for household applications in order to increase ra-
tionality of selection of these LSs primarily for re-
placement of incandescent lamps.

2. THE STUDY OF CHARACTERISTICS
OF FLED LAMPS WITH 460 BULBS

For the comparative study, FLED lamps man-
ufactured by Lisma LLC (Russia), the American
company with PRC-based production facilities
General Lighting Co., Ltd, the joint Chinese and
Russian company Uniel and the Taiwan company
Smartbuy were selected. The power of the studied
lamps was equal to 5,8 W and 10 W, the bulb type
was A60, the cap type was E27.

The studies were conducted in the Light En-
gineering Metrology laboratory (Electronics and
Light Engineering Institute of the N.P. Ogarev Mor-
dovia State University) using the measurement sys-
tem by Gooch & Housego consisting of the OL
157600 photometer sphere with diameter of about
2 m, the OL 770 VIS/NIR spectroradiometer, the
OL410-200 PRESISION LAMP SOURCE DC sup-
ply unit (for supply of an auxiliary lamp), fasteners
for lamps and a PC [7].

Stabilisation time of the compared characteris-
tics of the FLED lamps was defined. For GLDEN-
A60S-10-230-E27-2700 (General Lighting Co.,
Ltd) and SDF-8 (LISMA) it was equal to 5 min, for
SKY-A60—8-30K-E27 lamps (Uniel) it was equal
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Fig. 1. LIDCs of the
lamps:
a: SDF-A60-8—

27K-E27 (Lisma); b:
GLDEN-A60S-10-
230-E27-2700
(General Lighting)

Fig. 2. LIDCs of the
lamps:
a: SBL-AG60F-5—

to 7 min, and for SBL-A60F-5—30K-E27 (Smartbuy)
it was equal to 4 min.

Lamp parameters were measured by means of
the photometer sphere in accordance with stan-
dards [8, 9]. Light flickering level was measured
by means of a TKA-PKM 08 illuminance and flick-
er meter that measures flicker index k¢ in the (380—
760) nm spectral region.

Table 1 summarises the results of measure-
ments of characteristics of the studied lamp sam-
ples and the values of the characteristics declared
by manufacturers.

The analysis of the results showed that the mea-
sured values of luminous flux @, for lamps man-
ufactured by Lisma LLC (780 Im) and General
Lighting Co., Ltd (890 lm) correspond to the de-
clared values (770 Im and 870 Im respectively) and
are significantly lower (655 Im and 355 lm) than
the declared values (800 Im and 480 Im respective-
ly) in lamps manufactured by Uniel and Smartbuy.
The measured values of correlated colour tempera-
ture 7, and general colour rendering index R, of all
lamps correspond to the declared ones. Only pow-
er of the lamp by LISMA was approximately equal
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30K-E27 (Smartbuy);
b: SKY-A60-8—
30K-E27 (Uniel)

to the declared value while it was less than the de-
clared value for the other lamps by 30 %. Actu-
al power value of the lamp GLDEN-10 (Gener-
al Lighting Co., Ltd) which is less by 30 % does
not affect the level of @,: it corresponds to the de-
clared one; reduction of power by 32.5 % in lamps
by Smartbuy led to reduction of @, by 18.1 % and
reduction of power by 35.6 % for lamps by Uniel
led to reduction of @, by 26 %. Luminous effica-
cy #, of all studied lamps turned out to exceed the
declared values. k¢ of the lamps by LISMA LLC
and by General Lighting Co., Ltd turned out to be
much less than the declared values (0.2 %); it was
within the specification limits in the lamp SKY-8
(Uniel) and equalled at least 35 % in the lamp
SBL-5 (Smartbuy).

Radiation spectra of the lamps were studied
by means of the OL 770VIS/NIR spectroradiom-
eter. Radiation spectra of FLED lamps are con-
tinuous, it occupies the entire visible region and
its peak wavelength lies within the yellow-orange
part of the spectrum providing warm white light
of the lamps. Based on CIE (Commission Interna-
tional d’Eclairage) 1931 standard colorimetric sys-
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Fig. 3. LIDCs of the B230—40 incandescent lamp
(with A60 bulb)

tem, chromaticity coordinates of the lamp SDF-8
(LISMA) are (0.4558, 0.4104), which corresponds
to T, of 2,700 K; the chromaticity coordinates of
the lamp SKY-460-8—30K-E27 (Uniel) are equal
to (0.4338, 0.4009), which corresponds to 7, of
3,000 K.

Using the goniophotometer set GO 20004 (Ever-
fine), LDCs of the studied lamps were registered
(Figs. 1 and 2). The figures show that the shapes of
LIDCs are primarily sine [10]; maximum luminous
intensity of SDF-A60-8-27K-E27 is equal to 87
cd, maximum luminous intensity of SBL-A460F-5—
30K-E27 is equal to 35 c¢d, maximum luminous in-
tensity of GLDEN-A60S-10-230-E27-2700 is 84
cd and that of the lamp SKY-460-8-30K-E27 is §3
cd. As a comparison, Fig. 3 shows LIDC of a B230—
40 incandescent lamp (with 460 bulb) [11]. As we
can see, LIDCs of FLED lamps are merely different
from LIDC of an incandescent lamp.

Table 2 summarises the results of measurements
of the characteristics of FLED lamps after 1,000,
2,000, 3,000, 4,000 and 6,000 hours of continuous
work and the results of calculation of the luminous
flux retention factor of the lamps after n hours of
work (L) using the formula from standard [8]:

L=(®,,/®,,)-100, %,

where @, , is the initial @,, @, is the @, after
n hours of work. The lamp GLDEN-A60S-10—
230-E27-2700 (General Lighting Co., Ltd) was out
of service after 3,466 hours of work.

Fig. 4 shows the graphs of changes in @, of the
lamps in the course of continuous work.

Standard [8] sets 5 categories based on L: A, B,
C, D and E and each of them is characterised by re-
duction of nominal @, by 10 % as compared to a
previous category, with @, , at 0 hours.
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Fig. 4. Reduction dynamics of luminous flux of the com-
pared lamps

Based on the results of the tests, after 6000 hours
of operation, the lamp SDF-8 (LISMA) may be
categorised as A-category, the lamp SKY-460-8—
30K-E27 (Uniel) may be categorised as B-catego-
ry, and the lamp SBL-A60F-5-30K-E27 (Smartbuy)
may be also categorised as A-category, however, its
k¢ 1s too high.

3. ANALYSIS OF THE RESULTS
OF LAMP CHARACTERISTICS
COMPARISON

As a result of the studies of the lamps conducted
in the course of 6,000 h of continuous operation, the
following conclusions may be drawn:

— SDF-8 lamp (Lisma) has the highest L (90 %)
and the least kg

— SBL-AG60F-5-30K-E27 lamp (Smartbuy) has
L =87.3 % and the highest k; which exceeds the ac-
ceptable value by 7 times and more;

— L of SKY-A60-8—30K-E27 lamp (Uniel) is
equal to 79.4 % and k; does not exceed the stan-
dardised value;

— T, of all lamps virtually did not change (with
consideration of acceptable errors).

As noted above, the lamp GLDEN-A60S-10—-
230-E27-2700 (General Lighting Co., Ltd) was
broken after 3466 hours of operation, its L was
equal to 79.6 % after 3000 hours of operation and
k¢ did not exceed the standardised value. As a re-
sult, this FLED lamp cannot be recommended for
lighting of living premises due to low service life
and L. According to standard [8], it may be catego-
rised as C.

SDF-8 (LISMA) is the only lamp which may be
categorised as A4 as per standard [8] and it may be
recommended for application in household lighting
devices.
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Table 1. Parameters of the Lamp Samples

SDF-8 GLDEN-A60S-10- |y 460 8 30K-E27 | SBL-AGOF-5-30K-E27
Lamp type ALt 230-E27-2700 (Uniel) (Smartbuy)
(General Lighting) b/
declared | measured | declared | measured | declared | measured | declared | measured
Parameters
values values values values values values values values
D, Im 780 770 890 870 800 655 480 355
Tep, K 2,700 2,736 2,700 2,717 3,000 2,991 3,000 2,946
R, > 80 85 > 80 85 > 80 83 > 80 81
Power, W 8.0 7.6 10.0 7.0 8.0 5.4 5.0 3.22
7y, IM/W 97.5 101.3 89.0 124.2 100.0 121.0 96.0 110.0
ke,% <1 0.2 <5 0.2 <5 3.5 <5 35
Table 2. Time Behaviour of Lamp Parameters
Operation duration, h
Lamp type Parameters
0.25 1,000 2,000 3,000 4,000 6,000
@,, Im 770 746 722 705 700 693
SDF-8 ke, % 5 0.5 0.5 2 0 0.5
(Lisma)
L% 96.9 93.8 91.6 90.9 90.0
GLDEN-460S-10— (DV, Im 844 771 702 672
230-E27-2700 ke, % 5 0.2 2 3.5
(General Lighting) L% 91.4 83.2 79.6
@,, Im 655 605 579 554 529 520
SKY-460-8-30K-E27 N
(Uniel) ke,% 5 35 35 0.5 0
L% 92.4 88.4 84.6 80.8 79.4
@,, Im 355 343 332 319 315 310
SBL-A60F-5-30K-E27 N
(Smartbuy) ke,% 5 35 35 30 25.5 26
L% 96.6 93.5 89.9 88.7 87.3
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ABSTRACT

Through the examples of global architecture, art
and design schools of the 20th and 21st centuries,
the authors conduct historical and comparative anal-
yses of the methods of studying form-making ele-
ments of composition as a method of development
of visual thinking of students. The article discusses
applicability and efficiency of integration of a pro-
paedeutic course on primary elements of composi-
tion in the Light Modelling Principles and Methods
discipline (Lighting Design specialisation, ITMO
University), describes the methodological basis of
the discipline.

Keywords: lighting design, visual (figurative)
thinking, primary elements of composition, light
modelling, perception

1. INTRODUCTION

Nowadays, the profession of a designer is trendy
and prestigious. This is evidenced by increase in the
number of search queries on quick (from two weeks
to several months) design training courses. Such de-
sign courses are mainly oriented on training techni-
cal tools, i.e. various graphics and visualising soft-
ware, which is definitely important for professionals
to know. However, it has long been known that de-
sign is directly associated with the functional side
of the physical world and constructing of forms; it
is primarily art, which solves aesthetic and artistic
problems while creating new forms. Therefore, one
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of the main tasks of design art is to create a “vision”,
i.e. a reflection of sensory perception of things and
phenomena as well as to design it for a spectator.
“The artist is the hand through which the medium of
different keys causes the human soul to vibrate”, as
Wassily Kandinsky wrote in his canonical book “On
the Spiritual in Art” [1], where “the key” naturally
represents the interaction between geometric forms
and light affecting a spectator’s perception. In order
to create a vision in design, specific level of devel-
opment of visual thinking and understanding of per-
ception patterns are required and should be formed
in future specialists.

L.G. Medvedev formulated a definition of visu-
al thinking that is similar to ours noting that “Visu-
al thinking is a dynamic process consisting of sens-
es, perception, concepts, insights, imagination: it is
a capability of human conscience to reflect the re-
ality in a visual form” [2, 3, 4]. Its main function
is to create visions and operate them while solving
problems. One of the stages of development of visu-
al thinking of a future designer is learning of a uni-
versal set of design methods and artistic expression
means. This article describes practicability and ef-
ficiency of the method of studying of formal com-
position, one of the main tools of development of
visual thinking in lighting designer training. The
methodology is analysed on the basis of practical
experience of visual thinking training of the first-
year Master’s degree students of the ITMO Univer-
sity Lighting Design programme as part of the Light
Modelling Principles and Methods discipline.
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Table. Key Elements, Objectives and Principles of Propaedeutic Methodologies
of Bauhaus and VKHUTEMAS

Bauhaus

VKHUTEMAS

Elements of visual language

Line, point, spot, plane, volume,
space

Line, spot, plane, volume, space

Objective of the course

Development of compositional
and artistic thinking, formation
of creative freedom including the
sensory and emotional component

Training students in the language of plas-
tic forms, patterns of form and colour
making

Basic principles and approach-
es to training in the propaedeu-
tic course

Comprehensive learning of ele-
ments of visual language related
to programmes of further themat-
ic workshops (sculpture, theatre

The method was designed as a creative
concept of rationalism form-making with
‘elements of architecture’, from abstract
to specific ones, being the basis of compo-
sition Modelling as a step of design. Divi-

etc.)

sion of plastic culture into separate disci-
plines used for training separate elements
of visual language

Basis of the pedagogical system

(artistic movements) functionalism

Expressionism, abstractionism,

Rationalism, constructivism “objective
and formal method”

2. THE GENESIS OF FORMAL
COMPOSITION TRAINING
METHODOLOGY IN ARCHITECTURE
AND DESIGN EDUCATION

Just like in the 1920s, when first design schools
had been forming, nowadays professional education
in the fields of design and architecture is to a large
extent based on the principles of creative design that
had been formulated and practically implemented
by the two main schools: Bauhaus in Germany and
VKHUTEMAS (Higher Art and Technical Studios)
in Russia. In order to understand the dynamics of
the goals of formal composition and primary ele-
ments studying, we should address the origins, since
it is Bauhaus and VKHUTEMAS that created and
applied these methods as propaedeutic disciplines.
The main elements, goals and principles of propae-
deutic methodologies of Bauhaus and VKHUTE-
MAS are summarised in the Table.

It is commonly believed that the German Bau-
haus appeared due to changes of social and cultur-
al conditions and social and political structure in
the early 20th century. The new human attitude to-
wards the world expressed in the art by avant-gar-
de artists could not but influence the system of artis-
tic education itself. The new training methods were
originally proposed by J. Itten, a future lecturer of
the school, in 1918 and then were integrated in the
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Bauhaus school education programme as part of the
propaedeutic course.

W. Kandinsky, one of the ideologists and cre-
ators of the contemporary form-making theory, also
played a special part in the history of creation of
the Bauhaus propaedeutic course. Being an artist
and an art theorist, W. Kandinsky created his own
course which was based on scientific achievements
of contemporary mathematics, psychology, phys-
iology and other disciplines in order to create the
‘Science of Art’ (Kunstwissenschaft). His first step
was to create a specific language of primary com-
position elements which allows people to talk about
the inner emotional and spiritual meaning of a work
of art, to form a spectator’s perception correspond-
ing to an artist’s idea. He described this language
in his book “Point and Line to Plane” [5]. This lan-
guage consisting of several primary elements, “let-
ters” (points, lines and planes), is analysed using
the properties of these primary elements and their
changes in the course of interaction in a composi-
tion. W. Kandinsky believed that the training meth-
odology should be based on training to interpret pri-
mary elements of art and to use them.

At the same time in VKHUTEMAS, where its
own art ideology had been forming, the training
methodology was mainly based on the students
completing research tasks using primary elements
of composition as well as studying their proper-
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ties and qualities. N.A. Ladovsky was the first in
VKHUTEMAS to raise the question of necessity
to research the psychology of human perception of
architectural and artistic forms [6]. He also estab-
lished a research laboratory where objective pat-
terns of psychological and physiological perception
of physical environment were experimentally stud-
ied. At the same time, thanks to N.A. Ladovsky,
separate formal primary elements have begun to be
studied in terms of their perception as part of spe-
cific composition combinations, which has definite-
ly enhanced the artistic pedagogics of the school as
well as has become a technique actively adopted by
co-thinkers.

The analysis of the experience of architecture
and design schools in their work with primary ele-
ments of the plastic language makes it clear that the
set of the primary elements remains unchanged. In
particular, the transformation involves the objec-
tives of the training courses regarding the search
for the language of formal composition which were
considered as the basis of creation of the theories
of spaces in the early 20th century. The situation
changed in the 1950s, when P. Ya. Galperin devel-
oped the theory of step-by-step formation of mental
efforts [7]. After acquiring the psychological and
pedagogic grounds, propaedeutic methods reach
the new educational level: they are re-oriented
from the result to the process, i.c. from creation
of a product (project) to the course of the cre-
ative process, development of visual thinking.
Departure from ready techniques, experimenting in
the course of creation common for the avant-garde
movement has logically led to necessity of “search
training” of new form-making patterns and mecha-
nisms of visual thinking.

Many of contemporary educational institu-
tions including architectural and design faculties of
such universities as Bauhaus-Universidad Weimar
(Germany), Illinois Institute of Technology (USA),
Iuav University of Venice (Italy), Yale University
(USA), MGUP (Moscow State University of Press)
and MArkhl (Moscow Architectural Institute) are
the successors of propaedeutic and creative tradi-
tions of VKHUTEMAS and Bauhaus. Develop-
ment of the methodologies leads to concretising of
form-making properties of compositions and their
detail interpretation in specific areas of design ac-
tivity; this article will specifically discuss the light-
ing design.
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3. FORM-MAKING AS A PROPAEDEUTIC
COURSE IN THE CONTEXT
OF LIGHTING DESIGN

Form-making gains a new interpretation in the
field of lighting design due to changes of require-
ments to the quality of lighting environment. The
principles of construction of an object image be-
come more complex; for instance, during interac-
tion between artificial light and a form and material,
an object’s light image appears which is qualitative-
ly different from its daylight image. The new re-
quirements led to changes in methods of form mak-
ing and a number of discoveries.

In 1971-1972, a team supervised by N.M. Gusev
and N.M. Shchepetkov conducted a search for vol-
umetric light modelling for the ensemble of the Ca-
thedral of Saint Demetrius and the Dormition Ca-
thedral in Vladimir [14]. The models were equipped
with small light sources with adjustable luminance
and power for modification of the structure of the
light composition of the ensemble.

In 1977, the Methodological Recommendations
on Design of Outdoor Architectural Lighting of
Buildings and Structures handbook was published
under supervision of G.V. Kamenskaya [8]. The
handbook describes the methodology of selection of
lighting and colour arrangement by means of mod-
elling. In order to form luminance distribution over
a building facade, a slide projection apparatus was
developed for planar modelling of lighting. Lumi-
nance and colour of some fragments of the image
were changed by means of a control board. The ap-
paratus allowed to find optimal variants of a light-
ing and colour arrangement of a building or struc-
ture which shall be implemented in situ.

In her study, A.G. Batova conducted labora-
tory lighting modelling using a 1:10-scale mod-
el of a wall of the Solovetsky Monastery [19]. In
the course of the experiment, optimal variants of
light and composition parameters were found (lu-
minance distribution and ranges of luminance con-
trasts). This work also studied the effect of artifi-
cial light on visual perception and interpretation of
architectonics.

These methods include search for patterns of
construction of a lighting composition of specific el-
ements of an object or an architectural composition
of an ensemble when changing the luminance ratio
in the field of view. The effect of lighting param-
eters on changes in perception of spatial arrange-
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ment gives a perspective of construction (recovery)
of perception of the form of its visible components
such as specific elements, building proportions and
tectonics under natural lighting.

There are no many methods utilising formal
properties of primary elements even in internation-
al practice; Aalborg University (Denmark) and Jef-
ferson University (USA) are among the universities
training such methods. Lighting design educational
programmes are mostly focused on studying natural
effects and materials (which are, in turn, also a fun-
damental element) [9,10,11,12].

In international practice (Hochschule Wismar
(Germany), Royal Institute of Technology (Swe-
den)), form making is mostly considered within the
framework of laboratory-based light modelling us-
ing architectural models.

In 1999, A.B. Matveev’s article Aesthetics of
Lighting was published. The author identified sev-
eral important methods of work with light and pri-
marily the necessity to find the limits for creation of
the ‘light language’: “...light acts as one of compo-
nents of the language by means of which the image
of an environment is recreated. Like any language
of a work of art, light and other expressive means
should be used in accordance with the patterns and
limitations natural for the language of this work”
[16]. This points out not only to necessity of find-
ing a language but also to understanding of “prop-
erties of this work of art”, i.e. properties of compo-
sition in lighting aesthetics. This methodology has
developed on the basis of architectural lighting prin-
ciples, where, defining boundary parameters of spe-
cific elements of a building (portico, pillar, entable-
ment, pediment, etc.), proportions of perception of
the composition of classic form-making architecture
were experimentally established [17].

In 2008, methods of space interpretation as a sit-
uation with specific environmental nature were de-
veloped in the Architectural Environment Design
sub-department of MArhkl. As part of the Spatial
Senses Pavilion task, the students, future architects
and spatial light characteristic designers, used for-
mal composition means when creating a model us-
ing the ‘cut and bend’ technique. The task aimed
at creating a small object for ‘increased sensing’
based on solutions of architects of the 20th cen-
tury, detail familiarisation with the principles of
spatial arrangement of architecture using works
of VKHUTEMAS and Bauhaus and some mas-
ters (F.L. Wright, Le Corbusier, T. Ando, S. Hall,
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Fig. 1. “Volume, Contrast, Colour”
(Student A. Dubinovskaya; Lighting Design Programme,
ITMO University, 2014)

Z. Hadid, etc.) as examples. Graphic analysis allows
students to learn various compositions means when
arranging the space and inspires them to create their
own design solutions [15].

In 2015, N.V. Bystryantseva defended her the-
sis at the same sub-department under supervision
of A.V. Efimov. This work suggested a method of
design search for interaction between parameters
of different types of lighting within the borders
of a visual plan or spatial area based on primary
means of light and composition construction, name-
ly points, lines, spots and their structure as well as
spectral and luminance characteristics taking in-
formation about urban environment into consider-
ation [14]. Such approach supplemented the design
with a new stage of search for form-making proper-
ties and light-composition interactions between ele-
ments inside spatial arrangement without reference
to their urban-planning composition. It means that,
while designing, an author uses not geometric pat-
terns for constructing a form but perceptive ones
which create visual and informational links using
W. Kandinsky’s ‘inner composition’ principle. The
‘inner composition’ principle seems to perfectly
demonstrate the grounds for creative visual design:
“life of exceptionally and perpetually artistic forms
and forms randomly thrown on canvas” [18]; work-
ing with an abstract composition, an author may de-
part from artistic forming of details and work with
the nature of form making (both the one existing in-
side an object after being put by an architect and the
new one under artificial light). This technique pro-
vides an author with a capability not to ‘look at a
picture from outside’ but ‘to whirl inside a picture,
to live inside it’ [18]. In the context of such problem
statement, not only interpretation of artistic proper-
ties of light-engineering and optical parameters but
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also change of attitude to urban architecture, its spa-
tial arrangement, renewal of perception of its se-
mantic meaning has become important. Definition
of formal composition properties allowed to ‘re-
set to zero’ the decorative value of architecture and
to work with basics of compositional arrangement
using stable artistic paradigms: the classic, modern
and post-modern ones [14].

This first step towards formation of a meta-lan-
guage in lighting design is being further developed
in the methodological course of the Lighting Design
programme. Since 2014, this method has been be-
ing tested by the Lighting Design programme em-
ployees of the ITMO University as part of Princi-
ples and Methods of Light Modelling discipline.
The methodology forms the basis of development
of visual thinking in design. This means that, in the
course of training, a lighting designer learns a set of
compositional form-making elements, their proper-
ties, ways of their interaction in which light is used
as the main material, Fig. 1. Being a tool, which is
capable ‘to create many different values of the same
item via its light image, light form’, [16], light, in
turn, may supplement the methodology of the work
with primary elements. A number of methodological
approaches was tested in this course.

The first stage of testing of light modelling meth-
ods included the following tasks:

— Analysis of form-making principles (classic,
modern, post-modern), their recognition and de-
struction or identification of the patterns of their
light composition (picture, model, photo);

— Analysis of form-making principles of classic
composition (plane, volume, space) and their inter-

MODELS OF SPATIAL SENSES PAVILION
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Fig. 2. Models of the
spatial senses pavilion,
MARKHI, 2008

action with natural light at different daily changes
and cloudiness (contrast, nuance, incidence angle),
recreation of these effects when arranging a lighting
environment (picture, model, photo);

— Analysis of interaction between form-making
principles of space composition and their interac-
tion with lighting techniques (recreation of effects
in a model).

Analysis of an architect’s own method (Tad-
ao Ando, Le Corbusier, Kenzd Tange, Steve Hall,
etc.), formation of a spatial senses pavilion (a pa-
vilion where different light and space compositions
are used to submerge people in specific emotional
states and people acquire new experience of interac-
tion with space) using this author’s method (based
on early practice of MArkhl: picture, model, pho-
to), Fig. 2.

This methodology allowed us to formulate prac-
tical knowledge of the patterns of light composi-
tion construction in architectural lighting, namely
to understand: the effect of incidence angle, lumi-
nance and lighting techniques on perception of the
form of an object; distinctions and differences of ar-
tificial and natural lighting; interaction between an
object’s colour range and spectral characteristics of
light sources. However, utilisation of specific exist-
ing lighting techniques, approach to visual forms of
buildings in models and insufficient freedom to cre-
ate optical effects have limited a capability to devel-
op research experience and creative intuition of stu-
dents. The scale of perception of a solution designed
as a model did not allow us to gain specific practical
experience for its utilisation in actual design.
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Fig. 3. Paper plastics (Student A. Bondar; Lighting Design
Programme, ITMO University, 2015)

Fig. 5. A photo portrait (Student E. Smirnova; Lighting
Design Programme, ITMO University, 2015)

The second stage of testing was based on ear-
ly practice of paper form making adopted in GHPA
(Saint Petersburg Stieglitz State Academy of Art
and Design). Its main principles are: departure from
formal composition, work with “natural images
(sunset, noon, fog, light spots), abstract volumetric
and spatial construction of paper (analysis of: Ka-
zimir Malevich — philosophical grounds of special
interpretation of a plane in artistic space; Vladimir
Tatlin — form beyond a flat canvas; Alexandr Rod-
chenko’s paper plastics — volume interpretation of
artistic space; V.F. Koleychuk — typology of con-
structive methods of plane transformation, Fig. 3.
B.N. Rachmaninov’s paper plastics course (“By
squeezing paper you unchain your mind”) plays a
special role.

The work in accordance with this methodology
includes:

— Formation of experience of interaction be-
tween a form and light and understanding of dis-
tinctions of light distribution over different shapes
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Fig. 4. Vision of an object (Student A. Gafurov; Lighting
Design Programme, ITMO University, 2015)
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Fig. 6. A photo portrait (Student I. Domashkevich; Lighting
Design Programme, ITMO University, 2015)

(round and rigid), design of a clear-obscure by the
form of canvas itself (model, photo);

— Learning and formation of optical properties
of light, understanding of a material via properties
of paper (self-glowing, reflected, direct light), spec-
tral characteristics and colour of light (experiments
with scale models, results are shown using photos);

— Learning of primary elements of formal com-
position on a plane;

Fig. 7. External volume and Artificial lighting
(Student A. Khvatova; Lighting Design Programme, ITMO
University, 2018)
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Fig. 8. Classics. Modernism and Postmodernism (Student L. Angelova; Lighting Design Programme, ITMO University, 2018)

— Learning of techniques: proportioning (fifth
portions, module) and proportion of volumes in a
planar and spatial composition, colour and graph-
ic coding of information, learning of form-making
principles (statics and dynamics, rhythm (chang-
ing repetition) and metre (repetition without chang-
es), etc.);

— Experimental learning of capabilities of differ-
ent materials, learning of composition patterns in
the format of experiments, learning of techniques:
scale, work with light and form, the effect of light
graphics on perception of a form, and experimen-
tal modelling and compositional breakdown (mod-
el, photo);

— Experimental learning of changes of light and
space, learning of techniques: contrast and nuance
lighting, silhouette, creation of dynamics in a frame,
work with a shade form and an object image (mod-
el, photo), Fig. 4;

— Formation of experience of meaning transi-
tion on the border between illustration and sign,
transition from material and physical perception
to formal and visual perception, establishment of
conditions and factors exit from which always lies
within the area of simplification and archetypisa-
tion, learning of compositional techniques: silhou-
ette and background, large and small, contrast and
nuance, statics and dynamics, graphics and sense,
and understanding of distinctions of perception of

natural light-and-dark structures (patterns) (mean-
ing transition), and also work with the concepts of
time, contrast, movement (graphics, model, photo),
Figs. 5, 6.

This methodology allowed students to form re-
search experience. In visual terms, students’ works
had broad nature, however, the experiments were
not naturally determined; there was a lack of re-
search and conclusions. It was necessary to reduce
the amount of effects and to increase accuracy of
used compositional techniques of natural changes
identification during light modelling.

The third stage included alignment of for-
mal composition with searching light modelling
(plane, volume, space), concretising and studying of
light-composition principles, studying of the effect
of different characteristics of luminous flow (point,
line, spot) on form-making properties of an envi-
ronment, search for an author’s artistic language,
Fig. 7. Methodological objectives of the course are
presented below.

* Learning of luminous flow modelling tech-
niques by means of optics, reflectors, limiters. Anal-
ysis of techniques of work with light at a model lev-
el (incidence angle, reflection angle, luminance,
spectre, natural patterns). Accumulation of a set of
modelling techniques.

* Analysis of interaction between artificial light-
ing and plastic techniques of form making (classic,

Fig. 9. The

spatial senses
pavilion (Student
Yu. Lyubakova;
Lighting Design
Programme, ITMO
University, 2016)
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SPOT

modern and postmodern) on a plane, in a volume
and in a space, Fig. 8. Works are divided into sep-
arate light-composition tasks (rhythm — metre, stat-
ics — dynamics, symmetry — asymmetry, contrast —
nuance, destruction — unification).

* Analysis of the effect of the sequence of per-
ceived fragments, establishment of visual and in-
formational links based on the principles of “inner
composition” (semiotics, time, space, model, re-
search and photo).

* Analysis and studying of authorial methods of
architects, lighting designers and designers in their
work with the spatial senses pavilion (presentation,
model, photo), Fig. 9.

* Prototyping and search for new forms of in-
teraction between light and various types of spac-
es, practical research of the effect of a light solution
on emotional reactions of people (model, photo,
research).

* Analysis and uncovering of patterns of percep-
tion of the received visual images by a user (social
questionnaire), Figs. 10, 11.

This method demonstrated high results in terms
of development of visual thinking of students, for-
mation of their own artistic language as well as ca-
pability to understand the mechanism of formation
of human psychological and physiological state by
the effect of light and to control this mechanism.

4. CONCLUSION

Both light as a tool and work with it have a num-
ber of specific distinctions related to its nature.

— Light modelling is a continuous process of ex-
perimental search. Continuous practical studying of
variability of light environment, unpredictable ef-
fects and nuances occurring in the course of works
with optical lenses, stencils, reflecting and scatter-
ing materials pre-determine appearing of an unique

DESTRUCTION
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58.1%

Fig. 10. The results
of the questionnaire
(Student M. Ivleva;
Lighting Design
Programme, ITMO
University, 2018)
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image and develop a lighting designer’s creative
intuition.

— The differences in the nature of light as a
tool are determined by its broader means of visu-
al expressivity. This is associated with the fact that
“keeping its conventional ‘applied’ function of one
of the artistic expressivity means, over the 20th cen-
tury, light had gradually acquired characteristics of
a self-consistent form of creativity in synthesis with
different types of art such as music, stage art, archi-
tecture, sculpture or, less frequently, with monu-
mental painting” [13].

— It is important that properties and interactions
between primary elements are studied not only us-
ing paint, marker pens, pencils but also using artis-
tic qualities of light, a tool of future project work.
Alongside with creation of an image in composi-
tion, the properties and nature of light are being
studied, an authorial methodology is being estab-
lished: students form their own “light language”, in-
dividual technique of work with light and its nature.

— The most significant distinction of light as an
instrument of creation of a formal composition is its
spatial and temporal value in the course of interac-
tion with a user. When we look at a light spot, we
understand that there is a light source somewhere,
we understand its intensity, the way it has passed
between the source and the object, we can see the
relation to a reflecting, absorbing or translucent sur-
face. When creating visual and informational links
within a light environment, we look at a series of
light spots but see an image possessing specific
information.

Capability to think with images, to construct re-
lations and to understand their effect on a person is a
basic category of formation of a lighting designer’s
professional mind-set. Moreover, compiling of a ba-
sic ‘dictionary’ of techniques for learning profes-
sional language of light is a methodological necessi-
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Composition techniques
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Fig. 11. Analysis of luminance and contrast (Student A. Khvatova; Lighting Design Programme, ITMO University, 2018)

ty when working with students having unequal level
of art education. This is caused by different profes-
sional and educational experience: from designers,
architects, actors to technical (laser opticians, engi-
neers, IT) and natural-science (chemists, physicists)
specialists. The question of differences between stu-
dents’ skills is important for many schools, which is
determined by inter-disciplinary nature of lighting
design as a subject of communication and coopera-
tion between specialists in many professional areas.

In our opinion, the gap between technical and ar-
tistic skills and knowledge of students educated in
different areas of science, art and design in the said
schools can be closed and the balance between them
can be found by integrating the disciplines studying
human perception of light that determine the hu-
man-oriented approach to projects. However, appli-
cation of the form-making methodology based on
utilisation of primary properties of composition and
artistic properties of light could significantly sup-
plement formation of professional mind-set of fu-
ture lighting designers, enhancement of their cre-
ative thinking and departure from template thinking.
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ABSTRACT

The research examined the changing of colour
difference by the control colours depending on the
choice of colour space when working with matrix
photo detector. The spectral characteristics of pho-
to detectors from different manufacturers notice-
ably differ from each other and from the addition
functions of the working RGB system. This can ex-
plain the difference in colour quality between dif-
ferent digital devices. A software method for study-
ing the colour rendition of the image obtained by
digital devices based on the selection of an indi-
vidual colour space for each matrix photo detector
is proposed. To analyze and evaluate the capabil-
ities of the spectral characteristics of matrix pho-
to detectors, the control colour method based on
the Mansell Atlas was used. The analysis of the ob-
tained parameters of 14 colours was carried out ac-
cording to various criteria for seven colour spaces:
sRGB, AdobeRGB, DCI-P3 RGB, MINI1P1, PAL /
SECAM, Wide Gamut RGB, ProPhoto RGB. Also
studied the influence of the choice of colour space
on the change in the coordinates of the source 6,500
K. Based on the colour differences of the control
colours, it is possible to choose the optimal colour
space for working with a specific matrix photo de-
tector. The latter will reduce colour distortion at the
initial stage of image registration. The ways for im-
proving the colorimetric method of control colours
are proposed as applied to digital devices at the soft-
ware level.
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Keywords: colour, colour space, colour differ-
ence, digital device, matrix photo detector, RGB

1. INTRODUCTION

The matrix, or the multi-element matrix photo
detector (MPD), is one of the main electronic units
of digital registering devices. The quality of ob-
tained images depends on to a large extent of their
characteristics. The process of colour separation in
most image-capturing devices is conducted by MPD
itself. Colour separation systems have been con-
stantly developing, which requires large financial
and temporal expenses [1]. Digital devices for reg-
istration and reproduction of colour images use dif-
ferent colour spaces. The variety of these spaces is
related to capabilities of contemporary engineering.
For instance, ProPhoto RGB is developed with dig-
ital capturing of photo film, sRGB is based on capa-
bilities of reproducing systems, and AdobeRGB is
based on capabilities of colour printing. Equipment
manufacturers try to follow the established stan-
dards adjusting characteristics for correspondence
with them. For instance, digital cameras with dif-
ferent spectral characteristics of MPD mostly utilise
SRGB or AdobeRGB [2, 3] and colour distortions are
compensated by different correction software. In the
course of visualisation and printing of an input im-
age, additional colour distortions occur, therefore,
colour rendering in a ready picture becomes inade-
quate. That is why it is important to obtain the pri-
mary digital image which is “clean” to the maxi-
mum extent.
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Advanced users use a special format to have an
opportunity to select a colour space, RAW, which
contains parameters of each primary colour: R (red),
G (green) and B (blue) captured directly from the
MPD and either not interpolated, or not digitally fil-
tered. Then a user may set any colorimetric system
using different software. Usually, such colour pro-
files as Wide Gamut RGB and ProPhoto RGB are
selected because of their large colour gamut. How-
ever, sometimes application of a colour space with
lesser gamut may allow us to obtain better results,
which is mostly related to input colour data cap-
tured from MPD with different spectral characteris-
tics of major colours.

Every year, newer methods of processing, trans-
formation and improvement of images obtained by
digital devices which are just the final stage of pro-
cessing have been proposed [4-7]. All efforts of
manufacturers aim at improvement of optics and
software. At the same time, the effect of colour
space interaction with MPD characteristics is omit-
ted. Spectral characteristics of filters of camera co-
lour separation systems significantly differ both
from each other and from colour mixture curves of
the applied standard colorimetric system.

In short, researchers try to solve the problem of
colour distortions on a shallow level, without actu-
ally taking MPD characteristics into account.

The goal of this work was to study interaction
of colour spaces with different spectral characteris-
tics of MPD, and the objectives were to select and
analyse spectral characteristics of MPDs by well-
known manufacturers; to select and to describe co-
lour spaces; to develop the study methodology;
to analyse the obtained results; to formulate recom-
mendations on interaction between colour spaces
and spectral characteristics of PD.

2. THE PRESENTED MATRIX PHOTO
DETECTORS

MPDs by three manufacturers were selected as
study objects: Sony, Kodak and Agilent (Fig. 1) [3].
Their ideal spectral characteristics have smooth
dome shape with single maximums at operation-
al wavelength, 1. For instance, it is ideal when the
peak of the green channel spectral curve corresponds
to 4 =1555 nm.

The curves of the Sony MPD are rather smooth
and without secondary peaks. However, the peak
of the green channel is at A = 540 nm and the green
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and blue channel curves cover slightly larger spec-
tral areas. Transmission of blue and green shades of
colour is especially important for human, since it
is these shades that prevail in the environment (the
sky, reflection at water surface, leaves, grass, etc.).
The red channel curve corresponds to high transmit-
tance level and its peak is split in two.

When the Kodak MPD spectral characteristics
are analysed, secondary peaks of the red and blue
channels covering each other can be seen. Probably
such non-uniformities of the system are taken into
account by the manufacturers at the software level
and are somehow compensated. However, the origi-
nal curves will be processed in the study.

The spectral characteristics of the Agilent MPD
are similar to the previous ones. The curves of the
red and blue channels have “tails” covering non-op-
erating regions rather than secondary peaks. More-
over, the peaks of all curves are wide and not smooth,
and it worsens the operating properties of MPD and
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Fig. 1. Spectral characteristics of matrix photo detectors
Sony (a), Kodak (b) and Agilent (c)
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transmission of “clear” colours. These curves corre-
spond to low transmission as compared to the oth-
er MPDs, and since chromaticity of control samples
is taken into account hereinafter rather than their co-
lour, transmittance shall not affect the results.

This implied that the Sony MPD should have the
least colour distortions among the analysed ones. But
we will return to this assumption in the end of the
study, below.

3. THE STUDIED COLOUR SPACES

The contemporary colour spaces sRGB, Ado-
beRGB, DCI-P3 RGB, MINIPI1, PAL/SECAM, Wide
Gamut RGB, ProPhoto RGB [1, 2] with different co-
lour gamut [CG] were selected for the study. The
systems with reference white D65 were selected
mostly. Wide Gamut RGB and ProPhoto RGB are ex-
ceptions: they have the D50 colour and have no ana-
logues in terms of CG.

The sRGB system is developed as a standard for
web and multimedia applications. This and the fol-
lowing colour spaces are actually the main ones for
all digital image capturing devices.

The AdobeRGB space has increased colour gam-
ut as compared to sSRGB and is used for typographi-
cal and digital printing.

DCI-P3 RGB is the new colour space which im-
itates the colour palette of motion picture film. This
system was developed by the community of cinema
and TV engineers as a standard for digital cinemas.
The colour gamut of the new space is larger than that
of sSRGB and is smaller than that of Adobe RGB in
the green-yellow region and is larger than it in the
yellow-red region. Nowadays, the DCI-P3 RGB sys-
tem has been being introduced in smartphones and
tablets. But will it be able to compete well with the
previous two colour spaces?

The MINIPI system was developed by the au-
thor and studied both at the software level and ex-
perimentally [8, 9]. The system has showed good re-
sults according to all criteria but still has not been
compared to the leading colour spaces. MINIP] is
described as the colour space with maximum co-
lour gamut but minimal negative colour mixture
curves for better interaction with digital devices. The
MINIPI system has real main colours. When analys-
ing a standard light source (SLS) £ (with equi-energy
spectrum of radiation), correspondence of MINIPI
with the CIE1931 XYZ was proven. The shape of the
obtained spectral characteristics (curves) is better

than that of contemporary analogues and these char-
acteristics will allow us to minimise losses in colour
reproduction. Mathematical modelling and compar-
ison of theoretical and practical curves have given
satisfactory results.

The PAL/SECAM space is based on chromatici-
ties of colour-forming stimuli recommended by the
European video broadcasting standard. It is a stan-
dard of TV and video broadcasting systems.

The Wide Gamut RGB space has maximum pos-
sible colour gamut (78 %), clear main spectral co-
lours (4 of 700 nm, 525 nm and 450 nm) and D50
white point.

ProPhoto RGB almost completely covers the co-
lour gamut of human eye; it is developed for storage
of photos and images without losses of information
if colour gamut of the used colour space is insuffi-
cient. Green and blue are nonphysical. The white
point is D50.

The major colours of RGB systems are present-
ed in Fig. 2.

4. THE METHOD OF COLOUR
PARAMETERS CALCULATION

The tristimulus values of reference colours cal-
culation method is based on integral calculation of
colour values of an object illuminated by a light

Fig. 2. The studied colour spaces on the x, y colour space:
1 —MINIPI; 2 — Wide Gamut RGB; 3 — ProPhoto RGB;
4— AdobeRGB; 5 — DCI-P3 RGB; 6 — PAL/SECAM;

7 —sRGB
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source with specific spectrum registered by a MPD
with specific spectral characteristics and further
transformation into one of the colour spaces using
the formulas [10, 11].

770 _

R'= [ oS (Wr(Ay,dA,
A=#00
770

[ o)Ss(Men,dA,

A=#00

G!

770
B'= [ @(A)Sy(Db(A)n,dA,
A=4#00

where ¢ (1) is the spectral radiant flux; S,(41),
S;(A), Sp(A) are the spectral characteristics of
MPD; r(A), g(A), b(A) are the colour mixture
curves; 7y, 3(4) is the spectral luminance factor of
the reference samples.

In this case, the tristimulus values in the R, G,
B’ linear space will be obtained. To present the tri-
stimulus values in the required space, it is neces-
sary to transform them into a non-linear RGB space,
i.e. to take the y transformation, luminance transfor-
mation, etc. into account. If necessary, colorimetric
correction is also conducted. But these steps are not
made in this study since all values shall be present-
ed in the XYZ system.

Then the tristimulus values are transformed into
XYZ from RGB using the expression

X\ (X, X, X,\(R
Y|=|Y, Y, Y, |G|
z) \z, z, z, \B

where Xg, Xg, Xg, Yr> Y, YB> Zr> ZG, Zp are the
coefficients for recalculation for a specific RGB
system.

The recalculation coefficients were calculat-
ed in accordance with the method [10, p. 236—
247, 249-256]. For instance, for the PAL/SECAM
space, the coefficients were equal to 0.514, 0.265,
0.024, 0.324, 0.670, 0.123, 0.162, 0.065, and 0.853
respectively.

After transformation, the chromaticity coordi-
nates are found:

X
X=—";
X+Y+Z
Y
YoXiY+2Z

89

08 09

Fig. 3. Chromaticity coordinates of 14 colours from the
Munsell Atlas in the XYZ system: 1 — Sony,; 2 — Agilent;
3 — Kodak; 4—SLS D65, 5 — light source Agilent; 6 — light
source Kodak; 7 —light source Sony

The XYZ system is not a uniform chromaticity
system, therefore, for adequate comparison of the
obtained values with the theoretical data, the chro-
maticity coordinates shall be transformed into a
uniform chromaticity colorimetric system in which
colour difference threshold between two colours
shall be the same over the entire colour space. Ac-
cording to the CIE recommendations, one of the
large number of such systems may be selected:
CIEUVW, CIELUV, CIELAB, and CIECAM [12,
13]. However, they all are oriented on determina-
tion of colour change, and if a colour space is se-
lected based on MPD spectral characteristics, it is
more necessary to aim at adequacy of chromatici-
ty transmission. Many factors affect the tristimulus
values in a real digital system: the dynamic range,
the size of the sensitive surface, noises, etc. Colour
depends on brightness, while chromaticity is con-
stant. Therefore, in order to be capable to compare
the results of the mathematical study with the ex-
perimental results, it was decided to analyse co-
lour difference based on chromaticity by means
of the 1976 u’v’ uniform-chromaticity-scale dia-
gram, where, as opposed to the 1960 u, v diagram,
the yellow, orange and red chromaticities are more
balanced.

The ratio of chromaticity coordinates on the x, y
and u’, v’ colour diagrams is defined as
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Table 2. Set of Correction Filters

Sony MPD Ax Ay

SRGB 0.080 —-0.050
AdobeRGB 0.027 -0.019
DCI-P3 RGB 0.063 —0.034
PAL/SECAM 0.071 —0.048
MINIPI 0.011 —0.053
Wide gamut RGB 0.030 —0.045
ProPhoto RGB —0.004 -0.015

, 4x

T i r12y43
: 9y

V=
—-2x+12y+3

The change in chromaticity was defined as an
Euclidean distance in the uniform-chromatici-
ty-scale area along the shortest way between co-
lour points, i.e. the distance which is essentially the
length of a particular curved way between the corre-
sponding colour points in the CIE1931 space,

2 2
Ae,.,. = \/(u’p —u’T) +(v'p —v’T> ,
where u’,, v’, are the chromaticity coordinates ob-
tained in the course of interaction of spectral char-
acteristics of MPD with the colour space; u’,, v’, are
the chromaticity coordinates obtained in the XYZ
space without the effect of MPD.

A D65 SLS was selected as an emitter (CCT of
6,500 K) [14] with standardised radiation spectrum
close to that of daylight at noon.

Fourteen colours of the Munsell Atlas applied
for calculation of general colour rendering index
R, were selected as reference samples. Average val-

ues of colour difference Ae were analysed using the
groups of samples with medium saturation (from 1
to 8), higher saturation (9 to 12) and special sam-
ples: No. 13 (face skin) and No. 14 (foliage).

The entire algorithm of the calculation method
was implemented in MATLAB. Fig. 3 presents the
chromaticity coordinates of 14 reference colours for
the studied MPDs when using the sRGB space. An
example of output tristimulus values for the Sony
MPD and the sRGB space is summarised in Ta-
ble 1 where Ax, Ay and Au’, Av’are the differences
between chromaticity coordinates of the reference
samples calculated in the XYZ system without turn-
ing the MPD on and in the sRGB with turning the
MPD on transformed into XYZ by means of the re-
calculation coefficients. In accordance with GOST
[14], the values of chromaticity coordinates for SLS
should not exceed 0.01. For the Sony MPD, none of
the spaces meet this requirement to D65 SLS (Ta-
bles 2 and 3).

When calculating coordinates of the light source
in these spaces, it is necessary to conduct the y cor-
rection, as a result of which the colour will probably
correspond to the theory to maximum extent. For
SRGB, the y indicator is not uniform over the entire
space, which complicates such manipulation. Prob-
ably, this is the reason why white balance in digital
devices is based also on specific reference colours
and not on the source itself. As seen from Table 2,
the best result was obtained for ProPhoto RGB, and
the worst one was obtained for sRGB. As a result of
software calculation, the values of colour differenc-
es were obtained and their average values in par-
ticular groups of samples were found; they are pre-
sented in Tables 3-5.

Similar calculations and transformations were
conducted for the Kodak and Agilent MPD’s (Ta-

Table 3. Chromaticity Coordinates of Sony MPD

Colour Average value of Ae of different colour groups Ae

spaces Nos.1-14 | Nos.1-12 | Nos.1-8 Nos.9-12 | Nos.13and14 | ofLS
SRGB 0.0458 0.0509 0.0262 0.1002 0.0156 0.0862
AdobeRGB 0.0361 0.0410 0.0173 0.0886 0.0065 0.0278
DCI-P3 RGB 0.0400 0.0443 0.0227 0.0877 0.0138 0.0626
MINIPI 0.0325 0.0350 0.0176 0.0699 0.0177 0.0426
PAL/SECAM 0.0445 0.0496 0.0249 0.0991 0.0141 0.0776
Wide gamut RGB 0.0279 0.0304 0.0134 0.0643 0.0130 0.0466
ProPhoto RGB 0.0321 0.0367 0.0173 0.0757 0.0045 0.0095

Mean value 0.04 0.04 0.02 0.08 0.012 0.05
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Table 4. Chromaticity Coordinates of Kodak MPD
Colour Average value of Ae of different colour groups Ae

spaces Nos.1-14 | Nos. 1-12 Nos. 1-8 Nos. 9-12 Nos. 13 and 14 of LS
SRGB 0.0588 0.0650 0.0425 0.1099 0.0218 0.0366
AdobeRGB 0.0653 0.0691 0.0506 0.1059 0.0426 0.0570
DCI-P3 RGB 0.0622 0.0665 0.0492 0.1013 0.0361 0.0440
MINIPI 0.0614 0.0627 0.0492 0.0895 0.0541 0.0427
PAL/SECAM 0.0584 0.0644 0.0420 0.1091 0.0227 0.0346
Wide gamut RGB 0.0611 0.0627 0.0520 0.0840 0.0520 0.0460
ProPhoto RGB 0.0730 0.0752 0.0644 0.0967 0.0598 0.0743

Mean value 0.06 0.07 0.05 0.10 0.04 0.05

Table 5. Chromaticity Coordinates of Agilent MPD
Colour Average value of Ae of various colour groups Ae

spaces Nos.1-14 | Nos. 1-12 Nos. 1-8 Nos. 9-12 Nos. 13 and 14 of LS
SRGB 0.0557 0.0612 0.0368 0.1099 0.0232 0.0302
AdobeRGB 0.0653 0.0683 0.0489 0.1071 0.0473 0.0699
DCI-P3 RGB 0.0584 0.0621 0.0427 0.1010 0.0366 0.0493
MINIPI 0.0650 0.0655 0.0507 0.0950 0.0624 0.0606
PAL/SECAM 0.0558 0.0609 0.0367 0.1092 0.0254 0.0344
Wide gamut RGB 0.0616 0.0624 0.0500 0.0872 0.0569 0.0586
ProPhoto RGB 0.0780 0.0799 0.0678 0.1041 0.0664 0.0848

Mean value 0.06 0.07 0.05 0.10 0.05 0.06

ble 3-5). The Tables present average values for
the three main groups: Nos. 1-8, 9—12 and 13-14
as well as the average value for all colours and for
Nos. 1-12, and the best and the worst results of cal-
culations are marked.

5. ANALYSIS OF THE RESULTS

Analysis of the described MPDs and colour
spaces was conducted within the framework of this
study only.

For the Sony MPD, Wide Gamut RGB and Pro-
Photo RGB colour spaces turned out to be the best
(Table 3) and sRGB and PAL/SECAM turned out
to be the worst. Despite the fact that both the lat-
ter systems are rather close to each other in terms of
major colour coordinates, PAL/SECAM is still better
than sRGB. The other systems have shown the good
but not excellent results.

DCI-P3 RGB, MINIPI and Wide Gamut RGB
(Table 4) proved themselves as the best ones for the
Kodak MPD. These systems have good values in
several groups. ProPhoto RGB is the worst space

for application with this MPD despite its large co-
lour gamut. As could be expected, the worst results
were seen in the group with higher saturation. The
MPD has secondary maximums in different regions
of the spectre not allowing us to identify a “clear”
colour in the saturated shades. As a result, in Wide
Gamut RGB demonstrated the only good result in
terms of average saturation. Combined with the Ko-
dak MPD, the spaces sRGB and PAL/SECAM have
both advantages and disadvantages although these
spaces have the best light source values.

SRGB and PAL/SECAM may also be noted
for the Agilent MPD. AdobeRGB, DCI-P3 RGB,
MINIPI and Wide Gamut RGB (Table 5) have
demonstrated acceptable values and the ProPho-
to RGB space turned out to be the worst, since this
MPD, like the Kodak MPD, has spectral character-
istics with secondary maximums.

Therefore, the more secondary maximums has
MPD spectral characteristic curve, the less co-
lour gamut should be (with large negative branch-
es which probably compensate these secondary
maximums).
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Table 6. Average Chromaticity Values of MPDs

Value Aeuy Changes of Aeuy of the sample groups with
of the sample groups respect to the indicators of Wide Gamut RGB:
Colour space BAIED medium higher medium higher
. . Nos. 13 . . Nos. 13
saturation, | saturation, and 14 saturation, saturation, and 14
Nos. 1-8 Nos. 9-12 Nos 1-8 Nos. 9-12
Sony 0.0262 0.1002 0.0156 1.96 1.56 1.20
sSRGB Kodak 0.0425 0.1099 0.0218 3.17 1.71 1.68
Agilent 0.0368 0.1099 0.0232 2.75 1.71 1.78
Sony 0.0173 0.0886 0.0065 1.29 1.38 0.50
Adobe RGB Kodak 0.0506 0.1059 0.0426 3.78 1.65 3.28
Agilent 0.0489 0.1071 0.0473 3.65 1.67 3.64
Sony 0.0227 0.0877 0.0138 1.69 1.36 1.06
DCI-P3
RGB Kodak 0.0492 0.1013 0.0361 3.67 1.58 2.78
Agilent 0.0427 0.1010 0.0366 3.19 1.57 2.82
Sony 0.0176 0.0699 0.0177 1.31 1.09 1.36
MINIPI Kodak 0.0492 0.0895 0.0541 3.67 1.39 4.16
Agilent 0.0507 0.0950 0.0624 3.78 1.48 4.80
Sony 0.0249 0.0991 0.0141 1.86 1.54 1.08
PAL/
SECAM Kodak 0.0420 0.1091 0.0227 3.13 1.70 1.75
Agilent 0.0367 0.1092 0.0254 2.74 1.70 1.95
. Sony 0.0134 0.0643 0.0130 1 1 1
W’dg ggm”’ Kodak 0.0520 0.0840 | 0.0520 3.88 1.31 4.00
Agilent 0.0678 0.1041 0.0664 5.06 1.62 5.11
Sony 0.0173 0.0757 0.0045 1.29 1.18 0.35
P ’;g};‘)m Kodak 0.0644 0.0967 | 0.0598 4.81 1.50 4.60
Agilent 0.0678 0.1041 0.0664 5.06 1.62 5.11

It follows from Table 6 that the colour spaces
DCI-P3 RGB and MINI1PI may be identified as the
best ones since they do not have any issues and even
demonstrate some best results for all the MPD’s.
As opposed to that, the Sony MPD combined with
the Wide Gamut RGB colour space turned out to be
the best option since it has the least colour distor-
tions in all groups of the reference samples. Table 6
demonstrates by many times the colour differenc-
es of other MPDs combined with different colour
spaces exceed that of the Sony MPD combined with
Wide Gamut RGB. As we can see, Agilent MPD has
demonstrated the worst results. Generally, the Sony
MPD proved itself as the best detector (the best re-
sults in all indicators as compared to the other two),
and the colour spaces DCI-P3 RGB and MINIPI
proved themselves as the best colour spaces (with-
out issues). This means that the new colour system
DCI-P3 RGB may be highly competitive with sRGB

and AdobeRGB. And yet it is necessary to keep de-
veloping new colour spaces, since the MINIPI sys-
tem also demonstrated good results and a number of
advantages [9].

CONCLUSION

The colour spaces sRGB, AdobeRGB, DCI-P3
RGB, MINIPI1, PALISECAM, Wide Gamut RGB,
and ProPhoto RGB were studied on the basis of
spectral characteristics of the Sony, Agilent, Kodak
MPDs for digital systems. The shapes of spectral
characteristics of MPDs directly affect the results of
colour resolution. Larger colour gamut does not al-
ways demonstrate the best results, and many factors
depend on the MPD. However, as the study results
have shown the disadvantages of the MPD spec-
tral characteristic curves may be reduced by select-
ing a specific colour space. This may be foreseen
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by preliminary calculation of colour difference of
reference colours. But there are still no methods of
digital system evaluation at the software level. The
reference colour method is applicable more to the
transmitting colour systems. And colour scales and
profiling test objects are designed for digital regis-
tering devices, which is not applicable at the soft-
ware level.

The colorimetric method of separate colours
may be taken as the basis of the method. However:

— It is necessary to widen the list of reference
colours of (saturated) yellow, green and magenta,
since it is these shades which human sight system
reacts the most to accurate representation of as com-
pared to red and blue colours;

— It is necessary to have at least 5 different co-
lours for each major colour, since equal-chromatic-
ity-scale systems in which colour differences are
found are not ideal and each of them causes its own
deviations of colour threshold for each shade, and it
is important to create a method, which would take
the disadvantages of the systems into account for re-
sult processing and in which the reference colours
would be selected with a specific periodicity, e.g.
with difference by 2 or 4 tones;

— It is also possible to start using such atlases as
Pantone and RAL which are widely used in polyg-
raphy and design respectively.

Such method will allow us to test MPDs as ear-
ly as at the stage of spectral characteristics develop-
ment and then to compare the calculation data with
the experimental results obtained using real samples
of reference colours.

It is planned to conduct the studies with a selec-
tion of 24 reference samples using MPDs with dif-
ferent spectral characteristics by the same manu-
facturer. In particular, this will allow us to conduct
a more detailed analysis of nonlinearity of colour
spaces. Moreover, colour difference will be con-
ducted using C/IELAB and “intensity” of MPD spec-
tral characteristics will be taken into account.
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ABSTRACT

The article proposes the methods of object
shooting by means of a spectrometer based on a
multi-channel radiation detector and further pro-
cessing of its results allowing spectral resolution of
such spectrometers significantly to increase with the
same original spatial resolution. The mathematical
model of the shooting process is provided. It is de-
termined that restoration of spectral radiance of ob-
jects based on the shooting data using the proposed
method is a mathematically incorrect inverse task.
The Greville method, the method of wavelet trans-
formation, the Tikhonov regularisation method, and
the Godunov method were considered as methods
for its solution. The results of computational mod-
elling of the considered methods are shown and it is
found that restoration of spectral radiance of objects
based on the shooting data using the considered
methods is possible and relative error of restoration
is at a fraction of per cent scale. It is determined
that the wavelet transformation method is an opti-
mal method of solution of the incorrect spectral ra-
diance restoration task. It is also shown that the pro-
posed method of imaging spectrometry is applicable
both when using matrix radiation detectors with in-
creased number of narrow-band filters and when
using widely spread standard three-channel matrix
RGB detectors of radiation.

Keywords: imaging spectrometry, incorrect
tasks, multi-channel shooting, spectrum restoration,
optical filters
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1. INTRODUCTION

Imaging spectrometers are rather actively used
in science and industry. The key distinction of imag-
ing spectrometers is the capability to record spectral
characteristics of each point of a two-dimensional
image of an object. For conventional representation
of a data array acquired when measuring by means
of an imaging spectrometer, the data cube concept
is used [1]. The data cube is a three-dimensional
structure formed by spectral characteristics of radi-
ation reflected from the studied surface on one plane
and by corresponding spatial coordinates on the two
other planes.

In terms of the number of spectral channels used
for measurement and spectral resolution, imaging
spectrometers are conventionally identified as mul-
tispectral and hyperspectral ones. The multispectral
instruments are the ones registering radiation in 4
to 100 spectral channels with resolution less than 10
nm [2, 3]. The instruments with high spectral res-
olution have the best specifications among hyper-
spectral instruments [4, 5]. They have over 1000
spectral channels and their resolution is better than
1 nm. In order to reach high resolution, these hyper-
spectrometers are equipped with dispersing systems
of various types or built based on the principle of a
Fourier spectrometer [6—9]. Due to the said distinc-
tions and high requirements to the elements of the
structures of dispersing and interference systems,
these instruments have large dimensions, low oper-
ational characteristics and high cost [10—11]. More-
over, for processing of information and formation
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of the data cube, it is necessary to provide a mech-
anism of scanning in one of the coordinates of the
cube: either spatial or spectral one.

Imaging spectrometers with 100 up to 1000
channels and resolution of 1 nm to 10 nm are classi-
fied as medium-resolution spectrometers.

Multispectral instruments are the simplest im-
aging spectrometers with the best operational char-
acteristics [12, 13]. They comprise a combination
of a lens and a sensing matrix installed on the im-
age plane. The sensors (micro pixels) are equipped
with narrow-band selective filters with their posi-
tioning on the matrix defining the type of the matrix
radiation detector (RD): band, tile or mosaic-type.
In terms of construction of imaging spectrometers,
mosaic-type matrix RD’s are preferred with groups
of micro pixels with selective filters united into
one macro pixel, i.e. the same principle is used as
in standard RGB matrices, however, the number of
spectral channels is increased from 3 to 4, 8, 16, etc.
Increase of spectral resolution of such instrument
is reached by increasing the number of channels in
a macro pixel, but it increases the dimensions of a
macro pixel and, therefore, reduces spatial resolu-
tion [14]. The method under consideration allows
us to increase spectral resolution of a multispec-
tral instrument up to the level common for a me-
dium-resolution hyperspectrometer with the same
spatial resolution.

The method is based on shooting of a studied
object through several filters with known spectral
characteristics of transmission and then the param-
eters of the obtained images are processed math-
ematically to find spectral characteristics of the
object within each macro pixel with spectral reso-
lution significantly exceeding capabilities of a mul-
tispectrometer. The article also demonstrates that
not only multispectral matrix RDs operating in four
or more channels can serve as a basis for an imag-
ing spectrometer utilising the proposed method but
also standard three-channel RGB RDs can, and final
spectral resolution can reach several nanometres.

2. THE METHOD

Determination of spectral characteristics of con-
tinuous, uniformly illuminated and diffusively re-
flecting objects using data from imaging spectrom-
eters based on multispectral RDs is a problem of
interpretation of the input relation using results of
indirect measurements [15, 16] such as response
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of RD to an input signal [17]. The article analyses
reconstruction of a spectral characteristic, namely
spectral radiance (SR) L.(4) of the objects, based on
the signal quantity U from pixels of the multispec-
tral RD using known functions of spectral respon-
sivity of corresponding channels S(1). Quantities of
signals from pixels of a matrix RD within a single
macro pixel are written as linear integral equations:

Lj” S,(A)-L(AHdA=C-U,,
[*5.0)-L(Ada=cC U,

[75.0-L(bar=c U,

where U;, U,, U, are the signals values of a pix-
els corresponding to a specific channel obtained
when shooting an object by means of a camera;
S1(A), Sx(A),...Sn(4) are the functions of spectral re-
sponsivity of a matrix RD pixel in each channel; 4,
u 4, are the boundaries of operating range of wave-
lengths; m is the number of channels; C is the ra-
tio not depending on 4 and defined by parameters of
equipment and conditions of shooting (diameter of
the lens entrance pupil, distance to the object, field
of view, etc.).

For approximate calculations of corresponding
integrals with constant increment 44, the following
system of equations is used

1.7'7

> L(A)-S(A)¥(4)=C-U

7

> L(A)-S,(4) v(4)=C U,
g | ()

Y L(4)-S,(4)-¥(A)=CU,,.
i=1

where L.(4;) are the values of SR of the object at
discrete points of the operating region of the spec-
trum; Si(4,), S»(4), ... Sp(4) are the discrete values
of the pixel spectral responsivity with narrow-band
filter of the matrix RD; v(4;) is the weighting factors
of the increment depending on the method of nu-
merical integration: triangular method, trapezoidal
method, the Simpson method, etc.; U;, U,,... Uy, are
the signal quantities of pixels acquired when shoot-
ing the object by means of a multispectral cam-
era; m is the number of narrow-band filters; » is the
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number of split points over the spectrum; i is the
split step number.

With the known functions S;(1), S>(4), S,(4)
and values U, U,, U, the system (1) resolves it-
self to a system of linear equations in the set of se-
lected values L(4;). With that, the number of values
L.(4)) is defined by the value of n. The error of these
values is mainly defined by the constructive ma-
trix of equations of the system (2) and the nature of
changes of the function L(4). Usually, the system (1)
does not allow to recover information on the func-
tion L.(4) with required accuracy, therefore, in order
to obtain additional information on SR of the ob-
ject, it is suggested to make several additional shots
through special optical filters with known spectral
transmission functions 7j(4) (j = 1, 2...p). The sys-
tem of equations (1) is also supplemented by mxp
more similar equations:

D LAA)S((A) W(A) T (A)=C U,
i=1
D LAY S,(A) W(A) Ti(A) =

i=1
:C'Uz,[j,jzl...p (1+)

S L(A) Sy (A)v(A)7,(A) = C-U

i=1

mrj 2

where Uy, Usy, ... Uy are signal quantities of the
pixels acquired when shooting the object by means
of a camera with corresponding narrow-band filters
through a filter with transmission function zj(4;).
The system of equations (1+) may be enhanced by
including the system (1) in it. For this purpose, it
is necessary to introduce the value of the parame-
ter j = 0 in the system (1+) and to take 7(4;) = 1,
i.e. to consider that the object is being shot without
a filter.

Selection of the required number of filters and
optimal nature of their transmission functions is de-
fined by necessary accuracy of determination of the
function L.(4;), required dynamic characteristics of
the image processing system and other parameters
of the design specification.

For modelling and computational solution, it is
convenient to write the system of equations (1+) in
the matrix form:

S-l1=u, (2)
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where Sis a m-(p + 1)-n-order matrix taking into ac-
count spectral responsivity of the pixels of the ma-
trix RD, known spectral functions of transmission
7j(4;) and weighting factors of increment v(4;); I is
the vector consisting of n elements defining SR of
the object; u is the vector consisting of m-(p+1) de-
fining the signal quantities of pixels acquired when
shooting the object by means of a multispectral
camera itself and with additional filters.

2.1. The Greville Method

With high requirements to spectral resolution of
an imaging spectrometer and natural strive to their
technical implementation, the amount of unknown
values of L (4;) turns out to be large and sometimes
significantly exceeds the number of equations (1+).

With that, the problem (2) may either have no
solution or have a non-unique solution [18-20], i.e.
it may be set mathematically incorrectly, therefore,
a pseudo solution is used in such cases [21-23], i.e.
such vector / that measures up the following func-
tional [24]:

||S -1- u||2 — min.

On the other hand, in consequence of the known
theorem on perpendicular, the normal pseudo solu-
tion is determined with a single value and may be
found using the equation

[=S"u, 3)
where S* is a pseudo-inverse matrix obtained by
means of pseudo-inversion of the matrix S.

Pseudo-inversion may be understood as solution
of the problem of the best approximation using the
least squares method. The pseudo-solution meth-
od is one of the simplest ways to restore spectral
radiance of objects using the data of multichannel
shooting, and the pseudo-inverse matrix was found
using the Greville method in this work.

2.2. The Wavelet Transformation Method

The equation (2) is an inverse incorrect problem
[25, 26], and its solution written as (3) is a simple
one but has a grave disadvantage. It resides in the
fact that the distinctions of the problem discussed
in this article often make the matrix S ill-condi-
tioned (due to linear dependence between the rows
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of the matrix and therefore low stability of the solu-
tion to errors of the right-hand side of the equation
(2)). In order to eliminate this factor of accuracy re-
duction of original luminance spectre reconstruc-
tion, wavelet transformation of the function may be
used [27, 28].

Wavelet transformation of a regular signal is its
representation in the form of a generalised series or
a Fourier integral over the system of basic functions
constructed from the mother (original) wavelet y(4)
with specific properties gained using operations of
time shift » and change of time scale a. For the set
values of parameters a and b the function (1) is
the wavelet generated by the mother wavelet y(1)
[29]. Wavelets are used for shortening excessive in-
formation in this article. Each row of the matrix S'is
expanded in the basis and then not the elements of
the matrix S, the number of which is defined by the
amount of points of split over the spectrum and may
reach tens and hundreds, are used in the solution of
the equation (2) relative to / but the wavelet coef-
ficients of its expansion in the basis the number of
which is defined by the number of functions includ-
ed in the basis, which ultimately reduces the condi-
tion number u by orders of magnitude. The erf inte-
gral y(1) = erf(1) was used as a mother function of
wavelets in this article and the expansion basis con-
sisted of 8 functions (i.e. k£ = 8) and was written in
the following form:

Wo(x)=1,
V() = erf2- )

Y, (x) = erf(4 (x -l)j, ws(x)= erf(s (x+ l)),
2 2) @

ys(x)= erf(4-(x+%)), Wi(x) = erf(S-(x-%)),

v, (x)= erf(S-(x-%)j, v, (x)= erf(8-(x+%)),

where x is a variable representing wavelength A
normalised to the standard interval [—1; 1] similar
to [30].

SR of the object with use of wavelet transforma-
tion of the matrix S was defined using the following
formula acquired from the expression (3)

I=®-(S-®) -u,

where @ is the matrix of the values of basic func-
tions from the expressions (4) with order of (kxn);
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(S-®)" is the matrix acquired by pseudo inversion of
the matrix S-®.

2.3. The Tikhonov Regularisation Method

Since it is impossible to obtain an accurate solu-
tion of the equation (2) stable to minor changes of
input data due to the incorrect nature of the problem
of radiance spectrum reconstruction, it is necessary
to search for some approximated solution [31]. The
equation (2) being solved is an operator equation
of the first kind [32]; in [25; 33], it is shown that its
solution is equivalent to the solution of the problem
of functional minimisation:

MGu)=|S-1-ul +o I - min, (5

lelL, a>0,

where M*(l, u) is the Tikhonov smoothing function-
al, a is the regularisation parameter.

The regularised solution of the problem (2) is
determined as the only solution of the Euler equa-
tion [25, 31]

(S"-S+a-E)1=S" u+a-u*,

where F is the unity matrix of the n degree.

The canon form of the regularisation method
which was used in this article corresponds to the
case u'= 0.

When practically applying this method, the algo-
rithmic methods of a parameter selection are very
important. One of them is based on the paper [34]
and comprises selection of « using the values of the
functional M%(l, u) on the regularised solutions from
the constraint (5). The solution of such problem is
found based on the principle of generalised resid-
ual [35] using Newton step-by-step approximation
on the a grid:

ag=0stf;5=0,1,2...; 4 =0.001.

2.4. The Godunov Method

According to [36, 37], application of addition-
al information about the fact that the desired solu-
tion has not too large second derivatives allows us
to supplement it in such a way when compiling the
system of linear equation, that such supplementa-
tion significantly lowers the condition number and
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makes the system solvable. In such case, the system
of equations (1+) is written as the system

{(1—2’)-‘9}.1:{(1—7)%}

6
7-B 0 ©
where B is the matrix with z order with its elements
(by) being such that

i 7 OpA1=j;

(1/n-1)

— npui=j-lui= i +1;

j

b; =0 npu |i—j|22;

7 is the ratio defined from the expression r = 1/
(n—1)>2

It was expected that, provided the above condi-
tions of calculations of the elements of the matrix B
and the ratio 7 are complied with, the normal solu-
tion of the system (6) which may be written as

((A-7)°-8"-S+7°-B"-B)-1=(1-7)*-5"-u,

would be proximate to the vector we are interest-
ed in [24].

2.5. The Modelling Procedure

The described method of determination of the
object SR using the data of indirect measurements
was checked using computational modelling in ac-
cordance with the expression (1+). Uniform diffuse-
ly scattering coloured plates were used as test sam-
ples. The SR curves of these samples, L. (4;), Lex(4;)
and L(4;), were determined by means of a certified
device: spectrophotometer Perkin Elmer Lambda
950 (Fig. 1).

Each sample was modelled separately. Multi-
channel mosaic-type matrix RD’s are manufactured
with macro pixels consisting of some fixed number
of pixels with specific filter (i.e. the number of chan-
nels is m). Two RDs were considered in the course
of modelling: a standard RGB matrix with three
channels (m = 3) and a multispectral eight-chan-
nel mosaic-type matrix RD with its macro pixels
consisting of eight pixels with narrow-band filters
(m = 8). Computational modelling was conducted
separately for each matrix. The curves of spectral
responsivity of the RGB matrix, Sg(4), Sg(4) and
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Fig. 1. Relative SR curves of samples 1 (7), 2 (2) and 3 (3)

Sg(4), and of the multispectral eight-channel matrix,
S1(A), S»(4), ..., Sg(4), are shown in Fig. 2, a and b,
respectively.

Colour glasses ZhZS-5 (OK3C-5), ZhZS-18
(OK3C-18), SZS-16 (C3C-16) and SS-1 (CC-1) were
selected from the optic glass catalogue and used as
optic filters in the course of computational model-
ling; their transmission functions, 7;(4;), 72(4;), 73(4;),
and 74(4;) (p = 4), complied with Standard 9411-91.
The said colour glasses were selected using the clas-
sic method comprising of selection of filters with
maximum difference between the shapes of trans-
mission curves and uniform covering of the entire
operational range of 1 [38].

At the first stage of modelling, the signal quanti-
ties of the pixels of the standard RGB matrix Uy T
Us 1, Ug 7, (j = 0,...p) are determined from the di-
rect solution of the equation (1+) using the known
parameters, namely spectral responsivity of the pix-
els of the matrix RD with Bayer filters Sg(4;), Sg(4;),
Sp(4;), SR of the samples L.(4;) and transmission
functions 7j(4;) of additional p filters (j = 1, 2,...p).
The signal quantities of the pixels of the standard
RGB matrix are defined for each sample, i.e. for
L (4), Leo(4), Lei(4;). The corresponding values of
signal quantity of the pixels of the multispectral RD
are obtained in the similar way. In such case, an-
other quantity p of additional optical filters is used.
To provide sufficient accuracy of modelling, the
increment of split over spectrum was 1 nm for all
functions, which corresponded to the total number
of points of n = 251 for the spectral region of (400—
650) nm.

The second stage of modelling comprised de-
termination of SR, L., "(4), Lex"(4) and L"(A), of
each sample at n points using one of the above-men-
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tioned methods of solution of the inverse incor-
rect task (2). Moreover, SR of the samples was de-
fined separately for the two variants of modelling:
with three-channel (m = 3) and eight-channel (m =
8) matrix RDs. Relative error expressed in per cent
was the measure of concordance with the spectrum
reconstructed in such a way.

3. RESULTS

The main results of mathematical modelling of
the methods to determine the sample SR are pre-
sented below.

1. It appears to be impossible to solve the in-
verse incorrect task of determination of the object
SR with accuracy specific for a medium-resolution
spectrometer without using additional optical filters
by means of any of the presented methods. Relative
errors of the reconstructed and original SR of the
samples are equal to tens of per cent. This is appli-
cable to both multi-channel and RGB RDs.

2. Utilisation of additional filters for shooting
of the object allows us to increase accuracy of SR
definition with required spectral resolution. In most
cases, one or two additional filters are sufficient for
multispectral systems depending on the number of
channels. It is appropriate to use the value p =2 for
the eight-channel radiation detector used for calcu-
lation in this article. It is found that the method of
imaging spectrometry based on multi-channel RDs
yields good results not only for matrix RDs with the
number of channels increased as compared to the
standard one, which was expected [39], but also for
widely used three-channel matrix RDs. In the lat-
ter case, the number of optical filters involved in
multi-channel shooting (p) is increased but remains
within technically feasible limits and appears to be
justified [40, 41]. The value p = 4 is assumed in this
article.

3. Fig. 3 illustrates the results of reconstruction
of the original SR using the Greville method, wave-
let transformation, the Godunov method, and Tik-
honov regularisation. The graphs demonstrate that
all considered methods of solution of the equation
(2) appear to be applicable for definition of SR of
different samples. At the boundaries of the spectral
region, almost all methods demonstrate some de-
viation between the original and the reconstructed
curves, and this aspect shall be taken into account
when using the methods in practice. The main chal-
lenge when using the Tikhonov method is calcula-
tion of the optimal value of the regularisation pa-
rameter a. In the course of modelling, the values
of this parameter were calculated using the New-
ton step-by-step approximation method. They were
equal to 0.0616 at m = 3 and 0.1481 at m = 8. The
wavelet transformation method provides a more
single-valued representation of the shape of the SR
curve; therefore, in the problems requiring further
integration of the values at specific points of the re-
constructed curves in the calculations, it is prefera-
ble to use the method of wavelet transformation due
to its less relative error of SR reconstruction.

4. The Table contains the values of relative error
of restoration of SR of three objects using the above
described methods of solution of incorrect inverse
task. The Table makes it clear that computational
modelling of the discussed method of multi-chan-
nel imaging spectroscopy and the methods of fur-
ther data processing yield positive results and the
original SR of the samples is reconstructed with
low error. It may seem that the results listed in the
Table are too optimistic but it should be noted that
we are talking about just the errors of reconstruc-
tion of spectral curves in terms of the methods of
solution of inverse problems. When using the Gre-
ville and the Godunov methods, deterioration of the
results with increase of the number of matrix chan-
nels is observed, which is explained by high sen-
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sitivity of these methods to ill-conditioning of the
matrix S included in the calculation; however, the
Godunov method demonstrates more preferable re-
sults as compared to the Greville method. On the
other hand, the methods of wavelet transformation
and Tikhonov regularisation are applicable better
with high condition number of the matrix S, which
serves as an important factor in solution of incorrect
tasks, and with increase of the number of equation
included in the system (1+), relative error of calcu-
lation with use of these methods lowers. The wave-
let transformation method allows us to reduce the
condition number (u) of the matrix Satm=3,p =4
from 8.4-102 down to 0.3-10%, and down to 0,1:103
from 1.4-10% at m = 8, p = 2 and to obtain the mean
value with respect to three samples not exceeding
040% atm=3,p=4and 0.17 % atm =8, p =2,
which is obviously the best result.

3. DISCUSSION AND CONCLUSIONS

The article considers the methods of shooting of
objects by means of an imaging spectrometer based
on a multi-channel RD with corresponding software
processing of the shooting results allowing to de-
fine SR of objects with increased spectral resolu-
tion and original spatial resolution by obtaining ad-
ditional information on spectral characteristics of

d) 400 450

500 550 600 650
A, nm

an object in the course of its shooting through spe-
cial optical filters. Mathematical modelling of the
shooting process confirming theoretical grounds of
the method is conducted. In the course of the work
it is found that the problem of results processing is
not trivial, therefore the results of modelling of its
solution using different methods are given in the ar-
ticle. It is found that the method of wavelet trans-
formation is the most universal method of solution
of the incorrect problem of object SR curves recon-
struction. As a result of computational modelling,
it is found that relative error of SR reconstruction
based on the data of multi-channel shooting using
the proposed method is about 0.17 % and is satis-
factory. It is also shown that the discussed method
of multi-channel imaging spectroscopy is applicable
both to multispectral eight-channel matrix RDs and
to widely used standard three-channel matrix RDs.
When three-channel RDs are used, the number of
optical filters used for shooting appears to be tech-
nically feasible and justified.

It appears that the main advantages of the de-
scribed method of multi-channel shooting are sim-
plicity of its technical implementation, low sen-
sitivity to external factors (increased vibrations,
significant temperature drops, etc.) and capabil-
ity of the imaging spectrometer to obtain data in
three coordinates of the cube without scanning with
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Table. The Results of Modelling of Reconstruction of Spectral Radiance Based
on the Data of Multichannel Shooting
Relative error, %

Sample Wavelet Transf ti Tikh Regularisati

number . avele ansiormation 1IkKhonov regularisation
Greville Method Method Method Godunov Method
m=3 m=8 m=3 m==8 m=3 m=8 m=3 m==8
p=4 p=2 p=4 p=2 p=4 p=2 p=4 p=2
0.96 2.86 0.62 0.25 1.33 0.77 0.65 1.61

2 0.91 2.55 0.29 0.11 1.20 0.61 0.42 1.33

0.61 2.00 0.30 0.15 1.11 0.56 0.55 1.54

high spectral and spatial resolution. The considered
method allows a large number of variations (e.g. by
changing the number of shooting channels and op-
tical filters involved in it, transmission spectra of
these filters, etc.). In consequence of such variabil-
ity, optimisation of the values of the said parame-
ters and their combinations as well as consideration
of the effect of measurement errors on the results of
object SR reconstruction using the data of indirect
measurements should be the subject matter of fur-
ther research.
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ABSTRACT

For insolation calculations and design of shad-
ing devices (SD) comprising plane sections or fins,
the method based on solar maps shall be preferred
because of its high descriptiveness and universali-
ty. The article describes the algorithm of design of a
general-position SD using a solar map and a shade
clinometer. An example of calculation of SD geom-
etry parameters such as fin slopes with the horizon-
tal plane and the facade plane, distance between the
fins with consideration of screening of the trans-
lucent structure during the building cooling peri-
od and of transmission of solar radiation during its
heating period is given in the article. A simplified
formula of a general-position SD energy efficiency
calculation is proposed.

Keywords: solar map, shade clinometer, shad-
ow mask, shading device geometry parameters,
preferable insolation zone, overheating zone, build-
ing cooling period

1. INTRODUCTION

The decisive impact on temperature mode in
premises is caused by the Sun. Even in moderate
climate areas, increase of solar heat through win-
dows may be excessive in summer. In summer,
overheating of premises may be lowered by the fol-
lowing means: 1) turning the building’s facade with
the largest number of windows to the North: in this

case, however, passive solar heating through win-
dows significantly lowers in winter; 2) application
of special glass units operating as heat filter, which
also lowers heat transmission not only in summer
but also in winter; 3) application of shading devices
(SD) with optimised geometry.

A rationally designed SD screens solar radiation
during overheating periods, promotes better appli-
cation of natural daylight, prevents blinding action
and provides transmission of solar heat to the prem-
ises in winter.

2. ANALYSIS OF THE LATEST
ACHIEVEMENTS AND PUBLICATIONS

A shadow mask is a simple tool for definition of
the shaded part of the sky at a specific model point
(design point) on a solar map. With any set of shad-
ing objects, their shadow mask may be placed onto
the solar map to show how the design point is irradi-
ated by the Sun at any time of the year [1]. Shadow
masks may be built by means of shade clinometers.
They are described in [2] for horizontal and vertical
shading elements.

The article [3] describes calculations and anal-
ysis of SD protective characteristics which allow
us to form preliminary guidelines on energy effi-
ciency of different types of SD. However, it is only
possible to define SD energy efficiency correctly
by means of comprehensive solar maps identify-
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Fig. 1. Different positions of SD shading elements:
a —horizontal; b — vertical; ¢ — general position;
d — combined

W‘E .
Hourly lines
e

Preferable insolation
zone

Fig. 2. The solar map with overheating and preferable
insolation zones for Simferopol

ing the zones of preferable and non-preferable in-
solation [4].

The guideline [5] specifies major requirements
to SD’s of buildings and rules of their design in the
Russian Federation applicable to construction, re-
construction and repair of residential, public and
production buildings. This regulation specifies ma-
jor types of SD based on their locations, structural
features, materials and adjustment methods to meet
standard requirements to heat insulation, solar ra-
diation protection and daylighting in premises for
different purposes. The method of solar maps is

proposed for design of stationery SDs with ratio-
nal shape. For insolation calculations and design
of SDs comprising plane sections or fins, the meth-
od based on solar maps shall be preferred because
of its high descriptiveness and universality [5]. The
positions of shading elements of SDs, Fig. 1, in this
case, are defined by means of a solar map and de-
pend on latitude and facade orientation [5].

Solar maps are used for evaluation of necessity
of air heating and conditioning in premises located
in different climatic zones. The climatic parameters
affecting selection of the type of SDs are considered
in the article [6].

The building heating periods form the prefera-
ble insolation zone on a solar map and the building
cooling periods form the zone of non-preferable in-
solation or the overheating zone. A solar map with
the overheating zone and the preferable insolation
zone within the period between March 22 and Sep-
tember 22 with cumulative annual solar radiation
on a horizontal plane in conditions of actual cloudi-
ness for the IV and V climatic zones, Fig. 2, is taken
from the guideline [5].

This article describes development of the meth-
od of definition of geometry parameters of opti-
mised SDs and evaluation of their energy efficien-
cy by means of solar maps and shade clinometers.

3. SOLAR RADIATION AND THE
BUILDING COOLING PERIOD

Solar radiation incident on a building facade
comprises the direct, diffused and reflected compo-
nents. Reflected radiation is mostly dependent on
surrounding development and it is rather difficult
to take it into account in the course of design. The
direct and diffused radiation parameters were taken
from the climatic handbook [7].

The building cooling periods in Simferopol lasts
for almost five months: from May 10 to September
28 [8, Table A.2]. This corresponds to the overheat-
ing zone on the solar map (Fig. 2). The article [9]
contains the graphs of direct and diffused radiation
for these months (Fig. 3), which demonstrate that
diffused radiation changes insignificantly during
this period.

With accuracy sufficient for evaluation calcula-
tions, we may consider that SD screens only direct
solar radiation. This corresponds to the guideline
in the national standard [10]: “Unless otherwise is
determined nation-wide, calculation of shading re-
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obstruction; diffused radiation and radiation reflect-
ed from the Earth remain unchanged. It is identical
to obstructions which reflect the same amount of so-
lar radiation as they absorb.”

In the general case, the SD efficiency coefficient
Fy, is defined as [10]

_ I sol,ps,mean

Fpo==

sol,mean

2

where I s, mean 18 the irradiance of the surface un-
der consideration due to solar radiation with avail-
able shading taken into account, W/m?; I mean 1S
the average irradiance of the surface under consid-
eration if shading is not available.

The article [11] proposed the formulae for calcu-
lation of efficiency coefficients of horizontal (£,)
and vertical (Fj,) SDs:

Shadow
mask

{
4
SN)

n¢ LY
Iy X[l
A :
N g

Fig. 4. An example of a shade clinometer for general-posi-
tion fins with the applied SD shadow mask

Sk+0,5-D-(1+cos £)+0,5- D*- (1-cos )+
[ 40,25:0-r-(14cos £)+0,5-R* - (1-cos )
fin S+D+R ’

where S, D, R are the values of irradiance of the ir-
radiated surface by direct, diffused and reflected so-
lar radiation respectively, W/m?; Q is the irradiance
of Earth surface by total solar radiation, W/m?; r is
the albedo of the Earth surface (defined with consid-
eration of snow cover); k is the direct solar radiation
transmittance factor of SD; D+ is the irradiance of a
fin by diffused solar radiation, W/m?2; R* is the irra-
diance of a fin by reflected (from the Earth surface)
solar radiation, W/m?; « is the canopy shading an-
gle; § is the vertical fin shading angle.

For calculation of F, o of a general-position SD,
the simplified formula may be proposed:

Overheating

Preferable
insolation
zone

Fig. 5. Example of definition of a rational shadow mask of
a general-position SD
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_Sk+D+R
0 S+D+R

where the values of S, D and R are defined with con-
sideration of facade orientation using the handbook
[7] or the data of meteorological observations.

4. SD STRUCTURAL PARAMETERS
CALCULATION

A solar map is a graphical tool for design of SD
and determination of the insolation period. For in-
solation calculations and design of SD’s compris-
ing plane sections or fins, the method based on solar
maps shall be preferred [12].

A part of the celestial sphere between the curve
of the selected aperture angle and the facade plane
is called the shadow mask of SD, Fig. 4. Such inso-
lation angle should be selected the shadow mask of
which covers the non-preferable insolation zone the
most efficiently with minimal covering of the pref-
erable insolation zone and the neutral part of the ce-
lestial sphere.

Example. A SD for windows of a building in
Simferopol with azimuth of 105° is required to be
designed. The algorithm of efficient SD geometry
calculation is as follows:

1. Shade clinometers are put onto the solar map
with the facade shadow mask on it so that the facade
plane on the clinometer corresponds to the facade
plane on the shadow mask. The shade clinometers
for calculation of different SD types are attached
to the guideline [5, Annex I].

2. A shade clinometer is selected so that the
shadow mask covers the overheating zone to the
maximum extent and does not cover the most part
of the preferable radiation zone (Fig. 5). For the de-
sign facade orientation, general-position shading
elements (fins) are necessary to be applied. Fig. 5

Fig. 6. Geometry pa-
rameters and general
view of a general-posi-
tion SD:

h — fin width; / — dis-
tance between fins;

0 — aperture angle;

J7 — inverse aperture
angle; 0 — fin slope
with the facade plane;
4 — shading element
slope with the horizon-
tal plane

depicts application of a shade clinometer with fin
slope with the horizontal plane equal to x =30 °.

3. The aperture angle J = 20 ° and the inverse ap-
erture angle d; = 70 © are defined based on the se-
lected shade clinometer.

4. The fin slope with the facade plane 4 is select-
ed (Fig. 6). Nowadays, brackets allowing us to in-
stall fins with facade slope of 90 °, 60 ° and 45 ° are
manufactured. Using them, the value 8 = 45° closest
to the value of 6 = 20 ° may be provided.

5. If we apply the fin width 4 = 145 mm (the di-
mension from the practically applied standard size
of fins) in the designed SD, the distance between the
shading elements / is calculated as

[=h-(cos@+sinf-tgd) =
=145-cos45° - (1+1g20°) =140 (mm).

Maximum facade insolation will be on the
vertical ray plane y perpendicular to the facade
plane. To design SD with sloped fins, it is neces-
sary to know Solar altitude angle ¢ on the plane .
The latter corresponds to the zero orientation on the
shade clinometer. ¢ on the plane y is defined by the
almucantarat crossed by the aperture angle curve. In
Fig. 5, the point X is the point of crossing of the § =
20° curve with the plane w. In this case, ¢ =23 °.

The described SD is installed on an experimen-
tal building in the outskirts of Simferopol (Fig. 6).

CONCLUSIONS

The structure of SD shall primarily correspond
to the facade orientation providing screening of
high solar rays during the building cooling peri-
od and transmission of solar rays during the heat-
ing period. The method based on solar maps and
shade clinometers shall be preferred because of its
high descriptiveness and universality. This method
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allows to define parameters of SD shape and posi-
tion (in particular slopes of fins with the horizontal
plane and the facade plane and the distance between
the fins) at which high energy efficiency of SD will
be provided.
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ABSTRACT

The paper discusses the possibility of remote de-
tection of a continuous laser beam propagating in a
scattering continental and coastal atmosphere, when
it is recorded outside the axial zone. In the single
scattering approximation, estimates of the radiance
at the registration site are carried out, which are
compared with the threshold characteristics of ex-
isting photodetectors in the visible and IR spectral
regions. It is shown that the laser radiation (LR) of
the beam is reliably recorded in the range of angles
(0-180)° at metrological range of visibility equal
(5-20) km at night conditions. At twilight, under
the same conditions, detection capabilities are sig-
nificantly reduced.

A significant increase of the LR beam radiance
contrast with a decrease in its divergence has been
shown experimentally in the field observations.

At twilight, a decrease in the beam’s radiance
contrast is seen. A beam with a divergence equal
to 2’ ceases to be distinguishable at angles equal
to (80-90)°, and a beam with a divergence of 4’ — at
angles (60-70)°.In this case, the contrast difference
reaches up to 10 times.

Keywords: aerosol scattering, indicatrices, con-
trast transfer, laser beam, photometer, continental
and coastal atmosphere

INTRODUCTION

Many of applications in the fields of sensing,
communication, and monitoring are performed by
active and passive optical locator stations (OLS).
They use powerful sources of laser radiation (LR)
with propagation distance of several kilometres in
the most dynamic part of the atmosphere: surface
air. It is desirable to know the location and direc-
tion of a LR beam. In [1-5], it is shown that LR is
detectable due to scattering by aerosols and a beam
may be displayed by photodetectors (PD). It fol-
lows from these works that intensity of LR scatter-
ing is corresponds to the prediction based on Mie
scattering [6—9] for coastal and continental aerosols.
It is known that concentration of aerosol varies sig-
nificantly depending on regional and local weather
conditions [10—13]. For example, increased mois-
ture increases concentration of aerosols and, typi-
cally, scattering of LR [14—18]. In typical conditions
(mist, thin fog, etc.), even at low altitude, scatter-
ing is slight and hardly detectable if there is a back-
ground. This poses special requirements, on the one
hand, on the PD characteristics: sensitivity, response
time, and spectral responsivity range, and, on the
other hand, on information about the optical proper-
ties of the atmosphere and mostly the aerosol as the
main component affecting the attenuation and scat-
tering of LR in atmospheric transparency windows
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[19, 20]. Despite the fact that there are different
methods of predicting signal variations at entrance
pupils of OLS, it is necessary to further enhance the
existing methods and approaches and to develop
new methods of remote detection of LR in real op-
erating conditions. This is due to both the develop-
ment of LR sources and PD’s [21-23] and enhance-
ment of aerosol models of surface air [24-27].

The main goals of this work are the study of
off-axis detection of LR and measurement of
LR radiance contrast, including during field
measurements.

The goal of the work is to study patterns of aero-
sol scattering when estimating capabilities of off-ax-
is detection of LR in continental and near-coast
conditions in case of changes of beam parameters,
meteorological visibility (MV), time of the day, and
distances to LR source.

The work included theoretical evaluations of
one-time scattered radiation based on the MaexPro
aerosol model [28, 29], where sea salt consists of
water droplets and salt particles, and aerosol of con-
tinental haze with particles radii (0.01-100) um as
the most optically active in wavelength band ORS
of (0.2-12) um. For the following basic conditions
of numerical calculations: height above sea lev-
el H = (0-25) m; wind speed U = (3-18) m/s; wind
speed U = (3-18) m/s; The rest of the conditions are
given in the text at the place of mention. In the cal-
culations, we used computer programs [30-33], as
well as a program for experimental estimates of the
intensity contrast of LR in field conditions [34].

1. RESULTS OF CALCULATIONS

Radiance of scattered LR in surface air is select-
ed as the main magnitude allowing to specifically
evaluate capabilities of off-axis detection of a la-
ser beam. Contemporary photometers (spectrora-

Fig. 1. Diagram
of scattered laser
radiation detection

Photometer

diometers) allow to confidently detect superweak
signals within the spectral range of (0.35-1.1) um
by means of non-cooled silicon photodiode detec-
tors and photomultipliers within the spectral range
of (0.35-0.93) um with responsivity thresholds at
level of 30 (depreciation factor is 6) (3-10-19) W/
nm and (3 - 10-%) W/nm, respectively. These spect-
roradiometers manufactured by instrument systems
[35] have threshold responsivity of (106 —1077) Ix
within the spectral range of (0.2—5) um, which al-
lows to register the background of moonless star-
ry sky at (3-107%) Ix or, for example, light of Siri-
us at 1073 1x. For cooled photomultipliers operating
within spectral range of (0.35-0.93) um with Gads
photocathode, noise equivalent power equals to
1013 W/(cm?-sr-nm) and luminance responsivity is
of approximately 103 cd/m?.

The work considers the model of off-axis scat-
tering of LR for optimizing the detector characteris-
tics and predicting the luminous efficacy of its oper-
ation in coastal areas when moving the optical axis
of a PD perpendicular to and along the beam axis
along a horizontal path in night and twilight condi-
tions with different VS.

The diagram of the numerical experiment for the
two-dimensional case to determine the distance of
off-axis detection of continuous LR passing through
a scattering environment is shown in Fig. 1. The
Gaussian LR beam with wavelength of 4, initial
power of P, and divergence of 0 at the level of 0.5
is directed in parallel to the earth’s surface in direc-
tion ¢ relative to the PD. PD is located at distance D
from the source of LR with angle of view w. Scat-
tered LR is seen at angle of .

The distances D and d, at which the condition
L/L =1 where L, is the threshold radiance for a
specific PD is met, for LR scattered towards the
radiance PD L, are taken as distance of off-axis
detection.
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L was calculated for one-time scattering, which
is reasonable for small optical thicknesses when
solving atmospheric problems [17]. Molecular scat-
tering was assumed to be low.

L at the cross-section with the PD field of view
axis was calculated as

R

_10° 2()-exp[-0(4) d; 107 ] [ £, (1)

ar

L

siny

where o(A) is spectral coefficient of aerosol scat-
tering, A is LR wavelength, x(y) is directional aero-
sol light scattering coefficient, y is scattering angle;
d, is distance between PD and the sight point at the
beam axis, E(r) is irradiance formed by the laser
beam at the given point, 7 is beam radius in a plane
of the sight point.
E(r) was defined using the formula

E(r)= 25

m-r

-exp(-o(4)-d, -10’3)-exp[—2éj, ()
1A

€

where P, is LR power at entrance of the environ-
ment, d; is the distance between the laser and the
point of sight, 4 = ry + d;'tg(6/2) is the beam radius
at divergence level 0 in the plane of the sight point,

emitter with S, = 5 km
(a) and S, =20 km (b)

90
y, deg.

serm=s
60

7o is the beam radius at aperture exit, 0 is beam di-
vergence at level of 0.5 rad; R =d, -tg(w /2) is the
distance across the beam limited by the PD field of
view; w is the vision angle of PD.

Using the egs. (1) and (2), the values of L were
calculated for coastal mist with MV S, of 5 km
and 20 km with different geometry of the detec-
tion scheme (D, ¢) and scattering angles y in range
(0—-180)°. The obtained values were compared with
threshold radiance responsivity of the selected PD’s
(for evaluation of the distance of off-axis detection).
The following values of LR beam parameters were
taken as Py=1W, 1 =0.52 um and 1.06 um, 0 =3’,
and ry = 2 mm. The factors o(4) and y(y) were cal-
culated using the data of the MaexPro model [28,
29]. For example, at A = 0.52 ym and S, = 5 km
and 20 km, 0 = 0.83 km'! and 0.75 km'!, respective-
ly, and at A = 1.06 pum, it equals to 0.21 km-! and
0.11 km'!, respectively. Some values of the factors
x(y) (aty =1°, 3° 5° 45°, 90° and 135°) are given
in Table 1.

The threshold responsivity of PD was selected
using the data of [35] with consideration of trans-
formation of energy quantities into luminous quan-
tities using spectral luminous efficacy V(1) at A =
=0.52 um. The values of L; at A = 0.52 um for night
and twilight conditions were equal to 10~ W/(m?-sr)
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Table 1. The Values (Selected) of the Coefficients y(y) Taken for Calculation
km!-sr!
S, km ALR, pm 20),

y=1° y=3° y=75° y = 45° y=90° y=135°

- 0.52 20 3.7 1.2 0.032 0.0038 0.0029

1.06 8.1 6.2 3.8 0.087 0.0098 0.0092

0 0.52 6.7 4.5 3.0 0.13 0.026 0.025

1.06 3.5 33 3.0 0.22 0.027 0.017

and 10~ W/(m?2-sr), respectively, and at A =
= 1.06 um, they were equal to 102 W/(m?-sr) and
107% W/(m?sr), respectively. The angle @ in this
case was equal to 20°.

As an example, the Figs. 2 and 3 show the results
of calculation of L depending ony in the visible (A =
0.52 pum) at visual registration and the near-IR (A =
1.06 pm) regions of the spectre when scanning the
PD axis along the axis of the beam at S,, =5 km and
20 km and different values of D.

The calculation results show that the possibil-
ities of detecting scattered LR in the visible range
with visual registration at Sm=20 km (Fig. 2b) are
higher than at Sm=5 km (Fig. 2a) for all scatterin-
gangles angles.This is explained by the greater at-
tenuation due to scattering at lower Sm on particles
of atmospheric haze (Mie particles). The thresh-
old brightness levels in Fig. 2 are indicated by lines
1 and 2 for twilight and night conditions, respec-
tively. In the near-IR range during PD registration
with a decrease in the background level by two or-
ders of magnitude to the values indicated in Fig. 3
by lines 1 and 2, the possibilities of detecting scat-
tered LR beams are much higher. The figures show
that at night conditions, at S,, = 5 m, the LR beam
will be detected at distance D = 10 km aty = 45°. At
y = (110-120)° (minimal values of L), the distance
of detection D at S,, = 5 km reduces to 5 km, and at

Half-transmitting
mirror

NF

= *‘T | angle @ - KS
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S =20 km, the LR beam is confidently detected at
D exceeding 10 km. In the twilight, at the same val-
ues of y, capabilities of detection reduce significant-
ly down to D = 1 km for both 5 km and 20 km.

2. RESULTS OF FIELD
MEASUREMENTS

In 2015-2018, to confirm the results of the cal-
culations, the field measurements were conducted
in night and twilight conditions at the test area of
the V.E. Zuev Atmospheric Optics Institute of the
Siberian Branch of the Russian Academy of Sci-
ences. During the measurements, the background
luminance was 102 c¢d/m? (night) and 0.5 c¢d/m?
(twilight), respectively. During the measurements,
the sky was cloudy, and the Moon was below
the horizon. MV varied within the range of (12—
15) km.

2.1. Scheme of the Experimental Installation

The emitter model (Fig. 4) contained a semicon-
ductor laser DTL-313 (A =0.527 um, Py =117 mW,
0 = 1 mrad, d, = 2 mm) and the telescopic beam
collimation system for adjustment of 6. To mea-
sure L, LS-110 PD by Konica Minolta was used (the
range of luminance measurements of (0.01-999,

-y

,r [ Altitude o = -!
£ 7 \=

Rotation device

Mechanism

!

altitude (¢) rotatio

device

Commu-
nication |/
device

|

e \7

7|\

Fig. 4. Diagram of the experimental installation for measurement of luminance of scattered laser radiation
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Fig. 5. Cross-sectional distribution of luminance of laser
radiation beams in the form of 4 and 12 concentric rings
(photos 7 and 3 respectively) and the results of photometry
of the same beams (2 and 4)

900) cd/m?, w = 1/3°) with a Canon EOS6D cam-
era (resolution of 20 Mpx (megapixels), EF (24—
105) mm lens, f/4L). The equipment was installed
on a rotating platform to move along the azimuth
and angle of altitude. The measurement data was
registered by a PC and processed by means of the
developed software [36, 37].

The measurements were conducted following
the scheme shown in Fig. 1. The directional light
scattering coefficient y was registered in the range
of angles of y = (0.5-179.5)° with a step of 5° at the
set values of D and ¢. Due to structural features,
the PD did not reach the border values of y at 0.5°.
The beam passed at altitude of about 2 m above the
earth surface. Before commencement of measure-
ment, a standard pegging-out of the area was con-
ducted to define the parameters of the LR path and

to define the places of PD installation so that their
optical axes were in one plane and crossed each
other.

The structure of laser beams used for measure-
ments is shown in Fig. 5.

Recently, LR beams with circular structure of in-
tensity distribution, which may be well approximat-
ed cross-sectionally by the Gaussian function are of
interest. Fig. 5 shows that the external ring of both
types of beams has the highest radiance, which re-
duced to the centre of the beam according to the law
close to the Gaussian distribution. The main pow-
er of the beam is concentrated in the first two rings.
In Fig. 5, white colour depicts maximum intensi-
ty and black colour depicts zero intensity. Here,
cross-sectional distribution of intensity is presented
as concentric 4 rings and 12 rings with 6 =2' u 4’,
respectively.

An example of an image of beams shot from one
side is shown in Fig. 6. The geometry of the de-
tection scheme was as follows: D =150 m, ¢ =2°,
y =45°.

2.2. Results of Measurement of LR Beam
Luminance Contrast

The measured luminance of LR beams in direc-
tion perpendicular to their axis is shown in Fig. 7 at
two values of angular detection directions y = 45°
and 90°. In the shot of the LR beams (Fig. 6), the
detector axis was located near the centre of the im-
age along the axis of a respective beam.

Fig. 6. The image of laser radiation
beams (A =0.527 pm, Py =117 mW),
side view, on a near-surface path, with
beam divergence 0 =2’ (a) and 4’ (b)

Fig. 7. Change of
luminance of the laser
radiation beams (1 =
0.527 pm, Py =117
mW) with divergence
of 6 =2"and 4’

when displacing the
field-of-view axis

of the photometer
perpendicular

to the beam axis at
acceptance angles y =

3.0
25
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Fig. 8. Change of luminance contrast & of the laser beam
(A=0.527 um, Py =117 mW) with divergence of 6 =2’
(curves 1) and 4’ (curves 2) at night and twilight conditions
when the field-of-view axis of the photometer is displaced
angularly along the beam axis

The capability of guidance along the LR beam
was evaluated by the value of luminance contrast k&
defined using the expression

k=(L,~L,)/ L, 3)

where L, is luminance of the scattered LR beam; L,
is background luminance. At k-1, the observed LR
beam is extremely contrast, and the case of £k — 0
corresponds to complete scattering of the LR beam.
For definition of £ of the LR beam, the value of the
beam luminance L, was selected on the level of
0,5Lax depicted by horizontal lines 1 (at 6 =2")
and 2 (at 0 =4") in Fig. 7. Aty =45°, the values of k
calculated using (3) were equal to 0.51 and 0.33 for
LR beams with 6 =2' u 4, respectively. Aty = 90°,
k = 0.33 for the LR beam with 6 =2" and £ = 0.12
for the LR beam with 6 = 4'. Therefore, Fig. 7 illus-
trates a significant reduction of & of the beam with
increasing 6.

To evaluate the detection capabilities of the LR
beam, several series of the beam k were measured
at different values of v depending on background
observation conditions. The measured background
luminance Ly, was equal to about 102 ¢cd/m2 and
0.5 cd/m? for the night and twilight conditions, re-
spectively. The selected detection scheme was as
follows: D =1200 m, ¢ =5°,y = (5-135)°.

Changes in k of the LR beams at 6 =2' u 4’ are
shown in Fig. 8. The horizontal line here depicts the
level of threshold luminance contrast &, which was
selected equal to 0.02 as per the recommendations
[38, 39] for approximate calculations.

3. DISCUSSION OF THE RESULTS

The results show (Fig. 7) that k of LR beams sig-
nificantly reduces with increase of 0. This is caused
by an increase in background radiation due to mul-
tiple scattering of the beam itself. Moreover, it fol-
lows from Fig. 8 that k£ of LR beams at night condi-
tions is much higher than k; within the entire range
of angles y, which confirms that they are found re-
liably. The initial sections of the beams up to (15—
20)° are especially contrast and were also perceived
visually the same in both beams. With increase of
the angles y, the beam with 8 = 2’ was seen more
contrast, and its k£ was (3—5) times higher than that
of the beam with 6 =4'.

At twilight conditions, a significant decrease in
k of both beams was seen. The beam with 6 = 2’
becomes not detectable at (80-90)°, and the beam
with 8 = 4’ becomes not detectable at (60—70)°. In
this case, the difference between the values of & be-
comes 10-fold.

4. CONCLUSIONS

The results of the calculations and field measure-
ments show that the values of & of the selected types
of LR beams strongly depend on 6 and S,

It is demonstrated that LR is reliably detected
within the range of angles of (0-180)° at (5-20) km
at night and twilight conditions with background lu-
minance of 102 cd/m? and 0.5 cd/m?, respectively.

Field experiments have showed that & of the LR
beam significantly reduces with decrease of its 6.
In twilight conditions, significant reduction of &
of both beams was seen. The beam with 8 = 2’ be-
comes not detectable at (80—90)°, and the beam
with 8 = 4’ becomes not detectable at (60—70)°. In
this case, the difference between the values of & ul-
timately becomes 10-fold.
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ABSTRACT

The article describes the stages of transformation
of the direct and diffused components of solar radia-
tion in the short-wave and long-wave spectral chan-
nels of the human circadian activity control path.
The method of determination of the dependences of
irradiance on Solar altitude angle as well as the val-
ues of radiant exposure in the circadian region of
the optical spectre required for efficient control of
human circadian activity. An example of utilisation
of the developed method is provided. Correspon-
dence between the results of calculations based on
the proposed method and the results of independent
experimental studies is demonstrated. The devel-
oped method allows us to formulate major light-en-
gineering requirements to characteristics of emitting
installations controlling human circadian activity,
preventing and eliminating its deregulations.

Keywords: circadian activity, Solar altitude an-
gle, components of solar radiation, thermodynam-
ic temperature, spectral channels, effective irradi-
ance, radiant exposure, effect modes, calculation
method

1. INTRODUCTION

Daily changes of the characteristics of optical ra-
diation of the Sun reaching the surface of the Earth
are the main physical factor affecting human circa-
dian activity (CA). These changes of characteristics
of solar radiation (SR) are caused by current posi-
tion of the Earth in the course of its orbital move-
ment around the Sun as well as its current altitude

angle common for a specific calculation point of the
Earth surface.

When conducting light-engineering and biolog-
ical studies, it is necessary to have information on
the dependence of effective! irradiance E affecting
CA of human body on Solar altitude angle /4 at a
particular point of the Earth surface. This informa-
tion as well as the values of radiant exposure H at
different calculation points of the Earth surface is
also necessary for design of specialised emitting in-
stallations for prevention and elimination of circadi-
an deregulations.

Prevention and elimination of circadian deregu-
lations allows us to save psychosomatic health and
maintain necessary level of general and visual per-
formance of human and provides maintenance of
daily intellectual activity.

This work aims at development of the meth-
od of determination of effective energy character-
istics of Solar and artificial radiations affecting hu-
man body CA.

2. INPUT DATA

Spectral density of radiant exitance of the Sun
photosphere m.g(4, T) described by the Planck func-
tion [1] is used as the model of Solar radiation:

-1
mg(A,T)=CA~ (exp%— 1) ,

! Hereinafter “effective” means the value of human body
reaction to the effect of irradiance and spectral irradiance formed
by SR in the circadian region of the spectre as well as to radiant
exposure within the range of Solar altitude angles corresponding
to CA control.
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where A is the radiation wavelength, T is the thermo-
dynamic temperature of blackbody radiation, C; =
= 3.742-107'* W'm? and C»= 1.439-102 m'K [2].

Spectral irradiance (SI) formed by SR normally
incident on a site located at the upper border of the
Earth atmosphere is expressed as [3]:

oA T)=( &) ma(AT), 0

where T is the average thermodynamic tempera-
ture of SR with respect to the Sun photosphere,
r = 6.96'10° km is the Sun equatorial radius, R =
1.496°10!2 km is the radius of circular orbit of the
Earth [4, 5].

The value T depends significantly on the year
number n within the Schwabe’s 11-year cycle of So-
lar activity [6] and is expressed as [3]

T<n) aver |:1+O 0275111(21#—1)}’

2

where Taver:0-5 (Tmm + Tmax) min ~ 5480 K, Tmaxz
5780 K are the values of thermodynamic tempera-
ture of SR at the upper border of the atmosphere
corresponding to the minimum and maximum Solar
activity, 0 <n < 11.

As a result of SR distribution over the atmo-
sphere, there are two components of the radiation
formed at the Earth surface: the direct (Dir) com-
ponent and the diffused (Diff) component. The val-
ues of thermodynamic temperature of the direct and
diffused components of SR during daytime at a de-
sign point of the Earth surface depend on the Solar
altitude angle, i.e. Tp;, = Tp;. (h, n) and Tp;g =
(h, n).

The functions Tp;, (2, n) and Ty (h, n) may be
written as approximate dependences.

r(Diff) (h n)

Analysis of literature with respect to experimen-
tal data on the dependences Tp;, (A, n) and Tp; (4,
n), in particular, [7], etc. as well as approximation
of this data demonstrated that T, pi) (/) in (2) may
be written as

Toigr

biirry (1) + T (1) ()

TDir(Diff) (h) = aDir(Diff) cXp (_bDir(Diff)h)' (3)

The values of spectral radiance of the direct and
diffused components at the Earth surface formed by
SR are written as

S Dir(Diff [’LTD” Diff (h,n)] =

-1
2
r C
=| = | 7o (N)CA” | exp—-"2— 1], (4)
(R) ? (th)( ) 1 ( ﬂ’ Derlff (h I’l) ]

where Tpiypifry (h, n) are the dependences (2),
Tpirpify) (1) are the dependences of integral transmit-
tance factors of the direct and diffused components
of SR in the spectral window of the atmosphere
300 <A < 1200 nm [8] with different atmosphere
cloudiness.

The dependence tp;,p; (h) in (4) has the form

[3]

e

T h)=

Dir(Diff) (
o) (90°)0.5] 14518 (1= €osgony ) |- (5)

where tpipim)(90°) are the integral transmissivity
factors of normal SR incidence on the Earth surface
(maximum Solar altitude angle # = 90° is seen at
the equator at noon of the vernal or autumnal equi-
nox days), the factors dpixpifr), nirnir for different
cloudiness of atmosphere are given in [9].

SI of the direct and the diffused components of
SR on the Earth surface as per the relation (4) are
received by retinal detectors characterised by the
function of relative spectral circadian efficiency
(FRSCE) in the following form [10]

C(ﬁ) =¢ (ﬂ)+ G (ﬂ'):

<ﬂ—ﬂmx)2}+

20,

% exp| —
o227

2
&, exp[— (ﬂ' _ j'2max) ]
o 27 20, '
obtained after approximating the results of inde-
pendent experimental studies by G.K. Brainard
and K. Thapan and their contributors, in particu-
lar, [11-14].

The graphs of the function (6) and its compo-
nents ¢;(4) and c¢,(4) are shown in Fig. 1. The dif-
ferences between FRSCE obtained by Brainard and
Thapan are just in relation between the maximums
of the functions ¢;(4) and c,(4).

(6)

3. RESULTS

The functions ¢;(4) and ¢,(1) form the short-
wave (SW) and the long-wave (LW) spectral chan-
nels of the CA control path [10] and conduct spectral
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Fig. 1. FRSCE:s obtained by Brainard (a) and Thapan (b), functions c;(1), ¢,(4) in the relation (9) and the sum ¢(2) + c,(1):

I —results of the experimental studies [11-14],

2 — the function ¢;(1), 3

— the function c¢,(4), 4 — the function ¢;(4) + ¢,(4)

approximating the results of the studies [11-14]

and selective transformations of SR SI (4) described
by the multiplications

AT

€ 2 D1r Diff

(h’”)]cl(z) (/1) =

eS Dlr(lef SW Lw |:

’ - G
T bir(pir) (h>c1}L CXp ﬁ

D1r lef
X €y (4)

-1
r

(_

R

X

(7

with isolation of the 350 < 4 < 540 nm spectral re-
gion from the broadband spectra (4) with spectral
selection by only blue-sensitive (B) retinal cones,
isolation of the 450 < 4 < 570 nm spectral region
with spectral selection by only retinal rods, and iso-
lation of the 350 < 1 < 570 nm spectral region with
cooperative spectral selection by the B cones and
rods of the retina. Obviously, after spectral and se-
lective processing of the function (4) by the func-
tions ¢;(4), c2(4), ¢;(A) + ¢»(A) using the relation (7),
the shape of the obtained spectrum is defined only
by non-variable spectral characteristics of these
functions which do not depend on Solar altitude
angle.

Modification of Tpjiypi)(h, 7) on the Earth sur-
face with changes of Solar altitude angle during
daytime leads not only to changes in chromaticity
of SR (4) but also to A-related displacement of the
spectral maximum (4) based on the Wien’s displace-
ment law: A, T(h, n) =C; = 0.2898-102 m-K [2].

Changes of values of 1,,,, with respect to the
A-fixed position of the functions c{(1), c,(1), c¢;(4) +
¢5(4) and unchanged spectral form (7) leads to de-
pendence of the energy characteristics (7) on Solar
altitude angle.

Determination of the dependence of energy char-
acteristics (7) on Solar altitude angle is based on
two-step transformation of the arguments in (7). At
the first step, we shift from the 4 scale to the A,
scale by means of linear (identity) transformation of
the argument A into the argument A,,,,. At the sec-
ond step, Anax 1S non-linearly functionally trans-
formed into Solar altitude angle 4 using the Wien’s
displacement law by means of an inverse function
of the function (2).

Functional transformation of the arguments in
(7) is conducted using the known rule, e.g. [15, 16]:

-s[o0]

where x is the basic argument, y is the new argu-
ment, x = @(y) is the inverse function of the original
function y= f{x).

At the first step of transformations of the argu-
ment A into A,,,,, the argument 1,,, directly substi-

tutes A in (4):
)6 (Ao ) =

2
) Dlr lef (h n)

do(y)
dy

dx
x—

& @®)

2

A

max, Dlr lef

A

e ‘max, Dir(Diff)

Dir(Diff ), SW(LW) (

(

7

R

CA>

‘max, Dir(Diff

) X

-1
C
X exp— 2 P -1] x
‘max, Dir(Diff) D1r Diff) ( n)
dA
X cl(2) ﬂ'max, ir(Diff) |* (9)
dﬂmax,Dir(Diff) ( ? (D ))
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In the relation (9), the modulus of the derivative

is 1 4 =1 and the (9) itself describes the

max,Dir(Diff)

spectral form remaining homothetic with all val-
ues of /1 and # since this form is defined only by the
functions c{(1), ca(4) or ¢;(A) + co(A).

The energy characteristics of the dependence of
the function

ﬂ’max,Dir(Diff)h’ l’l) : Cl(2) (j'max,Dir(Diff) )
on the Solar altitude angle are defined using the
Wien’s displacement law.

eDir(Diff),SW(LW) (

With non-linear functional transformation, the
Wien’s displacement law A,,,,, — # is written as

(h’ ”) =G, |:TDir(Diff) (h) + T(”)] :

In the non-linear transformation of the argu-
ments A — £ in the relation (9) using the rule

A

‘max, Dir(Diff)

(10)

X

ﬂmax,Dir(Diff)

(8), multipliers Cy2 (h,n) are inserted

instead of multipliers Ci2) (ﬁmax’Dir(Diff) )

max,Dir(Diff)
The relation (9) is simply applied to the other
multipliers. di

.. Dir(Diff .
The derivatives e Dir(Diff) are written as

dA

‘max, Dir(Diff)

dh

Vo
W

y
AN

10 - :
h, deg
Fig. 2. The graphs of the functions Tp; (%, 1)) and Tp;g(h, 1)

at a random design point of the Earth surface in the 11-year
cycle of solar activity

8
n,year 100 3

‘d |:TDir(Diff) (h)] ] 1 ‘
-

dh |:TDir(Diff) (h)+ T(n):l

After applying (10) and (11) to the relation (9), it

describes just the dependence of its form on the val-
ues /4 and » per unit:

-1
EDin(Diff) SW(LW) {Cs [T Dir(Diff) (h)+T (")J }

2
: - 5
= (Ej TDir(Diff) (hg n)C1C3 S |:TDir(Diff) (h) + T(n)j| X

C, (11)

rel =

x| exp & =yt i
(e[t r<70] |
d\T, . .(h
ore ) S N S
|:TDir(Diff)(h) + T(n)]

Simplification of (12) transforms it into

Dir(Diff),SW (LW) (h,m)
dT, Dir(Diff) (h,n)
dh

e

rel =

¢ (h,n)

= eDireS ( ,I’l)

rel =

2
r _
= (EJ T bir(pifr) (h,n)C]C3 * X

-1

> C
X |:TDir(Diff) (h) +T (ﬂ)} (expg2 1| x

‘ d |:TDir(Diff) (h)} 1
Ly (W)+T ()]

(13)

x G Gy ().

For illustrative purposes, the products C,C,”,

5 1
|:TDir(Diff) (h,n)] and ————
I:TDir(Diff) (h’n)

(13) are not simplified.

in (12) and

The curve (13) is nearly bell-shaped, with its
maximums at different combinations of the direct
and diffused components of SR and SW and LW
spectral channels, i.e. at Zpay pirpifn), SW (LW)-

Introduction of the product ¢;)(4) from (9) in
(13) as an additional multiplier allows us to obtain
the dependences of SI (per unit) on two variables
(h and A) in the form of a three-dimensional control
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signal egy)(4,h,n)l at input of the suprachias-
matic nucleus of hypothalamus (SCN):

(A,h,n)

D1r(D1ff) SW LW rel —

[ oo () P17 0]

R
C2 - dTDir(Diff)(h’ n)
X exp——l — X
C, dh

X Ciz) (h’”)q(z) (’1)

Like that of the function (13), the graph of (14)
per unit is also bell-shaped.

Dependences of absolute effective values of
(13) on current values of Solar altitude angle with
each possible combination of the direct and diffused
components of SR with the functions c;)(%, n)
are defined using the calculated values of 4 =
= Nmax, Dir(Diff), SW (Lw) corresponding to the maxi-
mum values of (13). Then the relation (13) is nor-
malised by dividing its left and right sides by the
values of (13) calculated at 1 = Aoy pir(ifn), sw (Lw)»
i.e. the following functions are defined

(14)

hn)

enorm Dlr(lef) SW LW <

-1
CDir(Diff),sW (LW) {C3 I:TDir(Diff) (h) +T (”)] }

rel

eDir(Diff),SW(LW) {C3 |:D|r Diff (h hmax, Dir(Diff),sw(Lw)) +

" T(n)T}

Using the relation (7), the dependences of the
absolute values of SI

(15)

rel

e X

¢S, Dir(Diff ),SW(LW)
|:A’ TDlr Diff (n’ h= hmax,Dir(Diff),SW(LW) ):|Cl(2) (ﬂ)

on A are defined for the calculated values of Solar
altitude angle & = hy,ay pirpifn, sww) corresponding
to the maximum values of (13).

The dependences of absolute values of SI at in-
put of SCN (3D-represented) are obtained using the
relation (7) by multiplying

€., Dir(Diff) SW(LW)

[ﬂ"TDIr Diff (n’h = hmax,Dir(Diff),SW(LW)):|Cl(2) (ﬂ)

by the normalised functions (15).

Maximum absolute values of SI at output of
SCN (depending just on the values of /) are ob-
tained using (7) from the product

Ah) = h,n)x

e

Dir(Diff),SW(LW) ( €pom ,Dir(Diff ),SW(LW) (

e X

&S, Dir(Diff ), SW(LW)
|:/,i’ TDlr lef (nﬂ hmax,Dir(Diff),SW(LW) ):| cl(2) (/’i)

by inserting the values of 4 equal to 445 nm and
505 nm corresponding to the maximum values
of the functions ¢;(4) and ¢,(1). The dependences
e, pir(ifn), sww)(#, 1) at SCN output obtained af-
ter the said substitution are the signals directly con-
trolling daily activity of epiphysis, which releas-
es melatonin to blood plasma. Daily variations of
melatonin concentrations in blood plasma ultimate-
ly lead to daily control of human nonconscious bio-
logical reactions including CA. CA directly affects
different characteristics of visual perception, which
form the basis of static and dynamic building of the
mental world model and uses this basis for control
of human higher intellectual activity including con-
crete and abstract thinking.

The developed method and the product of the re-
lations (7) and the normalised functions (15) allows
us to obtain the dependences of irradiance within
the circadian region of spectrum on Solar altitude
angle (£(h)) which are important for experimental
and theoretical studies of CA, as well as the values
of radiant exposure H within the range Ah = hg, —
h;i of modification of the function E(/), where hg,
and A;,;; are the initial and final values of Solar alti-
tude angle respectively.

Irradiance E(h) is written as

E(h)=e

norm, Dir(Diff ), SW (LW) (

hn)

X J Ces. Dir (Diff) SW(LW P’ﬂ TDlr (Diff) (hmax,Dir(Diff),sw(Lw) > nﬂ X

"' X Gy (A)dA, (16)

and radiant exposure is written as

i 90°

Ah = _[ _|. eeS Dir(Diff ),SW(LW)

nit 07

|: > Dir(Diff) (hmax Dir(Diff ),SW(LW) n):|

CI(Z)(/?')enotm.Dir(Dltf) SW(LW) (h }’l)d/ldh

>

(17)
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In (16) and (17), Ay and Ag, are the values of 4
limiting the considered spectral region defined by
the functions c{(1), c,(1), ¢1(4) + ¢;3(4), 0° and 90°
are the limits of the possible range of Solar altitude
angle.

The example below contains the results of calcu-
lations using the developed method which describe
processing of the direct and diffused components
of SR in the SW spectral channel of the CA control
path and define effective modes of the effect of radi-
ation with maximum solar activity (n = 5.5), for in-
stance, in conditions of clear sky.

In the conditions under consideration, the func-
tion T, (i) swiw) (h,n) (2) with (3) taken into ac-
count in the expression of spectral irradiance of the
direct and diffused components (4) is written as

(anf (h ”) Apir(pitr) “XP (_bDir(Diff)h) +T (n) (18)

In (18), ap;;=-3780, bp;, = 0.2444, apg= 8950,
bpig = 0.2084, T(n =5.5) = 5780.

The graphs of the dependence (18) are shown in
Fig. 2.

In (5), the values of the coefficients are as fol-
lows: 7p;; (90°) = 0.73, dp;; = 0.0348, gp;, =
155, TDiff (900) = 013, dDiff = 0029, gpiff —
1.04, and the values of the coefficients in (6),
for instance, with data from [13] are as follows:
a1=72.56x10" m, 0, =28.99x10"° m, 4| pax =
445-10° m, o, =25.89 x10°m, 0, =21.21:10°m
22, max = 505%10° m

In accordance with the Wien’s displacement law,
the expressions for Apay pir and Apax pig (10), with
the expression (4) taken into account, are written as

Jweon = Cs[ ~3780exp(~0,2444h) +5780] ', (19)
Aanoitr = Cs [ 8950exp (-0,20847) + 5780]’1. (20)
The derivatives in (9) are as follows:
|d A e 2,6773exp(—0,2444h)
Sus =, (21)
| dh | [-3780exp(~0,24441)+5780]
|d 2| 5.4053exp(—0,2084h) 2)

| dh | [8950exp(-0,2084%)+5780]

After inserting the expression (6) with its coef-
ficients ay, 01, A1 max» 02, 02, A2, max and the expres-
sions (19)—(22) into the relation (13) (for maximum

values of the direct component of SR in the SW
spectral channel), the expression e(h,n)|,, at input
of SCN in expanded form is written as

€pir, sW (h n)

rel

2
- [%j 0,73-0,5[ 1+sin (0,0348% —1,55) ]

C & )
"|[-3780exp(—0,24441) +5780 |

-1
[exp& - 1} X
C3

2,6773exp(—0,2444h) 2,
[ 3780exp(~0,24441) +5780 | ooz

2
G -445107
[~3780exp(~0,2444h) + 5780)
X exp |-

(23)
207

The similar expression for the diffused compo-
nent of SR in the SW spectral channel is written as

lef SW (h I’l)

2
=[%) 0,13-0,5[1+sin(0,0297—1,04)] x

-5
C 5 X
"|[8950exp(—0,2084/)+ 5780 |

-1
X [exp%— 1} X
3

5,4053- exp(—0,20844)
[8950 exp(—0,2084h)+5780 |

al
X X
o2

_ -
- 445 -10‘9J

C3
[[8950exp(—0,2084h)+5780]

207

X exp|—

The dependence of SI on A,y pir(niry and £ at in-
put of SCN is written in the form
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Cpir(iff) (}”max,Dir(Diff) h, ”) el =

2
’
B (Ej D1r Diff) (h n)C j'mzx Dir(Diff) X

-1
x| exp G -1| x
j'max,Dir(Diff)T'Dir(Diff) (h’ n)
Aot
max, 1r(D1ff)
X €y (j’max,Dir(Diff)) ah ¢z (hon).

Solar altitude angle corresponding to the maxi-
mum value ep;; sw(h), hpax calculated from the ex-
pression (23) equals to 16.14° and the correspond-
ing maximum value of the function ey, & (h)
equals to 0.01533.

Integration of the function ecs pj, sw(4, ) from
the expression (7) over 4 at A, = 16.14° gives the
maximum value of irradiance:

rel

Episw (hmax = 16,14°) =

570-107°

€pirsw (/1)

350-107°

dA=6,915W -m~. (24)

P =16,14°

After multiplying the calculated value of the inte-
gral (24) by the normalised function e, . sw (h.7)
derived from e Dir(Diff,SW(DW) (h n) by means of the
expression (15), the expression for the irradiance
dependence Ep;; sw(#) formed by the direct compo-

nent of SR in the SW spectral channel is written as

G (h) =

6,9145 ——
EDir,SW (h) m DireS ( )‘ dh =

2
=4,5115~102(%) %

=5
C, y
0,2444h)+ 5780 |

C
1 {[—37806xp (-

-1
X [expg—l} - 0,73%
C3
x 0,5 1+sin(0,03481—1,55) | x
2,6773exp(—0,2444h)
[ 3780exp (—0,2444h) + 5780

2
E pivpitr, swerw (), Wrm

h, deg

Fig. 3. The dependences of effective irradiance on Solar
altitude angle under combined effect of direct and diffused
components of SR simultaneously on the SW and LW
spectral channels: / — irradiance under effect of the direct
component of SR on the SW spectral channel, 2 —
ance under effect of the direct component of SR on the
LW spectral channel, 3 — irradiance under effect of the
diffused component of SR on the SW spectral channel,

4 — irradiance under effect of the diffused component of
SR on the LW spectral channel, 5 — irradiance correspond-
ing to the sum of the direct and diffused components of SR
simultenaously affecting the SW and LW spectral channels

irradi-

X(O'l\/lz_”}(

2
& - 44510
[-3780exp(<0,244h)+ 5780]

207

X exp | — .(25)

The graph of the dependence of absolute values
of effective irradiance on Solar altitude angle as per
the expression (25) is shown in Fig. 3.

The absolute value of effective radiant exposure
Hp;; sw (Ah) within the interval of Solar altitude an-
gle which corresponds to the effect of the direct ir-
radiance component Ep;;. sw (7) on the SW spectral
channel of the CA control path is calculated as

90°
Hyos (M) = [ Epyy () =91,218 W-m” -deg.
>

With combined effect of the direct and diffused
components of SR on the SW and LW spectral chan-
nels simultaneously, the dependence of absolute
values of effective irradiance on Solar altitude angle
Epiripifi, sw+w(#) is described by the sum

124



Light & Engineering

Vol. 28, No. 6

Table. Effective Modes of the Effect of Solar Radiation in the Circadian Region of Spectrum for Control of
Human Body Circadian Activity

Enerrg l)cellsa(l)';tz:;:clitics — B B, B E&;aé), H, Wm deg
Direct SR in the SW spectral channel 7° 43° | 16.14° 6.915 91.218
Direct SR in the LW spectral channel 6° 43° | 13.04° 1.618 18.768
Diffused SR in the SW spectral channel 4.5° 34° | 10.69° 6.164 38.100
Diffused SR in the LW spectral channel 10° 43° | 17.78° 1.848 21.731
Direct and diffused SR in the SW spectral channel 4.5° 43° | 12.56° 9.262 129.341
Direct and diffused SR in the LW spectral channel 6° 43° | 16.75° 2.987 40.499
Direct SR in the SW and LW spectral channels 7° 43° 15.62° 8.263 109.987
Diffused SR in the SW and LW spectral channels 4.5° 43° 10.69° 6.164 59.858
]c)li::lc;eall:d diffused SR in the SW and LW spectral 450 430 14.10° 11.492 169 845

EDir+DifﬁSW+LW (h) :EDir,SW (h)+EDir,LW (h)+

Epiisw (h)+EDifﬂLW (h):
_6,9145 dA

max, Dir

=277 . (h
0,01533e""‘*5() dh

136179 dﬂ’max,Dir Cz (h)+

* 0,09506%”5( )

+ 6’1639 e ( ) dﬂ’max,Diff c
0,9512 Pfes dh

15 8434 dj’max,Diff

memﬁes( )‘ dh G (h)’

(26)

the members of which are defined (similar to the ex-
pression (25)) using the developed method.

The graphs of the members of (26) Ep;; sw(h),
Epir, tw(h), Epir, sw (h), Epigr, Lw(h) and of their sum
are shown in Fig. 3.

The absolute value of effective radiant exposure
Hpiipifi, sw+Lw (Ah) within the interval of Solar alti-
tude angle 0° < & <43° which corresponds to simul-
taneous effect of the direct and diffused components
of effective irradiance on the SW and LW spectral

channels is expressed as
H =Hpysw +H

tH gy = 169,845 W-m™ -deg.

+H +

Dir+Diff, SW+LW Dir,LW Diff,SW

The Table summarises the values of energy char-
acteristics of CA control signals with different com-
binations of effects of the direct and diffused com-
ponents of SR on SW and LW spectral channels.

The last line of the table contains the values of
irradiance and radiant exposure in the case of nor-
mal human health condition (without fatal failure of
one of the CA control path spectral channels).

The fifth line of the table corresponds to fatal
failure of the LW spectral channel and the sixth line
of the table corresponds to fatal failure of the SW
spectral channel.

It is worth noting that, according to the available
experimental data, CA is controlled exceptionally
under direct effect of SR on human body, i.e. within
the period between sunrise and sunset. The data in
the table completely complies with such provision:
CA control commences (in the morning) and finish-
es (in the evening) at Solar altitude angle 4 = 4.5°.

It is also important that the daily value of supe-
rior culmination of the Sun /4, approximately equal
to 43° corresponds to non-availability of circadian
deregulations in real cases of SR effect (lines 7-9
of the Table) and to cases of fatal failure of one of
spectral channels (lines 5 and 6 of the Table), Fig. 3.
At the same time it is seen from Fig. 3 and the Ta-
ble that CA control ends at /g, > 43°. Processing
of the results of independent experimental studies
has shown that the value /5, = 43.13° corresponds
to complete non-availability of human circadian de-
regulations at arbitrary values of latitude and the
day of a year [17]. Further increase of Solar altitude
angle, e.g. with decrease of latitude on a random
day of a year, does not lead to changes in CA [17].

Correspondence between the values of /5, de-
fined using the proposed method and obtained after
processing of the results of independent experimen-
tal studies confirms practicability of this method.
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Adequacy of the results of calculations obtained us-
ing the latter confirms that it may be used in theoret-
ical and experimental studies of CA considering the
effect of optical radiation on human body.

CONCLUSION

The values of effective irradiance and radiant ex-
posure shown in Fig. 3 and the Table may be used in
the course of experimental studies of nonconscious
daily reactions of human body to levels of affecting
irradiance and radiant exposure with different com-
binations of the direct and diffused components of
optical radiation on the SW and LW spectral channels
of the CA control path. Application of the proposed
method allows us to define the values of irradiance
and radiant exposure controlling human CA also at
different cloudiness [9]. In particular, the results of
this work may form a basis for research of circadian
deregulations caused by trans-meridian flights and
shift working in facilities with continuous produc-
tion cycle. Moreover, the information obtained in the
course of the work may be used for development of
special emitting installations for prevention of cir-
cadian deregulations, correction of CA if they are
available and for maintenance of proper human CA
in conditions of daily CA deficiency, which is espe-
cially important for enhancement of protection of
national security in sub-polar and polar regions and
development of their economic use.
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ABSTRACTS

The main purpose of new studies investigating
pantograph catenary interaction in electric rail sys-
tems is to detect malfunctions. In the pantograph
catenary interaction studies, cameras with non-con-
tact error detection methods are used extensively in
the literature. However, none of these studies anal-
yse lighting conditions that improve visual function
for cameras. The main subject of this study is to in-
crease the visibility of cameras used in railway sys-
tems. In this context, adequate illuminance of the
test environment is one of the most important pa-
rameters that affect the failure detection success.
With optimal lighting, the rate of fault detection in-
creases. For this purpose, a camera, and a LED lu-
minaire 18 W was placed on a wagon, one of the
electric rail system elements. This study consid-
ered CIE140-2019 (2" edition) standards. Thanks
to the lighting made, it is easier for cameras to de-
tect faults in the electric trains on the move. As a re-
sult, in scientific studies, especially in rail systems,
the lighting of mobile test environments, such as
pantograph-catenary, should be optimal. In environ-
ments where visibility conditions improve, the rate
of fault detection increases.

Keywords: rail system lighting, pantograph-cat-
enary interaction, fault detection visibility, lumi-
nance, illuminance

1. INTRODUCTION

As in all areas, the biggest need for transporta-
tion is energy. Energy consumption is increasing
day by day due to the needs of modern life, the in-
creasing competition environment, and cultural and
social developments. The area where electric ener-
gy is used in transportation systems is electric rail
systems. Demand for railway transportation is in-
creasing. The energy required to move the train
comes from the power line. For the rail system vehi-
cle to be continuously energized, there must be con-
stant contact between the power line and the panto-
graph. Even a short-term non-contact between the
pantograph and the catenary negatively affects the
rail system vehicle and the electronic systems in-
side it. Therefore, the interaction between the pan-
tograph and the catenary should be tested dynam-
ically and statically at certain intervals. In order
to detect malfunctions in the dynamic interaction
of pantograph-catenary on the travel wire, the force
applied by the pantograph mounted on the rail sys-
tem vehicles and providing the necessary energy
to the train set is measured. If this force is applied
more than desired, it causes breaks due to the force
of the electric line. If the applied force is small, the
electric train causes arcing and mechanical damage
to the pantograph while driving. Accelerometer sen-
sor, load cell sensor and encoder or GPS system are
required to perform these tests [1-6]. In this study,
the lighting conditions of a recording system with a
LED lamp and a camera mounted on a wagon using
in an electric rail system were analysed.
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Catenary Line

l Catenary

r* Pantograph

Fig. 1. System that
records and illumi-

2. LIGHTING AREA

Electric rail systems have been used in transport
for many years. The most important element in elec-
tric rail systems is the pantograph and the catenary.
Compeatibility between the pantograph and the cat-
enary is one of the most important issues in these
systems. The pantograph is a movable and catena-
ry fixed element. These two elements are in contact
with each other, and movement is provided in elec-
tric rail systems. Therefore, the pantograph-catena-
ry interaction that moves and contacts each other in-
creases the number of failures [1-6].

Current in the pantograph is the primary source
of failure in electric rail systems. The pantograph
is located on the roof of the train and collects cur-
rent from the upper catenary line. The catenary line
is fixed to poles with support points at regular in-
tervals along the railway line [7-9]. When the train
is moving, the pantograph moves along the cate-
nary line to support energy continuity. When the
speed in the electric rail systems increases, vibra-
tions occur in the catenary line. This disrupts the in-
teraction between the pantograph and the catenary.
These vibrations negatively affect the contact be-
tween the pantograph and the catenary. Since the
contact between the pantograph and the catenary is
interrupted by electrical contact, wear and arc occur.
In electric rail systems, elements other than panto-
graph-catenary are advantageous in terms of main-
tenance factor [7, 8]. So, they usually do not cause
malfunctions. Therefore, care factor multipliers are
high. The source of the malfunction is the panto-
graph catenary interaction elements. For this pur-
pose, many studies are conducted in scientific stud-
ies that study the pantograph catenary interaction.
However, the lighting conditions are not taken into
consideration in recordings made with the camera
in fault detection studies. Therefore, sufficient suc-
cess is not achieved in fault detection. This study
provides appropriate lighting for camera recording
during a moving train. In this way, it has been un-

nates the pantograph
catenary image [1-4]

derstood that the camera can record (for the light-
ing class M2, 50 km/h < speed < 90 km/h) more ac-
curately when the illuminance levels and luminance
are selected appropriately [9, 10]. Fig. 1 shows the
system that records and illuminates the pantograph
catenary image.

2.1. Methods

In electric rail transport systems, arc and abra-
sions occur due to the horizontal movement-bal-
ance of the pantograph and the contact force applied
by the pantograph to the catenary. If the interaction
between the pantograph and the catenary is inap-
propriate, the contact is cut. Therefore, the train is
de-energized. The vibrations of the contact wire and
external effects cause malfunctions in the rail sys-
tems. It is important that periodic monitoring, fault
detection, and necessary maintenance can be pre-
dicted in railway systems. Monthly checks of rail-
way systems focus on two important points. These
are the monitoring of the rail profile and the cat-
enary line. Accidents are determined in advance
by examining factors that cause accidents, such as
abrasion, breaking, bending, catenary line stretch-
ing, contact condition, compatibility of catenary
line, and pantograph axis of rails. Image process-
ing based contactless methods have been developed
using cameras to diagnose these faults. Nowadays,
contactless condition monitoring methods are more
preferred. With the cameras used in these methods,
the railway line is monitored without contact, and
the image processing algorithms developed, and
malfunctions in the railway line are detected. Such
methods are efficient methods that work faster, re-
ducing workload.

* Various mathematical methods have been ana-
lysed using cameras to detect components and faults
in rail systems. These methods are support vector
machine, Gabor filter, basic image processing meth-
ods, deep learning, binary pattern matching base,
wavelet transform, template matching, Hough trans-
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Fig. 2. Pantograph-catenary arc failure in non-illuminated
environment [1-5]

form, Sobel edge extraction, line segment detector,
and batch algorithm conversion techniques [11-24].

* Images recorded with the camera were anal-
ysed by the black tree conversion technique to de-
tect the rail faults with loose connections [25].

* To detect defects in the railway fasteners, anal-
ysis was done using machine vision methods using
a camera [26-31].

* An analysis was conducted with basic image
processing methods using camera for scissors detec-
tion malfunctions [32-34].

* HSV colour conversion, masking, edge ex-
traction, and basic image processing methods were
analysed using the camera for the detection of rail
line tracking [35].

* Using the camera for surface detection; visu-
al based methods, Haar-like method, Otsu method,
machine vision method, adaptive background ex-
traction, image segmentation, deep learning, deep
convolutional neural network, gaussian filter, edge
extraction methods, and object recognition tech-
niques were analysed [36—47].

Although each study uses different methods, the
common point of these studies is the use of cam-
era images. However, none of these studies did not
consider the vision conditions of the camera. In this
case, troubleshooting has become difficult. Optimal
lighting should be done to increase the rate of fault
detection.

The most important problem here is that the
camera cannot record clearly in any conditions. For
the camera to record clear images in day or night
conditions, the criteria specified in CIE road stan-
dards should in terms of illuminance level and lumi-
nance values. Because trains running on rail systems
should be evaluated as road vehicles in motion. Any
arc or malfunction between the pantograph and the
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Fig. 3. When the electric train is stationary, signals from
the accelerometer (@) and signals from the force sensor (b)

catenary during the movement of the electric train
is recorded by the camera. For the camera to clearly
detect this fault, parameters such as speed, surface
type, reflection coefficient, luminous flux, distance,
and maintenance factor must follow CIE-140 stan-
dards. So, a train in railway systems is like a vehi-
cle on a highway [48, 49]. There are many studies
in the literature that have been done using a fault de-
tection camera. However, in no study was the visi-
bility of test runs evaluated in terms of lighting. Arc
and malfunctions caused by poor visual conditions
are sometimes not detected by the camera. In oth-
er words, in experimental studies (if it is specific
to each experiment), the most important parameters
that affect visibility are optimal illuminance lev-
el and luminance values [50-52]. Fig. 2 shows the
state of the pantograph-catenary arc failure in the
non-illuminated environment.

2.2. Condition Monitoring and Fault Detection

Many contact and contactless methods have
been developed for monitoring the components that
make up the railway line. When reviewing current
research in the literature, it is clear that non-con-
tact methods are more profitable. Image process-
ing-based methods are used to detect malfunctions
in rail components and rail surfaces. Images are tak-
en from the railway system via a camera. Status
monitoring and diagnostics are performed on the
acquired images using some image processing tech-
niques. Experimental installations for the develop-
ing image processing-based methods are quite sim-
ple and do not require large costs. As a result of the
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ronment, the signals received from the electric train 2
are shown in Figs. 3-5. 2 -
In Fig. 3, when the electric train is stationary, : \
signals from the accelerometer and signals from % \\ /
the force sensor are shown. In Fig. 4, the electric o S
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train is in motion (no malfunction), signals from y ™

the accelerometer and signals from the force sensor
are shown. In Fig. 5, the electric train is in motion
(at the time of failure), signals from the accelerom-
eter and signals from the force sensor are shown.
The moment when the visual conditions are the
most important for the camera is the breakdown
moment in Fig. 5. During the malfunction, the sen-
sors detect vibration because they measure physi-
cally. That is, sensors detect the malfunction, but if
the vision conditions are not good, the camera can-
not detect the malfunction. The accelerometer and
force sensors detected this malfunction. Therefore,
vision conditions need to be improved. If the cam-
era recording the fault clearly detects it, the fault
2.0 2.8

3.6 4.4

Fig. 5. Electric train in motion (at the time of failure), sig-
nals from the accelerometer (@) and signals from the force
sensor (b)

can be detected. If the lighting conditions are not
suitable, some faults are not visible. However, the
sensors that make physical measurements verify the
fault information. Therefore, the lighting criteria
cannot be neglected.

3. AREA LIGHTING DESIGN

Point lighting calculation method was used in
area lighting calculation. In this method, the area
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Table 1. The Area and Lighting Parameters
Number of lanes 1 Lighting class M2
Strip width (m) Console angle (degree) 0
Total width (m) Luminaire angle (degree) 15
Road surface class R1 Lamp type LED
0, 0.10 Luminaire power (W) 18
Distance to illumination 0 Luminous flux (Im) 1825
Illumination height from ground (m) 5 Maintenance factor 0.88
(once a year)

to be calculated for lighting is selected. According
to the observer, who is positioned to stand in the
middle of the area, point calculation has been made.
Fig. 6 shows the entire illuminated field of the pan-
tograph with the calculated areas of the illuminated
surface separated. The LED luminaire mounted in
the wagon illuminates the pantograph at a right an-
gle. Calculations were made according to the total
illuminance levels and total luminance values com-
ing from all luminaires [7-10, 50-52].

3.1. Features of The Area Lighting

The road surface class is R1. Additionally,
Q,=0.10, and the distance of the luminaire is 5 m.
The maintenance factor of the luminaire is 0.91, and
all calculated luminance values are corrected. The
ratio of the lowest luminance value to mean lumi-
nance value is greater than 0.4 in the calculations
for area lighting, ensuring that the rate of the lowest
luminance value to the highest at the latitude coor-
dinate of the observer is greater than 0.7. The illu-
minance levels, luminance value, and uniformities
of the area are in accordance with relevant stan-
dards. Luminaires were established in single from

Table 2. Optimal Parameters of The Illuminated
Surface for The Camera

Observer location (m) 1.50
Luverage 151
U, 0.77
U, 0.82
T1% 3.00
Eaverage 29.06
E.in 20.92
E, . 35.84
U,u 0.72
U, 0.58

to the axis of the area and at a distance of 5 m. This
study simulation was performed accordingly with
LED luminaires [48, 49, 53—55]. Table 1 shows the
area and lighting parameters.

3.2. Simulation Study

The main purpose of the new studies is to reach
the most economical results that provide adequate
visibility conditions. In the new study on area (zon-
al) lighting, classifications are taken into consid-
eration in the various scenarios’ conditions. The
most correct reference to area lighting is internation-
al standards. For this reason, simulation is adapted
to CIE standards. According to CIE140, the lumi-
nance values, average luminance level, average and
longitudinal uniformity values of all points were cal-
culated for the observers.

Luminaries used in area lighting should be se-
lected taking into account the glare level, the lumi-
nance level of the area, uniformity, and economy,
and they should be determined in consequence of
computer calculations according to the luminance
method.

It is a simulation program written with Visual Ba-
sic. Various options are available for area parame-
ters in the simulation program. For the lighting pa-
rameters are selected such characteristics as distance
to the luminaire, height of the luminaire, distance of
the luminaire from the road, console angle, IP pro-
tection class, pollution rate, cleaning period, and
maintenance factor for the pole or suspended light-
ing installation. For the luminaire parameters (the
name, angle of the luminaire (angle relative to the
road), power of the lamp used, lifetime, luminous
flux, ballast power, and new lamps) can be added
into this simulation under the database process at
any time. It is possible to add any type of lamp into
the simulation [48, 49, 53-61]. The result of this
simulation is a simple and correct calculation.
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Table 3. The Illuminance Levels for The Camera
E,;,=20921x E,,,.=35.84 Ix E,,vmge=29.06 Ix U,,=0.72 U,,=0.58

m/m 0.35 1.05 1.75 2.45 3.15 3.85 4.55 5.25 5.95 6.65
0.50 25.38 20.91 2730 | 2488 | 25.84 | 2584 | 24.88 | 27.30 | 20091 25.38
1.50 30.29 30.71 3456 | 35.83 3442 | 34.43 35.83 3456 | 30.71 30.30
2.50 27.68 27065 28.54 | 32.03 29.74 | 29.74 | 32.03 28.54 | 27.66 | 27.69

Table 4. The Luminance Values for The Camera

Observer: L= 1.51 cd/m?%, U,= 0.77, U= 0.82, TI= 3.0 %

m/m 0.35 1.05 1.75 2.45 3.15 3.85 4.55 5.25 5.95 6.65
0.50 1.28 1.15 1.33 1.30 1.41 1.44 1.36 1,39 1.17 1.29
1.50 1.61 1.65 1.78 1.91 1.97 1.93 1.96 1,81 1.66 1.62
2.50 1.29 1.29 1.34 1.50 1.50 1.50 1.57 1,38 1.33 1.32

4. LIGHTING APPLICATION

In this study, a 1-lane area that is suitable for
CIE140-2000 and 2019 (2™ edition) area light-
ing calculations has been investigated in the sim-
ulated environment. Calculations were made at
an angle of 15° for 18 W LED luminaire. While
Lyerage =1.50 cd/m?, this corresponds to CIE140—
2000 and 2019 (2" edition) road lighting calcula-
tions for M2. If L,,0,4g.=1.50 cd/m? is less, then the
lighting is not suitable for CIE140-2000 and 2019
(2" edition). To increase the camera vision, 18 W
LED luminaire was used in the lighting. This LED
light was able to meet the normalized parameters
according to CIE140-2019. As for the illuminance
level and luminance values, the 18 W LED lumi-
naire increased visibility. The optimal parameters
of the illuminated surface for the camera are shown
in Table 2.

In this study, measurement and calculation were
made using simulation at 30 points selected in hor-
izontal and vertical positions. Table 3 shows the il-
luminance levels for the camera, and Table 4 shows
the luminance values for the camera.

6. RESULTS

Proper design of the lighting installation is of
great importance for both driving and safety. The
main purpose of new studies investigating the pan-
tograph catenary interaction in electric rail systems
is the detection of malfunctions.

The main subject of this study is to increase the
visibility of cameras used in railway systems. Sup-
plying optimal lighting is to refine fault detection.

For this purpose, a camera and a LED luminaire
18 W were installed on a wagon, which is one of the
electric railway system elements. This allows you
to see more clearly the failures that occur during the
movement of the electric train.

There is 5 m between the LED luminaire and the
pantograph catenary contact point. The measure-
ments were made while the wagon was moving.
For lighting criteria, it was treated as a road vehicle
moving under normal road conditions. The simula-
tion used was adapted to CIE140-2019 (2" edition)
standards. According to CIE140, the luminance val-
ues, average illuminance level, average and longitu-
dinal uniformity values of all points were calculated
for the observers. The data of the luminaire used has
been entered into the simulation database. The re-
sults were analysed for the good vision of the cam-
era recording on the moving wagon.

Lighting conditions are very important in such
experimental studies. Because the visual ability of
the camera on the wagon affects the success of the
applied mathematical methods. For example, in a
mathematical method that detects 85 % malfunc-
tion, fault detection can be 99 % if the camera re-
cords more clearly. In this respect, the lighting of
the test environment is one of the most parameters
affecting the failure detection success. As in this
study, special solutions should be analysed in simu-
lated lighting environments.
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ABSTRACT

Everyone in Russia has been preparing to the
75th anniversary of the victory in World War Two
despite the fact that the state-level commemora-
tion events are being impeded by the global disas-
ter which may be compared to a world war: the
COVID-19 pandemic. Like a war, it will eventually
end but the memory about the anniversary must and
will live on. Therefore, the subject of the article is
topical: commemoration light and memory in light
of an eternal flame and artistic and sacral illumina-
tion (Tribute in Light, like it was in New York in
2001). Numerous issues of architectural lighting of
memorial sites and monuments in different Russian
cities are under consideration. Positive and negative
examples of light design solutions are described. It
is also noted that information on contemporary state
of this area is extremely insufficient.

Keywords: light design, memorial sites and
monuments, war, memory, light

The memory of the most disastrous war in the
Russian history, the World War Two, is kept not
only in people’s minds and literature, fine arts,
music, theatre, cinema and TV series, but also in
sculptural and architectural memorial sites and
monuments which have been increasing in num-
bers over the years. For some time now, in terms
of visuals and emotions, these sites have been
starting living not one, mainly daytime, life but
two lives, i.e. also a man-made night time life un-
der artificial illumination. And sometimes the vi-
sions of this second life are even more impressive,
then of the first one since a site becomes a gigan-
tic theatrical stage with dramatic effects of light.
At least, this is the main goal of light-design solu-
tions which, unfortunately, are still not implement-
ed at all sites or the effect of their implementation
has not reached the lofty objective due to poor de-
sign quality or inadequate maintenance of lighting
installations.

Fig. 1. Daytime and night time images of the Broken Ring monument in memory of the Siege of Leningrad
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Fig. 2. The Tomb of the Unknown Soldier in Alexander
garden

In the daytime, the idea to express the dramat-
ic nature of a memorial site not only by means of
conventional sculptural and spatial composition is
negated by the overwhelming light from the sky
and the Sun incident indifferently on all elements.
It is good if the authors, a sculptor and an architect,
have thought about orientation of dominant objects,
axes of composition and design and main directions
of perception as related to the Sun (let us remem-
ber the monument of to A.S. Pushkin in Moscow,
which has lost part of poetic dramatics designed by
Alexander Opekushin after it was moved to anoth-
er place and rotated by 180 degrees). However, in
the night time, a spectator’s attention is controlled
and original lighting images are created by means
of electric light and it is possible to predict and cal-
culate its parameters and, therefore, emotional reac-
tions of visitors based on the designed script. Look
at the daytime and night time photos of the Broken
Ring monument commemorating the Siege of Len-

ingrad: as compared to the latter, the former looks
emotionless while the latter is filled with emotions,
light deliberately and confidently directs a specta-
tor’s attention to the elements of the composition,
the surroundings do not deflect attention and dra-
matise the situation persuasively and appropriate-
ly (Fig. 1). With invention and development of LED
lighting installations (LI) and programmable con-
trol systems, the kinetic adjustment of all lighting
parameters has been becoming much easier. How-
ever, these features are still used only sometimes as
part of temporary, one-time holiday shows. A centu-
ry ago, the symbolic expression of an idea or a spir-
it of a memorial site was ingeniously found in the
form of an eternal flame: like the flaming heart of
Maxim Gorky’s Danko, living flame lights the road
of memory for us. The first eternal flame was light-
ed up in 1923 on the Tomb of the Unknown Soldier
of the World War One under the Triumphal Archat
the Place de 1’Etoile (now known as Place Charles
de Gaulle) in Paris. The first eternal flame in the
USSR was lighted up in 1957 at the Field of Mars
in Leningrad near the Monument to the Fighters of
the Revolution and then in 1967 at the Tomb of the
Unknown Soldier near the Kremlin wall in Alexan-
der garden, Moscow. From then on, in hundreds of
large cities and small towns of Russia and former
republics of the USSR, eternal flame as a small in
size but the key, reverent non-material composition-
al and substantive dominant shines day and night
at the bottom of single monuments and in focus of
great memorial ensembles, at communal cemeteries
and graves, in places of memorable events and he-
roic exploits. An eternal flame always provides any
monument with a clear, obvious and sacral mean-
ing. In these cases, the role of a material dominant
is played by sculptural objects such as obelisks,

Fig. 3. Memorial to heroes of the Battle of Stalingrad on the Mamayev Kurgan in Volgograd
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Fig. 4. The Brest fortress

figures, steles, arcs, pyramids, etc. To keep their
dominant role in an ensemble during night time,
they shall be illuminated properly. This obvious
function still fights for its legit aesthetic right for
implementation.

The tradition of intent symbolic and artistic illu-
mination of memorial sites has appeared in the case
of the first Tomb of the Unknown Soldier in the
USSR in the Alexander garden (designed by archi-
tects D.P. Burdin, V.A. Klimov, Yu.B. Rabaev, and
sculptor N.V. Tomsky). Architect V.G. Makarevich
(MARKHhI) has designed architectural illumination
of this minimalistic (according to our today’s under-
standing) landscape composition substantiated by
historical context the main light element of which,
apart from the eternal flame, was the temperate me-
morial lighting of the Kremlin wall with backlight-
ed somber blue spruces. Above it all, the floodlight-
ed (based on the VNISI design) Arsenal building
“floated” cheerfully (Fig. 2).

At the same time, the similar idea had been elab-
orated for the largest memorial site in the USSR
to the heroes of the Stalingrad battle on the Mama-
yev Kurgan in Volgograd commissioned in 1967.
Since 1965, the architectural lighting laborato-
ry of VNISI (N.V. Gorbachyov, P.S. Evdokishkin,
V.M. Tsarkov) had designed the lighting project fi-
nally implemented in 1976 [1]. Using the models of
main sculptures and lens covered spotlights and re-
flector lamps, the workshop of the head of the de-
sign team E.V. Vuchetich designed the techniques
of their lighting in order to select correct direc-
tion of floodlighting for the most spectacular pre-
sentation during night time, to clarify locations of
lighting devices (LD) in the area and to experimen-
tally define the levels of illuminance for the domi-
nant sculpture The Motherland Calls on the top of
Mamayev Kurgan overlooking the city so that it

could be seen at night time at 10 km from the city
stretched along the Volga river for tens of kilome-
tres as well as from the surrounding plains (the total
height of the monument and the hill above the lev-
el of Volga is about 190 m). It is worth noting that
this method of light modelling is the second best af-
ter field simulation method as compared to others,
including computer-aided methods which were still
unknown at that time.

Apart from the dominant, the compositional and
planning structure of the memorial includes also a
hierarchised system of thematic sculptural compo-
sitions and architectural objects arranged in space
and terrain along the path of visitors. As compared
to today’s level of equipment, the authors disposed
very limited lighting capabilities: just spotlights
with incandescent lamps (IL) with power of up
to 3,000 W. Therefore installed capacity of the main
monument only equalled to 240 kW while the total
capacity was equal to 480 kW!

High power consumption, short service life, op-
eration expenses, progress in production of more ef-

Fig. 5. The Motherland monument in Kiev
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ficient discharge light sources (LS) and new social
and aesthetic preferences have given rise to period-
ic modernisations of LIs of the memorial with cor-
responding redesign of technical and artistic char-
acteristics of lighting. In the 1980’s, the IL-based
spotlights S-60, PFS, PZS, PKN were replaced
with PGC spotlights based on metal halide lamps
(MHL). In the course of preparation to the 60th an-
niversary of the Battle of Stalingrad, Prosvet LLC
designed another modernisation of LIs as a result
of which the number of LDs and spotlight batteries
had been reduced and light of MHL and high-pres-
sure sodium lamps (HPSL) of different spectra was

Fig. 7. The Victory Park at the Poklonnaya Hill in Moscow

Fig. 6. Kartlis Deda
(The Mother of
Georgia) monument
in Tbilisi

used, which created an emotional (although it was
stationery) effect of fire flashes on the sculptures
rather appropriate in this area. The capacity of LlIs
of the dominant sculpture has reduced by more than
10 times, down to 18.8 kW, while total capacity re-
duced down to 26.7 kW [2] (Fig. 3).

In 2017, major reconstruction of the main sculp-
ture The Motherland Calls with further modernisa-
tion of LI’s for the 75th anniversary of the victory
has started. Despite this fact, the grand nighttime
show Light of the Great Victory has been conduct-
ed on Mamayev Kurgan for thousands of spectators
on each 8th and 9th of May since 2016. The anni-

e
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Fig. 8. The monument to heroic defenders of Leningrad

139



Light & Engineering

Vol. 28, No. 6

Fig. 9. The monument to Panfilov’s Twenty-Eight Guardsmen

versary-related improvements will be implement-
ed before publication of this issue of the journal,
and we plan to inspect them in field (if the COVID
pandemic does not prevent it) and then describe our
explorations. By the way, information on light de-
sign in this important artistic and ideological sphere
of art and culture is extremely insufficient. The last
special issue of the journal on this subject [1] was
published 35 years ago and publications have been
nearly absent since then. Why don’t specialists
share their ideas and results? Aren’t memorial sites
illuminated? Is light design just a method to make
profit confidentially? How do previously installed
LIs operate? It is difficult to find information, even
in the Internet. For instance, the new large memori-
al is being constructed near Rzhev and its authors,
architect K. Fomin and sculptor A. Korobtsov claim
that they do not know who has designed its light-
ing arrangement presented in the Internet! How is it
possible without their approval? (Fig. 12).

The Brest Fortress innovatively illuminated in
the 1980’s [1] does not demonstrate its tragic im-
ages during nighttime excursions nowadays due
to lack of funding. It is not known whether the Red
Army Glory Hill near Minsk [1] and Khatyn [2], the
memorial to Panfilov’s Twenty-Eight Guardsmen
in Almaty and memorial to the Red Army liberated
Riga from fascist invaders [4], the Motherland me-
morial in Kiev and Kartlis Deda in Tbilisi, etc. (al-
though they are abroad nowadays) are illuminated
today (Fig. 4-6).

Designing of memorial sites with different de-
gree of monumentality had been initiated by Sovi-
et architects and sculptors even before the war was
over, expressing the strong faith in victory and grat-
itude to liberators. Tens of rather large and expres-
sive ensembles have been created over 75 years and
many of them were state-recognised: the Victory

Park on the Poklonnaya Hill, Dubosekovo station
and the Glory Belt in Moscow region, memorials
in Novorossiysk and Sevastopol, Magnitogorsk and
Leningrad [5], Murmansk and Saratov, the Prokhor-
ovka field [6], etc. All of them are illuminated indi-
vidually with different degrees of artistic perfection
(Fig. 7-11).

The decisions of the state authorities of the
USSR and the Russian Federation to award hon-
orary titles of Hero City or City of Military Glo-
ry to cities distinctive for wide-spread heroism and
bravery of their defenders were more socially im-
portant for perpetuation of memory of multi-mil-
lion victims of the war than local thematic monu-
ments: in 1965-1985, by decrees of the Presidium
of the Supreme Council of the USSR, the Brest For-
tress and 12 cities of the USSR became hero cities,
and in 2006-2009, by decrees of the President of
the Russian Federation, 45 cities and towns of Rus-
sia accepted the new title of a city of military glo-
ry. Probably this list is still not completed while

Fig. 10. The monument to defenders of Soviet Arctic (the
Alyosha monument) in Murmansk
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Fig. 11. The Rear-front Memorial in Magnitogorsk

memories of few veterans and war workers who are
still alive as well as of generations of grateful de-
scendants about the immortal heroism and numer-
ous victims in every family live of, while historians
keep exploring the archives and enthusiasts, veter-
ans associations and other people interested in this
somber and unforgettable subject keep searching
for remains of the fallen. As part of this work, we
still need to find adequate ways to reflect historical
events and facts appropriately.

Each monument is based on a specific event, the
fate of some person or many people which affect-
ed the course of battles or reflected their terrors.

Monuments are mostly created by sculptors in co-
operation with architects who embed sculptural and
architectural forms into actual spatial context. How-
ever, authors rarely remember about architectural
lighting at the stage of creative search and timely in-
vite a light designer. After approval of massing usu-
ally designed under daylight and the cost estimate,
light designers’ hands are often tied: the authors
want their monument (especially if it is a portrait)
to be illuminated from above (like during the day-
time), the elements of LI’s to be non-visible (despite
the fact that it is already impossible to embed LDs
into structures) and not blinding spectators during
night time, the lighting system to be nearly free, and
sometimes they even cannot clearly explain what
the want from the light designers. Many of these re-
quests cannot be realised. To create, a light designer
shall not only get familiarised with an object (mod-
els, presentation images) but also shall know the au-
thors’ “mythology” usually reflected in the form of
some script, i.e. prediction of spectator’s reaction
when moving through space and time (explanato-
ry note, presentation of the project and underlying
ideas, conversations with authors, etc.).

Like an individual creator (although it will be
necessary to approve a light design with the proj-
ect authors), a light designer shall not only com-
pose his/her own illumination script taking the au-
thors’ requests into account to some extent, but also,

Fig. 12. The memorial to Soviet soldiers near Rzhev
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which is more important, to suggest an original vi-
sual interpretation of the authors’ ideas based both
on the properties of a material and spatial arrange-
ment of an object and on aspects of visitors’ adap-
tation to darkness while moving and perception of
a monument during night time. Capacities of mod-
ern lighting equipment provide a light designer with
capabilities to create a lighting composition with
required distribution of luminance and chromatici-
ty over the objects, their gradients, selection lumi-
nance and colour contrasts, multi-mode kinetics of
lighting, large-scale and rhythmic light modulation
of space, etc. Unfortunately, not every designer is
competent enough to solve these problems which
are based on selection of the most appropriate and
efficient means and techniques of lighting.

Analysing the available night time photos of
some memorial sites (although we cannot believe
them completely due to reasons familiar to special-
ists but, unfortunately, we have to because we do
not possess our own photo information and obser-
vations), we can define the common features of light
composition:

* The most difficult to find visual dialogue be-
tween light environment and light forms is formed
randomly because theory and practice usually pay
attention to artistic interpretation of light forms and
the light environment is created based on primi-
tive standards of utility lighting. Scale and rhyth-
mic modulation of nighttime environment pro-
viding perception of its depth and human scale is
insufficient.

Street LDs taken from catalogues and forming
the light environment are neutral relative to a me-
morial site architecture in the ideal case, despite the
fact that there are examples of their personal, sin-
gle-piece, specific design in the world.

* Although there are standards of architectural
lighting (although they are not perfect) [8], no one
knows actual values of object luminance individual-
ly and as part of hierarchy (dominant, accents, back-
ground objects) as well as luminance contrasts and
gradients which affect major visual (artistic) evalu-
ations. Some values rarely published [1] are either
exceptions to the rules or calculated values not sub-
stantiated by field measurements. It is especially rel-
evant to definition of the value of luminance adapta-
tion in different observation points.

* There is even less hope about scientific data
on radiation chromaticity, colour contrasts, gradi-
ents and adaptation since no one is interested in it.

* Like during the daytime, images of a memorial
site on clear and overcast days, in winter and sum-
mer, during night time change not only due to dif-
ferent weather conditions but also due to quality of
operation of LIs. They usually lose their integrity
and expression over time. Proper imagination could
make weather changes an element of programmable
lighting kinetics.

Nevertheless, sometimes existing light-com-
position solutions include original techniques pro-
viding a light image of the entire memorial site or
of its important element with a creative feature. In
the large light ensemble of the Poklonnaya Hill, it
is definitely reached by 1418 red fountain jets in
five basins along the central valley, corresponding
to the number of bloody days and year of the war
[7], Fig. 7. In the monument to heroic defenders of
Leningrad [5], the original technique of “creep-
ing” light was used: concentrated beams of spot-
lights creeping radially along the pavement of the
oval circus towards the central obelisk create a halo
around it in the form of light “lashes”. Unfortunate-
ly, they do not focus into light along the height of
the dominant obelisk as its luminance is obviously
insufficient (Fig. 8). The figures of soldiers of the
Dubosekovo monument to Panfilov’s Twenty-Eight
Guardsmen (Fig. 9) are illuminated too primitively:
a bright strip of light illuminates the belts of all fig-
ures while their heads sink in deep contrast shad-
ows. The monument to defenders of the Soviet Arc-
tic (“Alyosha”) in Murmansk flooded with light of
HPSL-based LD’s is rather ornamentally perceived
in winter against the background of cold northern
landscape (Fig. 10). The moderately illuminated
figures of a worker and a soldier (The Rear-Front
Monument) monumentally dominate in the light
silhouette of the city (Fig. 11).

In the end, we would like to share two dreams:
officials of the Ministry of Culture shall pay atten-
tion (funding is desirable too) to social and aesthetic
relevance of the subject and the creators (sculptors,
architects, light designers) shall share their ideas
and results in professional journals.
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