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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

Marsha D. Vinogradova

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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Introduction

The coronavirus disease (COVID-19) pandemic
has accelerated the search for environmental con-
trols to contain or mitigate the spread of the severe
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) responsible for the disease. SARS-CoV-2 is
usually transmitted from person to person by con-
tact with large respiratory droplets, either direct-
ly or by touching virus-contaminated surfaces (also
denoted as fomites) and subsequently touching the
eyes, nose or mouth. Importantly, there is grow-
ing evidence of virus transmission via the airborne
route as the large respiratory droplets dry out and
form droplet nuclei which can remain airborne for
several hours. Depending on the nature of the sur-
face and environmental factors, fomites can remain
infectious for several days (van Doremalen, 2020).

The use of germicidal UV radiation (GUV) is an
important environmental intervention which can
reduce both contact spread and airborne transmis-
sion of infectious agents (like bacteria and virus-
es). GUV within the UV—C range (200 nm-280 nm),
primarily 254 nm, has been used successfully and
safely for over 70 years. However, GUV must be
knowledgably applied with appropriate attention to
dose and safety. Inappropriate GUV application can
present human health and safety issues and pro-
duce insufficient deactivation of infectious agents.
Application in the home is not advisable and GUV
should never be used to disinfect the skin, except
when clinically justified.

What is GUV?

Ultraviolet radiation is that part of the optical
radiation spectrum that has more energy (shorter
wavelengths) than visible radiation, which we ex-
perience as light. GUV is ultraviolet radiation that is
used for germicidal purposes.

Based on the biological impact of ultraviolet ra-
diation on biological materials, the ultraviolet spec-
trum is divided into regions: UV-A is defined by CIE
as radiation in the wavelength range between 315
nm and 400 nm; UV-B is radiation in the wavelength
range between 280 nm and 315 nm; and the UV-C
wavelength range is between 100 nm and 280 nm.
The UV—C part of the UV spectrum has the highest
energy. Whilst it is possible to damage some micro-
organisms and viruses with most of the ultraviolet
radiation spectrum, UV—C is the most effective and
hence UV—C is most commonly used as GUV.

The radiant exposure required for the deacti-
vation of an infectious agent by 90 % (in air or on
a surface) depends on the environmental condi-
tions (such as relative humidity) and the kind of in-
fectious agent. It typically ranges between 20 J/m2
and 200 J/m2 for mercury lamps predominantly
emitting radiation at 254 nm (CIE, 2003). Previous-
ly, GUV of 254 nm has been shown to be effective
in disinfecting surfaces contaminated with the Eb-
ola virus (Sagripanti and Lytle, 2011; Jinadatha et
al., 2015; Tomas et al., 2015). Other studies have
demonstrated

the effectiveness of GUV during an influenza
outbreak in the Livermore Veterans Hospital (Jor-
dan, 1961). However, despite ongoing research, at
present there is no published data on the effectivi-
ty of GUV against SARS-CoV-2.

Applying GUV for disinfection

UV—C has been used successfully for water dis-
infection for many years. Moreover, UV-C disinfec-
tion is routinely incorporated into air handling units
to manage the build-up of biofilms and to disinfect
air (CIE, 2003).

Until the introduction of polymer materials in
healthcare settings and the availability of antibi-
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otics and vaccines, UV-C sources were common-
ly used in several countries to sterilize operating
theatres and other rooms overnight. Recently,
there has been a resurgence of interestinthe use of
whole room UV—C exposure devices for healthcare
environments intended to disinfect the air and ac-
cessible surfaces in the room. Such devices can ei-
ther be placed in a specific room location for a pe-
riod of time, or they can be robotic units that move
around the environment to minimize shadow ef-
fects. For surface disinfection, in addition to the op-
tion to place a UV—-C source in the room, it is possi-
ble to place a UV-C source close to asurface.

Limited use of UV—C for disinfection of personal
protective equipment during pandemics has been
explored in some countries (Jinadatha et al., 2015;
Nemeth et al., 2020).

There is growing evidence that the use of UV-C
as an adjunct to standard manual cleaning in hospi-
tals can be effective in practice, although more spe-
cific application guidelines still need to be devel-
oped as well as standard testing procedures.

Upper air disinfection UV-C sources are usually
mounted above head-height in rooms and operate
continuously to disinfect circulating air. Such sourc-
es have been successfully deployed to limit the
transmission of tuberculosis (Mphaphlele, 2015;
Escombe et al., 2009; DHHS, 2009). Based on a sys-
tematic review of the literature, the World Health
Organization (WHO) recommended the use of up-
per room GUV as a means for tuberculosis infection
prevention and control (WHO, 2019).

Some laboratory studies have found that the ef-
fectivity of upper-air UV—-C disinfection depends on
the relative humidity, temperature conditions and
air circulation (Ko et al., 2000; Peccia et al., 2001).
Escombe et al. (2009) studied upper room GUV in
a non-air-conditioned hospital ward in Lima, Peru,
and found a marked reduction in the risk of trans-
mission of airborne tuberculosis, despite the high
relative humidity of 77 %.

Risks when using UV-C

Most people do not get exposed to UV—-C natu-
rally: UV—C from the sun is primarily filtered by the
atmosphere, even at high altitudes (Piazena and
Hader, 2009). Human exposure to UV-C typically
arises from artificial sources. UV—C only penetrates
the outermost layers of the skin and hardly reach-
es the basal layer of the epidermis, neither does it
penetrate deeper than the surface layer of the cor-

nea of the eye. Exposure of the eye to UV—C can re-
sult in photokeratitis, a very painful condition that
feels as if sand has been rubbed onto the eye. Pho-
tokeratitis symptoms take up to 24 hours after the
exposure to develop and require about another 24
hours for them to subside.

When the skin gets exposed to high levels of
UV-C, erythema (a skin reddening similar to sun-
burn) can develop (ISO/CIE, 2019). Usually erythema
is less painful than the effect of UV-C on the eyes.
However, the UV-C-induced erythema can be
misdiagnosed as dermatitis, especially when it is
not known that there was a recent UV—C exposure
history. There is some evidence that repeated expo-
sure of the skin to UV-C levels that cause erythema
may compromise the body’s immune system (Glas-
er et al., 2009).

Ultraviolet radiation is generally considered to
be carcinogenic (ISO/CIE, 2016), however, there
is no evidence that UV—-C alone causes cancer in
humans. The Technical Report CIE187:2010 (CIE,
2010) discusses the question and concludes: “while
the UV radiation from low- pressure mercury UVGI!
lamps has been identified as a potential carcino-
gen, the relative risk of skin cancer is significantly
less than the risk from other sources (such as the
sun) to which a worker will be routinely exposed.
UV germicidal irradiation can be safely and effective-
ly used for upper-air disinfection without a signifi-
cant risk of long-term delayed effects such as skin
cancer.”

Guidance for occupational exposure to UV ra-
diation including UV—C radiation has been provid-
ed by the International Commission on Non-loniz-
ing Radiation Protection (ICNIRP, 2004): UV radiant
exposure upon unprotected eyes/skin should not
exceed 30 J/m? for radiation of 270 nm, the peak
wavelength of the spectral weighting function for
actinic UV hazard for skin and eye. As the hazard
effect of UV radiation depends on wavelength, the
maximum exposure limit for radiation of wavelength
254 nmis 60 J/m2. For radiation of 222 nm the max-
imum (actinic UV hazard) exposure limit is even
higher, around 240 J/m?. This wavelength has been
studied for germicidal purposes in (Buonanno et
al., 2017; Welch et al., 2018; Narita et al., 2018;
Taylor et al., 2020; Yamano et al., 2020). The pre-
ceding (daily) UV exposure limits are given in the

1 UVGI is the acronym of “ultraviolet germicidal irradiation”.
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IEC/CIE standard for the photobiological safety of
products (IEC/CIE, 2006).

Typical UV—C sources often also emit radi-
ation that includes various wavelengths outside
the UV-C range. Some UV—-C products may ad-
ditionally emit UV-B or UV-A, and some UV dis-
infection sources declared as UV—C sources may
not even emit UV-C. As the exposure to UV from
such products may increase the risk of skin cancer,
protective measures have to be taken to minimize
this risk. In normal use, UV sources secured inside
ductwork for recirculated air or used for water ster-
ilization should not present arisk of exposure to peo-
ple. When working in a UV-irradiated zone, workers
shall wear personal protective equipment such as
industrial clothing (e.g. heavy fabric), and industri-
al face protection (e.g. face shields) (ICNIRP, 2010).
Full-face respirators (CIE, 2006) and hand protec-
tion by disposable gloves (CIE, 2007) are also pro-
tective against UV.

Measurement of UV—-C

In-situ measurement of UV—C is usually per-
formed using handheld UV-C radiometers. Ideal-
ly, any radiometer should be calibrated by a labo-
ratory that is accredited to ISO/IEC17025 (ISO/IEC,
2015), so that the calibration is traceable to the
International System of Units (SI) (BIPM, 2019a;
BIPM, 2019b). Moreover, it is important to check
the calibration report and apply any correction fac-
tors which are contained within the report when
using the instrument. The calibration report is usu-
ally only valid for the UV—-C source used in the cali-
bration; significant errors may result when measur-
ing other source types with the instrument. Most
instrument calibrations are typically done using
the 254 nm emission line of a low-pressure mer-
cury source. If the calibrated instrument is then
used to measure a UV source with a wavelength
(range) that is significantly different from 254 nm,
this may result in spectral mismatch errors of tens
of per cent. Some UV-C radiometers can be cali-
brated to account for wavelengths other than 254
nm, for example for use with UV LED sources or ex-
cimer lamps.

When a UV radiometer is calibrated, it is best
practice for the calibration laboratory to ask the
user what type of source will be evaluated with
the instrument, so that ideally the instrument will
be calibrated using a source with a similar spectral
composition as the sources to be measured by the

user, in order to reduce these spectral mismatch
errors. CIE220:2016 (CIE, 2016) provides guidance
for characterization and calibration of UV radiom-
eters. Further information about the measurement
of optical radiation hazards is provided in (ICNIRP/
CIE, 1998). At present, CIE and ICNIRP are organiz-
ing an online tutorial on the measurement of opti-
cal radiation and its effects on photobiological sys-
tems (CIE/ICNIRP, 2020).

Consumer products

As the present COVID-19 pandemic spreads,
many UV—C products promising efficient disinfec-
tion of surfaces and air are being put on the mar-
ket. Specific guidance on the safety of consumer
products is the responsibility of international orga-
nizations such as the International Electrotechni-
cal Commission (IEC), and is not provided by CIE. As
such, this Position Statement only covers the wider
issue of the safe use and application of UV radiation
for germicidal disinfection. Products available to
consumers tend to be marketed as handheld devic-
es. CIE is concerned that users of such devices may
be exposed to harmful amounts of UV-C. More-
over, consumers may use/handle UV products in-
appropriately (and therefore not achieve effective
disinfection) or they might be buying products that
do not actually emit UV-C.

Summary recommendations

Products that emit UV—C are extremely useful
in disinfection of air and surfaces or sterilization
of water. CIE and WHO warn against the use of UV
disinfection lamps to disinfect hands or any oth-
er area of skin (WHO, 2020), unless clinically justi-
fied. UV—C can be very hazardous to humans and
animals and therefore can only be used in properly
constructed products that meet safety regulations,
or in very controlled circumstances where safety
is taken into account as the first priority, ensuring
that the limits of exposure as specified in ICNIRP
(2004) and IEC/CIE (2006) are not exceeded. For
proper UV assessment and risk management, ap-
propriate UV measurements are essential.
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ABSTRACT

Since 2005, in our country, the use of UV ger-
micidal radiation for disinfection of the indoor
air environment is regulated by the guidance of
R3.5.1904-64 (as the recommendations). This radi-
ation is dangerous for humans: skin and especially
the eyes are affected. It is necessary to use closed ir-
radiators (recirculators) with germicidal lamps, and
not open ones, the radiation of which covers the en-
tire volume of the room in order to avoid exposure
of people during disinfection of indoor air. This re-
quires taking people from the premises and observ-
ing all relevant safety measures.

Unfortunately, in practice, there may occur, acci-
dentally or out of ignorance of the rules for open ir-
radiators operating by personnel, violations of safe-
ty rules leading to grave consequences. To eliminate
such violations, it is necessary to increase the level
of knowledge of staff, but there is no special educa-
tional and technical literature. This article attempts
to fill this gap.

Keywords: UV germicidal radiation, spectrum
of activity, germicidal effectiveness, productivity of
a germicidal irradiator, surface or volume emitter,
volumetric dose

FOREWORD

The first studies on the use of UV radiation
(UVR) for the destruction of pathogens are the hun-
dred years old. The study of this phenomenon be-
longs to science — Photobiology.

In solving the problems of applying this tech-
nology these days, three important stages can be
noted:

* Development, mastering of production
and manufacture of UV tube low pressure mer-
cury lamps (LPML) with a power of 15 W and
30 W, with a bulb made of uviole glass blocking
ozone-forming radiation; this work was directed
by the chief engineer of the Moscow Electric Lamp
Plant R.A. Nilender, an outstanding organizer of
the lamp industry of the USSR. The first irradiators
with these lamps were open and they could be used
only in the absence of people in the room;

* Proposed by a doctor Y.E. Neystadtom irradi-
ator with closed design, which could be used in the
presence of people — the so-called recirculator [1];

* Development, mastering of production and
manufacture of a new type of UV tubular ozone-
less LPMLs with a capacity of up to 1000 W and
above, with a quartz glass bulb and using not liquid
mercury, but a solid solution of mercury in another
metal — amalgam; this work was led by the Director
General of NPO “LIT” S.V. Kostyuchenko [2, 3].

At present, a scientific and technical line has
been formed in Russia on UV technology for air
disinfection. At the same time, industrial production
was organized and a wide range of germicidal lamps
and irradiators has appeared. In 2012, a fundamen-
tal work of a high scientific level was published [4],
edited by F.V. Karmazinova, S.V. Kostyuchenko,
N.N. Kudryavtseva, S.V. Khramenkova. It should
be noted the great contribution of domestic scien-
tists to the theory and practice of using UVR for
air disinfection: first of all, G.M. Franka, N.F. Gal-
anina, N.M. Danzig, J.E. Neystadt, V.l. Vashko-
va, A.L. Koshkina, D.N. Lazareva, V.F. Sokolo-
va, M.V. Sokolova, M.G. Shandalu, T.l. Noskov,
G.S. Sarycheva, D.A. Shklover, R.A. Nilendera and
others. The lack of appropriate technical literature
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Fig. 1. Relative spectral germicidal efficacy curve Sy (1)

hinders the practical application of UV disinfection
of indoor air.

When writing the article, the author used pre-
viously published materials, some of which were
written in collaboration with M.G. Chandaloy and
V.G. Yuzbashev [5,6].

The author hopes that this article, prepared for
specialists, will improve mutual understanding in
solving the practical problems of workers and man-
ufacturers of germicidal lamps and irradiators, de-
signers of germicidal plants, sanitary doctors who
carry out epidemiological surveillance and medi-
cal students.

1. INTRODUCTION

The epidemiological well-being of the air envi-
ronment, as the most important component to pro-
tecting the health of the country’s population, is the
socio-economic task of our state. The condition and
environmental conditions of a person’s living envi-
ronment are essential for his normal life, especial-
ly in enclosed spaces of limited volume, the air en-
vironment of which contains pathogens. One of the
ways of spreading infectious diseases is aero-genic
(or airborne), which refers to the main way of trans-
mitting the spread of diseases such as flu, tubercu-
losis, diphtheria, etc. This is due to the fact that the
airborne droplet bacterial aerosol is constantly sus-
pended in air volume due to air movement, which
increases the likelihood of infection of people and
unpacked food.

1.1. UV Radiation and its Germicidal Effect
For the prevention of diseases and the improve-

ment of the living environment, various methods
and means are used, and in particular, the use of
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UVR, which has a germicidal effect. The high ef-
ficiency of this method is ensured by its following
features:

— A wide range of coverage of pathogenic mi-
cro-flora in air and water, as well as on surfaces;

— The absence of the need to use additional
chemicals;

— Lack of smell and the formation of toxic sec-
ondary products;

— Avrrelatively short treatment time for premises
to achieve the required level of disinfection, with-
inlh;

— Low costs for installation of equipment in the
premises and ease of operation.

It should be emphasized that the use of UVR as
a physical factor affecting microorganisms can give
a disinfection of the environment to a very high de-
gree — up to 99.9 %. In addition, the processing of
indoor air using UVR is the final link in the list of
sanitary and hygienic measures provided for by
regulatory documents of the Federal Service for
Supervision of Consumer Protection and Human
Well-being.

The germicidal effect of UVR on microorgan-
isms in the spectral range of (205-315) nm

The degree of exposure to microorganisms is
determined by the function of the relative spec-
tral germicidal efficacy Sp.(4). Its maximum occurs
at a wavelength of 265 nm, corresponding to the
maximum sensitivity of microorganisms (their nu-
cleic acids), as shown in Fig. 1 and Table 1. This
function is also called the relative germicidal spec-
trum of UVR, i.e. microorganisms are selective re-
ceivers of radiation, and applying energy quanti-
ties to them is impractical. From the Table 1 it can
be seen that Sy.(4) in the mercury line of 254 nm is
85 % of Sp(2) in the line of 265 nm. Taking into ac-
count the indicated selectivity of microorganisms,
germicidal radiometers are used to measure the ger-
micidal flux, whose spectral sensitivity is correct-
ed for Spc(4). Such germicidal radiometers exist,
for example, the TKA-PKM UV radiometer (mod-
els 12 and 13), the TKA-VD UV spectroradiome-
ter, etc. These radiometers measure germicidal ir-
radiation (W/m?2) from solid or linear UV radiation
spectrum sources. The main germicidal value is the

11t is important to note that germicidal UVR is danger-
ous for humans. It is fraught with burns on the body and eye
damage. Therefore, in rooms in the presence of people, it is
permissible to use only closed irradiators with germicidal lamps.
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Table 1. Relative Spectral Germicidal Efficacy Function Sy (1)
[Spe (4) max =1 at A = 265 nm]

J, Nm Spe () J, Nm Spe (4)
205 0,000 265 1
210 0.009 270 0.98
215 0,066 275 0,900
220 0.160 280 0.760
225 0.260 285 0.540
230 0.360 290 0.330
235 0.460 295 0.150
240 0.560 300 0,030
245 0.660 305 0.006
250 0, 765 310 0.001
254 0.850 315 0,000

Table 2. Germicidal Quantities and Units of Measurement of UV Radiation
in the Spectral Range (205-315) nm

Designation .0 .

Value and formula Definition Unit of measurement
Radiation energy W Energy carried by radiation J
I_{adlauon flux (radia- @y, = W, 'I_'he ratio of radiation energy to the W
tion power) time t
Spectral density of the The Fatlo of the radiation flux in an

. Dy (1) infinitely narrow range of wave- W/nm
radiation flux S
lengths to this interval
Intensity of rdiation loe Spatial flux density W/sr
Irradiation Eu, = Dy, /S The ratio of the radiation flux to the W/m2
irradiated surface area
_ he ratio of radiation energy to the area 2
SClCEles Ho= Wy /S of the irradiated surface il
Volumetric dose H, = W, /V The ratio of ragjlathn energy to the I3
volume of the irradiated part of space

germicidal flux Fy.. With this in mind, a system of
germicidal quantities and units of measure has been
created, which is used in the UV technology for air
disinfection (Table 2). Considering the process of
killing bacteria on the surface with germicidal irra-
diation E; (W/m?3) and, accordingly, the necessary
radiation dose H (J/m?2), we can conclude that the
estimations of the effective dose of volumetric ex-
posure to air space H, (J/m3) cannot be produced by
the formulas according to which H;are calculated.

It was established that the type of S, (1) curves
for different types of pathogenic microorganisms is
almost the same.

Bacteria (in the vegetative form) and virus-
es are more sensitive to UV radiation. Spores
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of bacteria and protozoa are less sensitive. The
most resistant are mushrooms and moulds.

The absorption of radiation by a microorgan-
ism is an intra-molecular discrete physical process
of interaction between radiation quanta, molecules
and atoms according to the Einstein-Stark quantum
equivalence law. As follows from this law, each ab-
sorbed quantum is capable of activating only one
molecule or atom, i.e. a single shock absorption pro-
cess occurs. Upon absorption of a quantum of radia-
tion, in the case of a coincidence of the frequency of
oscillations of a quantum with the frequency of os-
cillations of electrons in a macromolecule, resonant
absorption occurs with the maximum transfer of
quantum energy. This leads to damage to important
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Table 3. The Dependence of Germicidal Efficacy and Volumetric Dose on the Cleanliness Class

Room cleanliness class 35, %0 H,, J/m?3
Extra Clean (A) 99.9 385
Clean (B) 99 257
Conditionally clean (B) 95 167
Dirty (g) 90 129

structures of the microorganism. Ultimately, micro-
organisms in the air volume become inactivated and
lose their ability to reproduce. The maximum radia-
tion effect occurs at 2 = 265 nm, which corresponds
to the maximum spectral sensitivity of the nucle-
ic acids of microorganisms. Moreover, the quan-
ta of the germicidal UVR are not sufficiently ener-
getic for ionization of oxygen molecules, i.e. when
a neutral molecule absorbs oxygen of one quantum,
the molecule does not decay into a negative elec-
tron and a positive ion, and, therefore, ozone is not
formed in the air. In this regard, germicidal UVR is
classified as non-ionizing radiation.

Further, in the case of germicidal irradiation
of the air, while maintaining a constant dose lev-
el of H, and a short exposure time, an increase in
the volume density of the germicidal radiation flux
(W/m3) is required due to the need to increase the
number of quanta, which increases the likelihood
of a successful collision of a quantum of germi-
cidal radiation with atoms of macromolecules. A
decrease in bulk radiation density reduces the like-
lihood of a successful collision; to compensate for
this, it is necessary to increase the exposure time,
while maintaining H,, i.e. quantum equivalence is
respected. It was experimentally established that
the process of death of microorganisms in the air
during their germicidal irradiation is characterized
by an exponential relationship between the hum-
ber of surviving microorganisms N, at their initial
number N, and H,;:

Nsur = NO : exp(_o-vHv)’ (1)

where o, is the constant characterizing the photo-
sensitivity value of a given type of microorganism
under volume exposure. To control the germicidal
efficacy Jyc, the Staphyloccous Aureus microor-

ganism was adopted in our country, the o, value of
which is equal to 0.0179 m3 /J (Appendix 1).

Jyc is the indicator of the level of reduction of
microbial contamination of the air environment as a
result of UV radiation, expressed as the ratio of the
number of dead microorganisms Ny to N, (in rela-
tive units or in percentage). From the equality Ny =
N, — Ng,r and expression (1) it follows that:

J,, = (N, I N,)-100 =[(1—exp(-o,H,)]100,%
H, =—In(l-J,,-10?)/0,, JIm?. @)

The recommended modes of exposure to air in
dependence on the room class cleanliness are shown
in the Table. 3

An increase in relative humidity and dustiness
in the room reduces Jy,.. With an increase in relative
humidity from (45-65) % to (80-90) %, Jy,. decreas-
es by (30-40) %, because drops of water settle on
dust particles, which have a screening effect on ra-
diation. It was established that the sensitivity of mi-
croorganisms to UVR in moist air is (20-50) times
lower than in dry air.

It should be noted that if the UVR contains spec-
tral lines at A shorter than 200 nm, then ozone? is
formed in the air of the room, extremely poisonous
gas (more toxic than carbon monoxide). Accord-
ing to toxic properties, it belongs to the first hazard
class. In the Table 4, the effects caused by the pres-
ence of ozone in the indoor air are shown.

2. SOURCES OF GERMICIDAL
UV RADIATION

The main sources of germicidal UVR are mercu-
ry tube lamps, of which LP mercury lamps are most
effective. This is due to the fact that more than 60 %

2 Ozone is an allotropic modification of oxygen and consists of three of its atoms. At low temperatures, the decomposition of
ozone occurs slowly, with increasing temperature it accelerates; at room temperature, the decomposition takes several minutes, and
at 100° C it is less than a second. The decay rate of ozone also depends on the relative humidity of the air, at 50 % ozone decays

twice as slow as at 80 %.
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of the radiation energy of these lamps falls on the
resonance line 254 nm, lying in the range of max-
imum germicidal action, which explains their high
germicidal efficacy 7y, defined as 7, = (@Ppq /P)) X
%100, %, where P, is the lamp power, and equal
about (30-40) %.

According to the main structural features, LP
mercury lamps are divided into two groups — lamps
with an uviol lamp bulb and bulb made of quartz
glass doped with titanium oxide. These bulbs ex-
clude the output of the 185 nm ozone-forming line
in the emission spectrum. On this basis, they re-
ceived the name of the ozone-less. In uviol bulb
lamps, mercury is in a liquid state, and in quartz
lamps it is replaced by an amalgam. When the lamp
is operating, the amalgam heats up and mercury va-
pours are released into the discharge. On this ba-
sis, such lamps are called amalgam. The vapour
pressure of mercury over a solid amalgam is or-
ders of magnitude lower than over liquid mercu-
ry, therefore, when the bulbs of such lamps are de-
stroyed, mercury vapour in quantities significantly
lower than the MPC can enter the air, and there is
no need for room demercurization. Amalgam lamps
are mechanically stronger than uviol lamps. The
latter have a small unit power in the range of (8-
75) W, and amalgam ones have a large one, about
(100-1000) W. In most uviol lamps, the electri-
cal characteristics at the same power are identical
to those of ordinary FLs, so they are operated with
similar switching circuits (currently, in most cas-
es, electronic ballasts with a power factor (cos ¢)
equal to one are used). The useful lifetime decline
when @y to 20 % of the initial amounts of amalgam
lamps for 12000 h, and for uviol lamp bulb about
8000 h. There are several key parameters describ-
ing the technical and operational characteristics of
different radiation sources. These include: relative
or absolute emission spectra; integral values of ger-
micidal flux or radiation power in a certain spectral
range; radiation intensity distribution curves in the
longitudinal and transverse planes; power, current
and voltage on the lamp; mains voltage; useful life;
environmental safety — availability in the radiation
spectrum of ozone-forming lines and the possibility
of release of toxic substances into the environment
during the destruction of a lamp bulb.

In view of the indicatrix of radiation, tubular dis-
charge lamps are divided into two types — with and
without coating the bulb. On this basis, the former
belong to surface emitters, and the latter to volume
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Fig. 2. Indicatrixes of radiation of discharge tube lamps in
the longitudinal plane (surface emitter — fluorescent lamp,
volume emitter — LP mercury tube lamp)

emitters. For surface emitters, the indicatrix of ra-
diation in the longitudinal plane has a circle, and
for bulk emitters — an ellipse (Fig. 2). (Indicators
of some other discharge lamps are given in Appen-
dix 2.)

The reason for the difference in the shapes of the
radiation indicatrix between the two indicated types
of lamps is that in the first type the discharge is not
transparent to its own radiation, and in the second
it is transparent (due to weak absorption of radia-
tion in the discharge). Plasma is almost completely
transparent to visible and UV radiation and the lev-
el of its radiation outwardly proportional to the vol-
ume occupied by the plasma. This does not depend
on the type of discharge in the LP and HP mercury
vapour, or in other gases [7, 8].

In this regard, | proposed and published [9] a
method for measuring the radiation flux of germi-
cidal mercury tube lamps LP that is an alternative,
in particular, to the goniophotometric method [10],
which is really unsuitable for routine laboratory
measurements. The method is based on three work-
ing hypotheses, confirmed experimentally:

— The shape of the radiation indicatrix of tubu-
lar mercury lamps without coating the bulb in the
longitudinal plane is fairly accurately described by
an ellipse;

— The photometric body of such lamps is an el-
lipsoidal torus;

— The plasma of the electric discharge of LP
germicidal lamps is transparent to visible and UV
radiation.

3. UV GERMICIDAL IRRADIATORS
The UV germicidal irradiator is an autonomous

electrical device containing germicidal lamps (uvi-
ol or amalgam), a reflector, ballasts, capacitors (for
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Table 4. Effects Due to Ozone
The concentration of ozone, mg /m?3 Exposure time, h Effect
0,03 8 Plant damage
0.2 1 Irritability, headache
0.3 8 Airway cramps, chest cough
2 2 Nausea, nosebleed, poisoning

Table 5. Some Materials Reflection Coefficients at Wavelength 254 nm

Material type

Reflection coefficient, p

Untreated aluminium 0.4-0.6

Aluminium (surface finish) 0.6-0.9
Duralumin 0.16
Stainless steel 0.25
Chrome plating 0.39
Black enamel 0.05

suppressing radio interference), an electronic me-
ter that records the operating hours of the lamps, as
well as auxiliary lamp mounts and fixtures for in-
stalling the device. The main objective of the germi-
cidal irradiator is the disinfection of the indoor air
from pathogenic microorganisms.

According to their design, the irradiators are di-
vided into the following types: closed (recircula-
tors) and open for to set at floor, wall and ceiling;
for placement in rooms or in modules of supply and
exhaust ventilation systems. In open irradiators, a
direct germicidal flow of lamps, with or without a
reflector, covers a wide area in space. In closed ir-
radiators, the germicidal flow of lamps located in a
small chamber does not have an outlet to the out-
side, and air is disinfected during its continuous
pumping by means of a fan through the chamber
and exit into the room volume. Modules with ger-
micidal lamps located in the supply and exhaust
ventilation systems can also be classified as closed
irradiators.

On application is the disinfection of air in the
absence of people.

According to the efficiency of using the germi-
cidal flux of lamps, taken into account by the total
coefficient Z = Kq,,K,,, where qu is the coefficient of
use of the germicidal flux of lamps, taking into ac-
count their mutual shielding, the values of which
for open, ceiling open and closed irradiators are ap-
proximately equal to 0.8, 0.6 and 0.4; K, is the coef-
ficient of multiple reflections of the germicidal flow
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from the inner surface of the reflector with a re-
flection coefficient p at A = 254 nm, determined for
open, ceiling open and closed irradiators as

K,=1,K,=1/(1-0.3p)and K, =1/ (1-0.6 p),
respectively.

The values of this p for some materials are
shown in Table. 5.

The main parameter of the irradiator is its germi-
cidal productivity Pry, (m3/h), which characterizes
the reduction of microbial contamination of the air
medium to the given levels of J,,. or H, for this type
of microorganism.

The equations of the mathematical model Pry,
are as follows:

Pr,. = N,®, K K,-3600/[-In(L-J, -107)], or
Pr,. = N,®, K K,-3600/H,, m3h,

where N, is the number of lamps in the irradiator;
@y 1s the germicidal lamp flux, W.

It should be noted that these formulas are val-
id when the irradiator operates for a time t during
which a given level of Jy, is achieved in a room of
volume V, = Pry - t, m2.

Constructive internal elements of a closed irra-
diator provide a certain resistance to air flow. The
degree of hydraulic resistance is taken into account
by the total coefficient of local resistance |, the es-
timated value of which is in interval of 1.1-1.3.
Moreover, the fan performance Prg,, = 1 Prye. Pho-
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Table 6.1

Initial data Values
Type of microorganism (SPM) S aureus
Germicidal efficacy Jy, 99.9 %
Microorganism photosensitivity constant o v 0.0179 m3/J
Type of germicidal lamp Amalgams
Germicidal lamp flux @y, 50 W
Number of lamps N, 1
The utilization rate of the germicidal lamp flux K 0.4
Reflector material Polished aluminium
Reflectance p 0.7
Multiple reflection coefficient K, =1/(1-0.6 p) 1.72
Coeflicient of local resistance to air flow from the fan 1,2

Table 6.2

Initial data Values
Type of microorganism (SPM) S aureus
Germicidal efficacy Jy, 99.9 %
Microorganism photosensitivity constant o, 0.0179 m3/J
Type of germicidal lamp Amalgams
Germicidal lamp flux @y, 50 W
Number of lamps N, 1
The utilization rate of the germicidal lamp flux K, 0.6
Reflector material Polished aluminium
Reflector reflectance p 0.7
I\K/Iouitir/)(l; _rgilse;jion coefficient 1,265
Microorganism photosensitivity constant o, 0.0179m3/J
Number of lamps N, 1
The utilization rate of the germicidal lamp flux K, 0.6

tographs of different types of irradiators are given
in Appendix 3.

4. UV GERMICIDAL INSTALLATIONS

UV germicidal installation is a stationary group
of indoor UV germicidal irradiators in the room or
modules with germicidal lamps in the duct system
of the supply and exhaust ventilation, which pro-
vide the specified level of the J in the room. There
are various methods for using irradiators in germi-
cidal plants:

* Continuous disinfection of indoor air in the
presence of people

This mode is achieved using closed stationary
irradiators (recirculators) or germicidal modules in

15

the supply and exhaust ventilation systems. Such
an irradiation regime is recommended to be used
to ensure the effective disinfection of rooms with a
large number of people, especially if they cannot be
moved, for example, in wards with infectious pa-
tients, in schools, preschools, etc.

The number of irradiators in the room is de-
termined by the project, according to the terms of
technical task (TT). In TT are indicated: Jp, V,, air
exchange rate K, (h't), reliability factor K; = 1.2.
Then, the required germicidal performance of the
recirculator in the room is determined: Pry, =V, K,
K., with J,. = 99.9 %, H, = 385 J/m?3 and irradiation
timet=1h.

For rooms of non-infectious profile, the oper-
ating time of the recirculators should be at least
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Table 6.3
Initial data Values
Type of microorganism (SPM) S aureus
Germicidal efficacy Jy, 99.9 %
Microorganism photosensitivity constant o, 0.0179 m?/J
Session exposure time t 0.25h
Type of germicidal lamp amalgams
Germicidal lamp stream @y, 50 W
Number of lamps N, 1
The utilization rate of the germicidal lamp flux K, 0.8
Coefficient of multiple reflections K, =1/(1-0.6 p) 1
Table 6.4
Initial data Values
The volume of the premises ¥/, 400 m3
Germicidal efficacy Jp. 95 %
Air exchange rate K, 2ht
Reliability coefficient K, 1,2
Table 6.5
Initial data Values
The volume of the premises ¥, 400 m?3
Germicidal efficacy Jy, 99.9 %
Session exposure time t 0.25h
Reliability coefficient K, 1,2

12 hours. For rooms with infectious patients, the
working time of the recirculators should be around
the clock. For offices with an infection profile, it is
necessary to turn on the recirculator before starting
to receive patients for a period of (15-20) minutes.
Moreover, J,,. should be at least 99 %. For this, the
recirculator operating mode is selected for various
values of K, and t <60 min, the doses are estimated
by the formula (2).

* Intermittent exposure

In this mode, the irradiation of the room is car-
ried out during the working day with alternating
sessions of irradiation at t = 15 min = 0.25 h and
pauses between sessions of 3 h by the help of ceil-
ing stationary open irradiators. During a 15-min-
ute exposure session, people are removed from the
room. During this time, it is necessary to provide a
given level of Jy..

The number of irradiators in the room is de-
termined according to the data in the statement
of work, which indicates: V,, Jy., K, and K, = 1.2.
Then, the required germicidal performance of the
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irradiator in the room, Pry., is determined by the
formula Pry. =V, K;, K. From the existing nomen-
clature irradiator with the same Pry or less, Pr,,
is selected but, however, with the predetermined
value Jp.. Next, the number of indoor irradiators
Ni, = Pry. / Pr, At the same time, the number of
irradiators, productivity and dose are proportion-
al to Ky, It should be noted that with an increase
in K, the costs of a germicidal installation are
increasing.

For a long time open irradiators were used to dis-
infect the indoor air environment. Their use in most
cases complicates this procedure due to the need
to periodically remove people from the premis-
es. It should be noted that the presence of people
in the room between the irradiation sessions leads
to secondary contamination by the aero-genic mi-
croorganisms of the air in the room due to people
carrying infections. This increases the level of nos-
ocomial infections. In addition, between the irradi-
ation sessions, the so-called photo-reactivation of
dead microorganisms occurs under the influence of
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Table 6.6
Initial data Values
The volume of the premises ¥/, 400 m3
Germicidal efficacy Jy, 99.9 %
Air exchange rate K, 2ht
Reliability coefficient K, 1,2
Coeflicient of local resistance to air flow from the fan 1,2
Table 6.7
t, min Kp, h! H,, J/m3 Jpe %0 Prye, m3h
60 1 385 99.9 54
15 1 96.25 81.73 54
20 1 128.3 89.4 54
30 1 1925 96.8 54
20 2 256.6 99 108
60 2 385 99.9 108

visible light, i.e. restoration of their life. From this
we can conclude that such an irradiation regime is
ineffective for disinfecting rooms with a large num-
ber of people, especially if they cannot be moved.
And this mode is not recommended.

In some cases of repeated-short-term exposure,
for small rooms, you can use the single mobile open
irradiators. The required germicidal performance of
such an irradiator Pry. =V, K, /t, m3 /h.

* Combined exposure mode

This mode provides for the use of both open and
closed irradiators in operating rooms, blood transfu-
sion rooms and dressing rooms. The irradiators turn
on simultaneously before preparing the room for 15
minutes. Then the open irradiators are turned off.

5. TYPICAL EXAMPLES
OF CALCULATIONS

The first example: It is necessary to calculate
Pryc of a closed feed and fan performance

The Table 6.1 contains the initial data for the
calculation. According to them, Pr,. and Pr, are de-
fined as

Prie=N;- @ .- Ky Kg g, - 3600/ [-In (1 = Jpe
-103)]=1-50-0.4-1.72-0.0179 - 3600/ - In (1-
99.9-102)=321m?3/h; Pr,=Pry- u=321-12=
385 m3 /h.

The second example: 1t is necessary to calculate
Pry. of a ceiling open illuminator.

The Table 6.2 contains the initial data for the cal-
culation. According to them, Pry is defined as Pry, =
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Ni- @y, - Kgr Koy - 3600/ [- In (1 = Jp -1079)] =
1.-50-0.6-1.265-0,0179 - 3600/ [-1In (1-99.9 -
10-2)] =351 m3 /h.

The third example: It is required to determine
Pry,c of a mobile open irradiator at t = 0.25 hours.

In the Table 6.3 are input data for the calcula-
tion. According to them, Pry. is calculated accord-
ing to the previous formula: 1 - 50 - 0.8 - 0.0179 -
3600 / [~ In (1-99.9 - 10-2)] = 373 m3/h. The final
value of Pry,. for irradiation duration t = 0.25 h is
373 - 0.25 = 93.25 m3/h.

The fourth example: 1t is necessary to ensure
the disinfection of the air environment of the room
with closed irradiators. According to the initial data
given in the Table 6.4, the required germicidal per-
formance of the irradiator Pr,. with J,. = 95 % is
determined: Pry. =V, -K; K, =400 - 2 - 1.2 = 960
m3/h. There is no such irradiator on sale, but there is
the DEZAR brand irradiator with a Pr, = 100 m3/h
and Jpc = 99.9 %. A new operating mode of the se-
lected irradiator is determined at J,. = 95 % accord-
ing to the formula Pr, = Pr,-[- In (1-0.999)] / [(-= In
(1-0.95))] = 100 - 6.9/3 = 230 m3/h. Consequent-
ly, the number of indoor irradiators N;, = Pr,. / Pr, =
960/230 = 4, and their location in the room deter-
mined by the design documentation.

The fifth example: 1t is required to ensure the
disinfection of the air of the room with open ceil-
ing irradiators. According to the initial data given
in the Table 6.5, the required Pry, With J,; = 99.9 %
is determining for the irradiation time t = 0.25 h as
Proc =Vp - Ky /t =400 -1.2 / 0.25 = 1920 m3/h with
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Jpe = 99.9 %. There is no such irradiator on sale, but
there is another one with Pr, = 1500 m3/h and J,,. =
99.9 %. A new operating mode of the selected irra-
diator is determined at t = 0.25 h: Pr, = Pr,-t =1500 -
0.25 = 375 m3/h. Consequently, N, = Pr,. /Pr, =
1920/375 = 5 and irradiators location in the room
determined by the design documentation.

The sixth example: The germicidal performance
of the module Pr,, in the supply and exhaust ventila-
tion system in the room should be determined. The
initial data are given in the Table 6.6. According
to them, the fan performance is determined as Pr, =
Vp - K- Ky, =400 - 2 - 1.2 =960 m3 /h, and then the
required value of Pry,, according to the formula Pr,, =
Pr, /u=960 /1.2 = 800 m3/ h with germicidal effica-
cy of 99.9 % is determining.

The seventh example: It is required to determine
Pryc of the recirculator in the office of the infectious
profile for a working time of (15-20) minutes, be-
fore the start of patient reception. J,. must be at
least 99 %. Initial data: V, =45 m3, Ky =1h-1, K, =
1.2. Arecirculator with Pryc =V, - K- K, - t=45 -
1-1.2-1=54md3hand Jy, = 9.99 % during opera-
tion t =1 h. Then a new operating mode of the recir-
culator is determined; it is calculated, for different
values of K, and t (60 min), according to the formu-
las Jpc = [1 — exp (- oy - Hy)] - 100,%, where H, =
385 - K, - t/ 60, J/m3, and the calculation results are
entered in the Table. 6.7.

6. OPERATION AND SAFETY

1. The implementation of germicidal plants
should be carried out according to the agreed tech-
nical task and the project approved by the services
of the Federal Service for Supervision of Consumer
Rights Protection and Human Welfare

2. To carry out air disinfection in the presence of
people, the required number of irradiators for each
room is determined by calculation in accordance
with applicable standards (SanPin 2.1.3.2630-10 re-
quirement, clause 11.12).

3. UVR in the germicidal wavelength range is a
danger to humans, especially to vision.

4. If it is necessary to find personnel in a room
where operating open UV germicidal irradiators are
installed or a germicidal flux of UV lamps is mea-
sured, face masks, glasses and gloves should be
used.

5. Do not use ozonating UV lamps to disin-
fect the air in the room where people are locat-
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ed. Residual ozone decomposes at room tempera-
ture after (30-60) minutes. The appearance of the
smell of ozone can serve as an indicator of dan-
ger to humans. If it is detected that the concentra-
tion of ozone in the room exceeds the permissible
norm, the irradiator should be stopped and ozoniz-
ing lamps should be detected.

6. When the bulb of mercury lamps is destroyed,
mercury vapours can enter the air in quantities sig-
nificantly higher than the permissible norms, which
in the case of uviol lamps requires demercurization
of the room, and in the case of amalgam lamps, it
needs to be ventilated.

7. The supply and disconnection of the power of
open irradiators from the mains must be carried out
using switches located outdoors at the front door,
which are interlocked with a light panel above the
door: “Do not enter! Dangerously! Ultraviolet dis-
infection is in progress.

8. Germicidal lamps that have reached their
useful life must be stored in a separate room un-
til they are disposed of in accordance with current
regulations.

9. It is necessary to periodically clean the re-
flecting surfaces of the irradiators and the lamp
bulb from dust, since even a small layer of dust
significantly reduces the value of the germi-
cidal flow. Dust wiping and lamp replacement
should be carried out monthly, strictly when the
germicidal installation is disconnected from the
network.

APPENDICES

Appendix 1: Tab. A.1.
Appendix 2: Fig. A.1 and Tab. A.2.
Appendix 3: Figs. A2 -A.4.
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Table A.1.Photosensitivity constants for some species microorganisms during surface irradiation
(65, m?/J) and air volume(a,, m3/J)

Bacteria [ oy Fungal yeast c Gy
Bacillus anthracis 0.051 0.0195 Baker’s yeast 0,060 -
6] [0 e 0,084 0,034 Brewer’s yeast 0,070 -
(veg)
Bacillu;;w;i?;herium 0.178 0,0743 Yeast-like mushrooms 0,038 -
Bacillus paratyphosus 0,072 0,0274 Saccharomyces cerevisiae 0,038 -
Bacillus subtilis (veg) 0,032 0.0123 Saccharomyces ellipsoideus 0,038 -
Bacillus subtilis (spores) 0.019 0.0073 Saccharomyces sp. 0,029 -
Campylobacter jejuni 0.209 0,0768 Mold spores
Clostndium tetani 0.019 0.0073
“pntherise e o
Bacilli dysentery 0.105 0,040 Aspergillus flavus 0.003 -
Eberthella typhosa 0.108 0,041 Aspergillus glaucus 0.004 -
Escherichia coli 0,077 0,029 Aspergillus niger 0.0014 -
Klebsiella terrifani 0,089 0,034 Mucor racemosus 0.013 -
Micrococcus candidus 0,038 0.015 Oospora lactis 0,046 -
Phytomonas tumefaciens 0,023 0.0088 Penicillium expansum 0.018 -
Mycobacterium tuberculosis 0,038 0.015 Penicillium roqueforti 0.018 -
Micrococcus sphaeroides 0,053 0,020 Viruses
Pseudomonas aeruginosa 0,042 0.014
Pseudomonas fluorescens 0,065 0,025
Proteus vulgaris 0,086 0,035 Hepatitis A 0,032 0.011
Salmonella enteritidis 0.058 0,022 Flu virus 0,064 0.024
Salmonella paratyphi 0,072 0,068 MS-2 Coliphage 0.012 0.0045
Salmonella typhimurium 0,029 0.011 Poliovirus 0,040 0.015
Sarcina lutea 0.012 0.0045 Rotavirus 0,028 0.0107
Seratia marcescens 0,095 0,037 Protozoa
Shigella paradysenteriae 0.141 0.051
Shigella sonnei 0,077 0,029
Staphylococcus aureus 0.10 0.0179 Cryp;(;srsﬁr;]dium 0,092 0,035
Staphylococcus faecalis 0,053 0,020 Giardia lamblia 0.209 0,0768
Sﬁi@ﬁéﬁ’;ﬁﬁﬁﬁs 0.106 0,042 Seaweed
Streptococcus lactus 0,037 0.014
Streptococcus viridans 0,043 0.115
Vibrio Cholera (V.comma) 0,066 0,025 Chlorella vulgaris 0.019 -
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Table A.2. High Intensity Amalgam Lamps

Lamp type Lamp power, W Germicidal flux, W Arc length, mm Full length mm
ALC100/32 100 23 320 470
ALC120/45 120 thirty 445 595
ALC170/70 170 fifty 695 845
ALC215/95 215 65 945 1095
ALC240/107 240 75 1070 1220
T
o
] w

w

-

7
s i 05 u

Fig. A.1. Radiation indicatrixes in the longitudinal plane of the discharge
tube lamps — volume emitters:
a — mercury lamp HP type DRRT-400; b — xenon pulsed tube lamp ISPT 6000;
¢ — tubular xenon lamps: water-cooled — DKsTV 15000 (/) and DKsTV 6000 (2);
air-cooled — DKst 5000 (3) and DKst 1000 (4)
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add. / Under the total. ed. Yu.B. Eisenberg and G.V. Boos.
Mijscow: 2019, 892 p.

THE LIST OF REGULATORY
DOCUMENTS

I. GOST R15013 “System for the development
and putting products into production. Medical Prod-
ucts. “

Fig. A. 2. Appearance of industrial
samples of germicidal closed irradia-
tors (recirculators):

a) “ Stery box “ (TissiMedica,

USA), productivity (20-50) m3/h,

5 mercury lamps LP 25 W power
each, 500x150x600 mm, 25 kg; b)
“Dezar-5" (KRONT, RF), productiv-
ity 100 m3/h, 5 mercury lamps LP
15 W power each, 890x150%145 mm,
7.2 kg; ¢) “AEROLIT-200" (NPO
“LIT”, RF), productivity 200 m3/h,

1 amalgam lamp 170 W power,
1100%285%150 mm, 15 kg
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CJSCLIT
SVETOLIT-90

SIBEST LLC
OBP-6x30-450

L

SENTEX LLC
OBN-450P 6x55

c)

Fig. A.3. Appearance of industrial samples of germicidal
open irradiators:
a) SVETOLIT-90 (NPO LIT, RF); b) OBP-6x30-450
(SIbEST LLC, RF); ¢) OBN-450P 6x55 (LLC TsS
SENTEH LLC, RF)

1. SanPiN2.1.3.2630-10 “Sanitary and epidemic
rules and regulations.”

I11. P3.5.1904-04 *“ Management. Using UV ger-
micidal radiation to disinfect indoor air.

IV. SN No. 4557-88 “Sanitary norms of UV —
radiation in industrial premises”.

V. Methodological recommendations for mon-
itoring the organization of the current and final
demercurization and evaluating its effectiveness
No. 4545-87.

VI. Guidelines for the design and operation of
ultraviolet germicidal plants for the disinfection of
the air in the premises of meat and dairy industry
enterprises. Developed by Gipromyasomolprom In-
stitute CJSC

Fig. A.4. Module with germicidal lamps “MEGALIT-6"
(NPO “LIT”, RF), which is built into the supply and ex-
haust ventilation system

VII. Guide MU2.3.975-10 “The use of UV ger-
micidal radiation for disinfection of the air environ-
ment in the premises of organizations of the food in-
dustry, public catering and food trade”.

Manufacturers of Germicidal Lamps, Irradia-
tors and UV Radiometers in Russia:

— LLC “NIHIS them. LN Lodygina “, Saransk —
Germicidal lamps;

— NPO LIT Moscow — Germicidal lamps and
irradiators;

— CJSC KRONT, Moscow — Germicidal
irradiators;

— NTP TKA LLC, St. Petersburg, VNIIOFI,
Moscow — Radiometers.

Alexander L. Wasserman, Ph.

lighting community

D.

He graduated in 1957 from the electro-physical faculty of VZEI (MPEI TU at
present). Alexander Wasserman is the honoured machine builder of the Russian
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ABSTRACT

This is the final, third part, on the presentation
of Chapter 4 and the results of the Vladimir Voron-
ov thesis [1], successfully defended at the Moscow
Architectural Institute in 1985 and devoted to the
author’s method of designing architectural lighting
for industrial interiors with three main upper lantern
types of natural daylight and artificial lighting.

The method was developed on the basis of long-
term analytical calculations and numerous ex-
periments conducted according to all the laws of
statistics in natural conditions and in the camera
“Mirror-type artificial sky” created by the author
using planar and volumetric (on mock-ups) light
modelling with careful measurement of lighting pa-
rameters characterizing various states, qualities and
options for luminance composition, light saturation
of the interior space, contrast of lighting, etc.

The conclusions of the dissertation give a gen-
eral picture of the research work performed, the
main meaning of which is the belief that the design
of lighting in industrial (and in any other) interiors
is not limited to providing elementary normalized
lighting parameters, but is a complex, sophisticat-
ed, and creative task of architectural design where
the light — natural and artificial — is the main “ac-
tor”, providing functional and aesthetic qualities
to the interior.

Keywords: design method, architectural light-
ing, industrial interior, luminous image, luminance
and luminosity similarity
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The dissertation established that the solution
to the urgent problem of designing architectural
lighting for the interior, achieving a certain visu-
al correspondence of the luminous image in a proj-
ect that was carried out graphically manually in the
recent past and in kind, can be achieved on the ba-
sis of the pattern of luminance similarity obtained
in the course of experimental studies based on lu-
minosity similarity. Although even today, with the
availability and improvement of the digital comput-
er calculation methodology and the visualization of
its results, there is no full correspondence for the
reasons indicated in [1] as the “ineradicable draw-
back” of any planar light modelling.

So, to implement the design plan of the archi-
tect (and now the lighting designer) without gross
distortions in kind based on the research, a method
for designing architectural lighting was developed
that provides the functional and aesthetic quality of
the lighting environment inherent in the project. It
is worth noting that with the modern possibilities
of controlling LED lighting, the medium can be not
only traditionally light-stabilized, but also light-Ki-
netic in a certain scenario.

The lighting design process according to the de-
veloped method consists of two stages. The first
is the search for a solution and the expression of a
conceived (predicted) luminous image using archi-
tectural graphics on paper (now possible on a com-
puter screen). The second is the definition of meth-
ods for its implementation in kind [3].
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Fig. 1. Schematic diagrams of the light-spatial organization
of interiors (see also Fig. 2 [1])

The first stage includes:

— Selection of the scheme of light-spatial orga-
nization of the interior (Fig. 1);

— Achromatic image in the perspective of the
predicted distribution of luminance in the interior;

— The luminance of the ceiling (L), interior el-
ements (L), and floor (L) and their ratios with re-
spect to L. determination.

The second stage includes:

— A graphical definition in daylight of the re-
quired ratios L¢: Lis Ly for nature, which is similar
in visual sensation to images in perspective (Fig. 2);

— The choice of the relations L: Li: Ly for their
implementation in kind and the determination of the
absolute values of L;and p of these surfaces;

— Determination of the quality class of inte-
rior lighting according to the quality assessment
Table in [1] and the nomogram (Fig. 9 in [1]), in
accordance with which (if necessary) the correla-
tion is made L. Ly Lgin perspective (L, - wall
luminance);

— Assessment of the quality of interior lighting
according to the luminance range, its harmony and
frequency (Fig. 4 [1]);

similarity
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@— the projected luminance ratio at the perspective;
@— the luminance ratio required in kind;

© - luminance ratios that are visually similar
to those depicted in perspective;

© - luminances ratios at different p;, and p,
and constant p_, equal to 0.7

Fig. 2. Determination of the required ratios of luminance:
Le: Li: Ly and their p calculation and graphic method

— Determination Ey, /E, and N and determin-
ing their compliance with the required values (Tab.
in [1]).

In the dissertation, many of the data mentioned
and not mentioned here, provisions and factors of
articles that did not fit into the volume, are given
more convincingly and extensively. In four, fortu-
nately preserved, but unfortunately not in the best
photo quality, exposition tablets, the author’s (Vlad-
imir Voronov) method of designing architectural
lighting for the interior in comments, graphic dia-
grams, and tables is more systematically presented
(Figs. 3-6).

In those years in our country, an obligatory sec-
tion of candidate dissertations was the evaluation of
the economic effectiveness of the results. It is clear
that today it is a completely different, but now re-
jected idea of this section in dissertations is detri-
mental to science and practice. By the existing in
those time methodology, Vladimir Voronov faith-
fully found out that the reduced total cost of light-
ing was the smallest in production interiors with ze-
nith lantern. Costs increase on average by 7 % for
buildings with rectangular and 14 % for buildings
with shaded lantern. But this does not mean that the
shed lights are rejected. They are almost always in
the interior according to the impression of the light
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ISta sl The content and sequence of the project Graphical and analytical part
981" of architectural lighting of the interior of the project

1 GRAPHICAL FORECASTING OF THE LUMINANCE
COMPOSITION OF THE INTERIOR
IN THE PERSPECTIVE:

a) plotting a linear perspective
of the interior for the observation
point most characteristic in architectural
and functional relations;

b) selection of the scheme of light-
spatial organization of the interior;

<) image by architectural graphics
the predicted distribution of luminance
in the interior perspective, expressing
the light-spatial solution of the interior
conceived by the architect
for given p,, p; and p,.

n DETERMINATION OF LUMINANCE'S RATIOS
IN THE PERSPECTIVE OF INTERIOR:

a) measurement at the perspective using
the relative luminance scale

of reflection coefficients at points

on the main surfaces of the interior,

its elements and equipment;

b) determination of the luminance ratios
of the ceiling, walls and floor, and other
interior elements relative to the last

at the equality condition for ratios
py/p,and L,/L, atthe perspective.

Stages| 1€ content and sequence of the project Graphical and analytical part
95| of architectural lighting of the interior of the project

[ ] GRAPHIC-CALCULATION DETERMINATION
OF LUMINANCE'S RELATIONSHIPS
FOR THE BASIC INTERIOR SURFACES
AND THEIR ELEMENTS AT THE PERSPECTIVE
IN CONDITIONS OF DAYLIGHTING:

a) photometrical or calculation
determination of illuminance
of the basic interior surfaces
by direct sky light in the points
at the perspective

b) the reference luminance's ratios
of ceiling, walls, and floor
determination with taking into
account multiple reflections
of luminous flux;

c) graphic determination of luminance's
ratios of the ceiling, walls and floor
of the interior and its elements,
and their image at the perspective
for previously specified p.

b)

The content and sequence of the project] Graphical and analytical part

$t2geS) " ot architectural lighting of the interior of the project

= | d)determination using the nomograms
of the ratio of the luminance

of the ceiling, walls and floor,
providing the required quality
class of architectural lighting
of the interior;

e) search for architectural, construction
and lighting equipment for the
implementation of the luminances
ratio adopted in nature at daylight;

£) calculation and graphical determination
of the luminances ratios of the main
elements of the interior: the wall, walls,
equipment floor, structural elements
for their implementation in kind under
daylight;

g) graphical determination
of the luminances ratios
of the basic elements
of the interior at the perspective
using the method of luminance
transposition;

h)the image of the obtained luminance
relationships at the perspective
by means of architectural graphics.

c)

The content and sequence of the project‘

Graphical and analytical part
of architectural lighting of the interior

of the project

Stages

1

CALCULATION AND GRAPHIC DETERMINATION
OF QUANTITATIVE AND QUALITATIVE
CHARACTERISTICS OF ARCHITECTURAL
INTERIOR LIGHTING:

a) calculation of absolute levels
of illuminace of the main surfaces
of the interior according to the
luminance distribution accepted
for implementation; design /
in conjunction with a lighting
technician / artificial lighting system
that distributes the luminance
in the interior like a daylight;

calculation and graphical determinatio
of the values of the indicator
of contrast of lighting £, /E, and E,;:

b

— graphical determination of the
expected values of £, /E, at p,

and p,, found for natural comditions
and the room index i and comparing
it with the required set value;

- finding the absolute value of E,

in relation to E, / E, and determining
its correspondence to the required
value of the light saturation index N.

c

assessment of the quality
of architectural lighting of the
interior in harmony, range
and frequency of brightness.

¥ ECONOMIC EVALUATION
OF ARCHITECTURAL INTERIOR LIGHTING

d)

Fig. 3-6. A brief graphic presentation of the method of designing architectural lighting for the interior (stages 1-V)

composition aesthetically preferable to others, and
for a number of productions in appropriate climat-
ic conditions they can be rational and economical.
At the same time, the lump sum costs for daylight-
ing (DL) were determined by the cost of covering
the building and for artificial lighting (AL) — by the
cost of the originally installed illumination systems
(1S) with light sources and their assembly.

The reported costs for the IS were calculated by
the VNISI method for the general lighting system
(GLYS), which in the evening provides a distribu-
tion of luminance in the interior that is close to that
adopted in daylight. The value of the costs for the
light sources ranged from 26 % to 38 % of the total
cost of lighting (at the norms and tariffs that were
in effect in those years) and depended on the cho-
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sen system of light-spatial organization of the in-
terior. Under equal conditions of weighted average
luminance ratios of the main surfaces of the interior
at DL and light saturation in workshops with shed,
rectangular and zenith lamps, the reduced costs for
the IS were different. This is due to the fact that the
main surfaces of the interior, due to the peculiarities
of the light distribution of the lanterns of the upper
natural light, are not lit equally during the day. The
equality of their weighted average luminance ratios
at DL (to achieve a comparable aesthetic effect) is
achieved through the use of different internal sur-
faces p, which, when calculating the IS, lead to a
different amount of illumination devices in the IS.
This important circumstance should be taken into
account not only as a factor determining the quality
of architectural lighting of a production (as well as
any other) interior, but also as an important condi-
tion for the economic evaluation of a particular illu-
mination installation option.

The results of the dissertation research can be
considered, at a minimum, that [1, 2]:

— The theoretical foundations of the light-spatial
organization of the production interior with the up-
per natural and artificial light have been developed,
including a relatively universal classification and
system of types of interior space, as well as sche-
matic diagrams of its light-space organization;

— Author’s methods of objective and subjec-
tive assessment of the quality of architectural illu-
mination (Al) of interiors with upper light in natu-
ral and laboratory conditions are presented, which
showed that it is mainly determined by the light sat-
uration and the distribution of luminance in the in-
terior space;

— A nomogram (“butterfly”’) was created to as-
sess the quality of Al interior by the distribution of
luminance in its space, which is proposed as a tool
for controlling light-composition decisions at the
design stage and in kind;

— The indicators of quantitative and qualitative
assessment of the light saturation of industrial in-
teriors with upper light were determined, charac-
terized objectively by the values of hemispherical
(E2,) and cylindrical (E,,) illumination, as well as
the contrast of lighting through the ratios E,, / E,,
and Ey, / E,;, and subjectively — the author’s indica-
tor of light saturation N;

— The pattern of luminance similarity was estab-
lished, on the basis of which an architectural meth-
od was developed for the transposition of luminance
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relations from a planar graphic image of the interior
perspective to natural;

— A schedule has been developed for assess-
ing the quality of Al interior according to the range
of luminance, harmony and frequency of its series,
which allows us to evaluate the luminance compo-
sition of the interior at the micrometric level and
to differentiate it by categories of monotony, nuance
and contrast of lighting;

— It was proved that the permissible (preferred)
ranges of luminance ratios in interiors with DL and
AL practically coincide, which indicates the subjec-
tive desirability of a person to ensure a relative con-
stancy of the luminance distribution in the interior
when switching from DL to AL in order to main-
tain the quality of Al and the constancy of the vi-
sual-psychological atmosphere if it is comfort and
aesthetic;

— A design method for designing industrial inte-
riors with overhead lights has been developed that is
applicable in other typological groups of buildings
and allows one to determine the means for realizing
the author’s design in kind under natural, artificial
and combined lighting, ensuring the required quan-
titative and qualitative characteristics and evaluat-
ing their economic efficiency.

All of this is not so little if we talk about the can-
didate dissertation.

P.S. From the co-author

By his thesis, Vladimir Voronov thoroughly
“penetrated” his evidence base into the technical
field of lighting engineering, which is little known
and obscure in architectural theory and practice.

As far as possible, we, architects from the De-
partment of Architectural Physics, Moscow Insti-
tute of Architecture (S.S. Alekseev, N.M. Gusev,
V.G. Makarevich, N.V. Obolensky, V.V. Voron-
ov, N.I. Shchepetkov, V.I. Zherdev, G.I. Chirkin,
E.V. Sangina, A.G. Batova (Prikhodko), G.S. Ma-
tovnikov, etc.), as well as from the NIISF (O.A. Kor-
zin, V.V. lvanov, A.l. Panurov, Yu.A. Volkov, and
others) for decades have tried and have been try-
ing to the best of our abilities and capabilities with
our works to expand the range of worldview prob-
lems associated with light in architecture and affect-
ing professional tasks — strategic, practical and, at
least, operational. Applied lighting, in our opinion,
is designed to solve some of the tactical and oper-
ational tasks of creating a comfortable, artistically
complete, environmentally friendly, and energy-ef-
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ficient natural and artificial light architectural envi-
ronment in the interior and exterior in terms of more
accurate criteria-based assessments and methods for
their determination.

It is unlikely that it claims to be a separate “sci-
ence for science”, as there once existed the histori-
cally failed trend of “art for art”, although extreme
examples of it still exist today. It makes no sense
to argue that a competent architect should formulate
strategic tasks in this area — he designs the materi-
al-spatial and figurative basis of the anthropogenic
environment. And there is practically no productive
contact between them today. Few architects who
are scientifically engaged in the problems of light,
at best, determine some current trends in the devel-
opment and artistic qualities of this environment,
including in the form of ratios of lighting values,
without setting the ultimate goal to obtain mathe-
matically accurate results. This is not their area and
path. It is here that a productive, systemic, interdis-
ciplinary scientific continuity could be established:
professional and important architectural tasks were
set, and “narrow specialists” — lighting technicians,
on a broad front, are looking for means and methods
for solving them.

These are the dreams of an architect who has
long plunged into lighting engineering.

Unfortunately, according to the experience of
episodic peer-reviewing in recent years, lighting

dissertations of applicants at the NIISF, MGSU,
MPEI, as well as publications, including in the jour-
nal “Lighting & Engineering”, | see how fragment-
ed, unsystematic, and partly small-scale research
topics are in applied building lighting, and in es-
sence — in light in architecture. It seems that not a
single dissertation refers to the works of architects
in this area. | don’t know what such “caste” isola-
tion means — ignorance, disrespect or, God forbid,
contempt for attempts, perhaps not always convinc-
ing from their point of view, to use the “outsiders”
knowledge of an adjacent respected science. I’m
probably mistaken in something. You can consider
these estimates as an invitation to discussion.

The dissertation and abstract of V.V. Voronov
will be presented on the journal site after converting
them to digital form.
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ABSTRACT

Without using the perturbation theory, the article
demonstrates a possibility of superluminal informa-
tion-carrying signals in standard quantum electro-
dynamics using the example of scattering of quan-
tum electromagnetic field by an excited atom.

Keywords: excited atom, superluminal signal,
quantum electrodynamics, scattering

1. INTRODUCTION

Superluminal speeds in optical systems have
been attracting attention for many years. And while
the matter of information transfer with faster-than-
light speeds is fully settled in classical physics af-
ter the works by H. Lorentz, J.H. Poincaré and
A. Einstein, this categorical assertion does not ap-
ply to quantum optics.

In classical physics, the state of an electromag-
netic field is described by vectors of electromagnet-
ic strength E"(r,t) and vectors of magnetic induc-
tion B (r,t) determined at any point of the space r
at any moment of time t. It turns out to be conve-
nient to use vector potential of electromagnetic field
A’(r,t) in a rationalised Gaussian system of units
with zero scalar potential instead of these vectors,
so that

E"(r,t)= —%% A"(r,t), BY(r,t) = rotA(r,t).
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Here, c is speed of light in vacuum. Use of vec-
tor potential is convenient because just one magni-
tude A"(r,t) should be used instead of two mag-
nitudes E"(r,t) and B"(r,t). Hereinafter we will
often use A"(r,t) instead of E"(r,t) keeping in
mind that the relation between them is rather sim-
ple. In quantum physics, the state of an electromag-
netic field and the state of particles of finite mass are
described by a wave function i/ (t). In quantum op-
tics, analogues of classical magnitudes are calculat-
ed as mean quantum magnitudes of corresponding

quantum operators <A"(r,t)> = <l//(t)| Av(r)|l//(t)> .
Using the principle of correspondence between the
quantum theory and the classical theory, it is safe
to assume that mean magnitudes of the quantum
theory of electromagnetic field having classical ana-
logues should not change with speeds exceeding the
speed of light in vacuum c. The question remains:
is it possible to exceed ¢ by means of dispersions,
i.e. by means of quantum fluctuations? Such oppor-
tunity is not impossible a priori, rather the opposite
[1]. If, being interested in the speed of an electro-
magnetic signal generated at a point r = 0 at a mo-
ment t = 0, we set a target to measure the strength
of the electromagnetic field E"(r,t) at a point r of
the leading edge of this signal in time t, the Heisen-
berg uncertainty relation will interfere. According
to the definition E” = f*/q, where f" is the force
affecting the test charge q placed at the measure-
ment point r. However, f" =dp"/dt, where p” is
the pulse of the test charge measured at the point r.
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The uncertainty relation shows that accurately de-
termined r and p do not exist at the same moment
of time. Therefore accurately determined r and
E"(r,t) do not exist simultaneously. Quantum dis-
persion of coordinates distorting the leading edge of
the signal appears. Part of the experimental points
will be located behind the leading edge character-

ised by amplitude <I§V(r,t)> =(z//(t)|I§”(r,t)|z//(t)>,
the other part will be located in front of it defining
the superluminal signal. So, in a number of exper-
iments, it is possible to predict registration of su-
perluminal signals. We find it essentially neces-
sary to introduce superluminal signals in quantum
optics which may affect measurement devices and
therefore carry information. It should be noted that
the considered dispersion of coordinates in optical
measurements does not affect accuracy of measure-
ment of the speed of light itself. The case is that the
selected distance between the source of radiation
and the measurement coordinate may be arbitrari-
ly large.

What is the nature of superluminal signals?
According to the above said, they are ahead of
the leading edge of a classical signal, and there-
fore there is no mean value of field strength in

them (w(t)|E"(r)|w(t))=0 but the dispersion
(l//(t)||§v(r)év(r)|y/(t)> >0 will be different from

zero. Such properties are seen in photons [2] which
do not have electric and magnetic components, and
their energy turns out to be finite. So, non-relativis-
tic quantum mechanics of finite mass particles pre-
dicts existence of non-classical states of an electro-
magnetic field which may form signals with speed
exceeding c. It is important to stress that such sig-
nals can affect test electrons, excite atoms, transfer
energy and information. It should be noted that the
existence of photons was predicted (in 1905), by
contrast, before establishment of the quantum theo-
ry of non-relativistic particles (1925-1926).

Now two questions arise: How much are space
domains of superluminal signals and is there a lim-
it of such speeds?

2. QUALITATIVE CONSIDERATION

To answer these questions, appearance of super-
luminal signals is studied below in their more clear
manifestation within another quantum system.
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Let transversely polarised light generated by
classic current density f"(r,t), be scattered by an
atom located at the point R. According to the quan-
tum theory, scattering of light by a non-excited atom
is represented as virtual process of absorption of the
photon being diffused and further process of emis-
sion of a scattered quantum by this newly excit-
ed atom. Such scattering process requires time and
is only capable of slowing down ballistic speed of
an electromagnetic wave. But in the course of light
scattering by an excited atom, another quantum pro-
cess exists [3] which consists of spontaneous emis-
sion of a photon by this excited atom and transfer
of the atom into the non-excited state and only then
(when the scattered quantum has already started
moving) the quantum being scattered is being ab-
sorbed by the atom which is no more excited. Such
complex process is described by a uniform wave
function. That is why the scattered photon and the
photon being scattered are mutually correlated and
the process generally has nature of scattering. Clas-
sical interpretation of this process suggests that such
inverse scattering of the photon by an excited atom
allows it to gain larger distance cz, where 7 is cor-
relation time of the photons. In front of the leading
edge, at distance of cr from it, the superluminal pre-
cursor appears. If the atom had been in the ground
state initially, such inverse possibility of scatter-
ing also exists but turns out to be insignificant due
to non-resonance of the process.

It is obvious that these speculations are not prov-
en and require detailed research. Until now, su-
perluminal signals transferring information have
not manifested themselves in standard quantum
electrodynamics.

Let us express the wave function of the quan-
tum system: electromagnetic field plus the scatter-
ing atom after the process of scattering through W.
Let us expand this function by the complete system
of wave functions y; of the scattering atom

Y= fw, +2 fw, =t +(\P_ fol//o)a
i#0
where the initial state of the atom v is taken as a
separate component. Due to orthogonality of the
wave functions of the atom y, and w; (i #0), scalar
products of the functions

2 fw,

i#0

(fw,

>=<fol//o|l}’_ fol//o>:O
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become zero. If the atom has remained in the ini-
tial state vy, as a result of scattering, we will call
such scattering process a coherent process [4]. This
process is reflected by the wave function of elec-
tromagnetic field fy. If ¥, corresponds with the ex-
cited state, f, according to the above mentioned,
in particular, describes superluminal signals. If the
atom wave function changes as a result of scatter-
ing, such process is considered non-coherent by
convention.

The magnitudes observed experimentally are
calculated as quantum mean magnitudes of corre-
sponding quantum operators. For instance, elec-
tric field strength E"(r,t) which has a classical an-
alogue and therefore does not have superluminal
speeds may be written as

<év(r’t)> = <‘P(t)| é”(r)“P(t» -
= (oo [E7 ()] Fro) +
+<\P_ fows ‘év(r)|‘*’- fo’//o> =

=(E'(ry) +(E'(ry)™.

coh

M)

The cross (interference) component is removed
here due to orthogonality of the atom wave func-
tions. The first component of the right part of (1) de-
scribes coherent scattering and, in the case of scat-
tering by means of an excited atom, as described
above, superluminal signals. The second component
describes the components of non-coherent scat-
tering, in particular, forced scattering processes in
which the initial state y, of the scatterer transforms
into the one that is orthogonal to it y; (i #0). Only
interference of the coherent and non-coherent scat-
tering channels makes superluminal signals impos-
sible in the final result of (1). In its turn it means
that, in the case of scattering by an excited atom,
the wave functions of the non-coherent channel f;
(i= 0) also describe superluminal signals of oppo-
site in sign. It is important to note that superlumi-
nal signals in virtual states appear in calculations
of quantum electrodynamics automatically and dis-
appear from the final result only as a result of inter-
ference of scattering channels. If the interference is
hindered, it is obvious that superluminal signals will
appear in the result. It is not difficult to do.

Let us be interested in bilinear normally or-
dered products of electromagnetic field oper-

A /A N2
ators <N(EV) > which determine its local en-
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ergy characteristics®. This magnitude may be
estimated lower bound as follows. It is obvious that

(ET)=(E)E)

It is possible to show similarly [2] that, if an
electromagnetic field possesses primary compo-
nents with wave vector k,, after averaging of the
wavelength order over the coordinate range of, it
turns out that

(R(E))=(e)"

Therefore, <|§V> determines the lower-bound es-

)

timate for the sought <N (EV)2>. Correctness of the

equation (2) does not depend on the specific state
over which quantum averaging is done and is not re-
lated to the perturbation theory.

If we now write the magnitude <N (EV)2> as a

sum of the coherent and non-coherent components
similarly to (1)

<N(é”)2> =<f0y/0| N(E")?[ fowo )+
HW = T[N (B = ) =
(NEy) +(REy)™

coh

and apply the formula (2) to each component of the
right part of this sum, we will find that

<N(év)2>2<fol/jo‘év‘ fol//o>2+
+<‘I‘— fog//o‘év Y- foz//0>2 =

(E) +(E)™.

Now, due to positive definiteness of the compo-
nents of the right part of the latter in equation, su-
perluminal signals of different channels will not
mutually compensate each other and it will be im-
possible to avoid them as a result. Therefore, the
theory predicts their appearance in the measure-

ments of <N (E”)2>, i.e. measurements of the ener-
gy of an electromagnetic field.

@)

coh

1 The operator N is called the normal ordering operator.
Its presence in the formulas does not affect understanding of
further material [2].
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3. QUANTITATIVE THEORY

Let us describe some results of exact calcula-
tions following from the fundamental equations of
quantum electrodynamics described in the Annex.
These results were derived by solving the equation
(P1) using the method of S scatter matrix and R.
Feynman diagrams.

To simplify, let us assume that the scattering
atom has two energy levels. We will identify the
atomic energy at which scattering takes place as ¢;
and the energy of the other state of the atom as ¢, .
Let us assume that these energy levels may possess
energetically degenerate magnetic sublevels, using
which summation may be done.

First we will assume that the scattering atom is
in the non-excited (ground) state. The main scatter-
ing channel here will be the coherent channel. The
non-coherent scattering channel makes non-reso-
nant low contribution to the result here. Solution of
the equation (P. 1) describing the scattered electro-
magnetic field in this case looks as follows [2]

<21V(r,t)>mh =[ T (rrn)0(e, - €, )
XH|:(C (t—t;,)=|r—R|=|r, - R|)Jah“3dt3 +cc., (4)

where

TV (r,rS,t,t3)

[ j X Py (8= n'n" )

O(t—t
X(&Vzvz—ngzn;)jvi(rs’[ ) ( 3>

} |r—R||r3 —R| -
xe[(c(t—tg) Ir,

sallly
exp{—i%(c(t ~t,)=[r-R|-|r, - R|)}

167°c*h

(r,,t;)

(I’3 _ R)V '
;=R

V_

®)

Since ¢, —¢&; >0, the expression (4) describes
the signal scattering by a non-excited atom. Heavi-
side step function 6] (c(t—t,)~|r—R|-|r, = R])],
prevents the velocity of the leading edge of the scat-
tered signal from exceeding the velocity of classical

electromagnetic wave in vacuum. In other words,
the magnitude which has a classical analogue does
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not propagate faster than light. The expression (4)
describes only the scattered signal. The signal prop-
agating without scattering is omitted here

- r—r,
Jl(rl,t_| C 1|J
dr,.

1)
Ir—r

42

o)

The case is different if an electromagnetic field
is scattered by an excited atom. In this case, scat-
tering occurs through two scattering channels: co-
herent and non-coherent. The solution of the equa-
tion (P. 1) shows [2] that, according to the coherent
channel

<A"(r,t)>=

<21V(r,¢)> =[ 1 (rr1)0(e, -
“0[ (r - R|+[r, - R|-c

‘gjz)X 6
(t—1 ))Jdlgdg +ec.. ©

Therefore, the coherent channel, which leaves the
scattering atom in its ground state, according to the
Heaviside function 0[(|r - R|+|r,-R|-c(t-t ))}
and in line with the conclusions of the sectlon 2,
instantly forms a scattered channel at any dis-
tance [r—R| from the scattering atom if only
Ir—R|-c(t—t,)+|r,— R|>0. We are dealing with
infinitely high speed of formation of this signal.
Such scattering process does not exist in classical
optics.

For non-coherent scattering channel, changing

quantum state of the scattering atom, the scattered
signal is described by the following formula [2]

(A )™
=—| T(r,r,,t,t,)0(e. -
J (e,

£, )dr3dt3 +cC.C. @

This signal includes both the area behind the
leading edge |r — R|+|r,— R|<c(t—t;) and the su-
perluminal area |r —R|+|r,—R|>c(t—t,) located
in front of the leading edge. Such scattering chan-
nel does not have a classical analogue either. Avail-
—¢;,) testifies that the
non-coherent scattering channel appears only in the

case of light scattering by excited atoms.

Using the fact that the complete signal which
has a classical analogue is defined by the sum (1) of
scattering channels, we find that

ability of the function (e,
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(R )= (R0 +{A o)™ -
_ _J' TV(r,r3,t,t3)6'(€jo ¢, )G[C(f—t3)—

_ <|r - R| - |r3 - R|)]a’r3a’t3 +c.c. ®)

As expected, the complete signal determined by
the amplitude AY(r,t), which appears as a result
of scattering of electromagnetic field by an excit-
ed atom, is completely located behind the leading
edge of the wave and does not possess superlumi-
nal properties. According to (6) and (7), superlumi-

nal components of the amplitudes <AV(r t)> and
<AV(r t)> " mutually destroy each other as a re-

sult of interference. The expression (8) may be eas-
ily derived from the semi-classical radiation theory,
which operates by none quantified electromagnet-
ic field.

The case of energy of an electromagnetic field is
different. For a time-variable electromagnetic field,

presence of a non-zero function <N(Av)2> guaran-
tees difference from zero of the sought <N (év)2>.

Similar to the formula (3),

~ 2
A’ foz//0> +

<N(A“)2>2<fowo
~ 2
+<‘P_ foWo‘AV“P_ fo§//o> =

=(R) (R )

The functions <AV> and <A

above, have superluminal components. Since the
formula (9) contains the squares of these functions,
the superluminal components cannot compensate
each other as a result of interference now. There-
fore, the energy of a scattered electromagnetic sig-

ncoh
”> , as noted

coh

nal <N(Ev)2> or, according to our assumptions, the

function <N (A")2> turns out to be equal to

<N(Av(r,t))2>=
(j T (rx.0)0(e, —¢,)0[ (r-R|+

+ |r - R| (t-t ))}dgdt} + c.c.)2 +

+(I TV(r,r3,t,t3)9(,9j0 —.9J-Z)dr3dt3 +c.c.)2.

This expression may be written as

<r\] (AV(r,t))2>=
(] 7 ersteofe, -, Jo[e(e-r)-
- |r - R| —|r3 - R|]dr3dt3 + c.c.)2 +

#2([1"(rr1.0)0 (g, — ¢, )0 —R|+
+ |r3 - R| - c(t -t )] + c.c.)2 dr,dt,. (10)

The first line of (10) describes an ordinary scat-
tered optical signal, which appears in the theory of
none quantified field too. It may be calculated by
means of the vectors E"(r,t) and B"(r,t) and stan-
dard Maxwell’s non-quantified equations. The sec-
ond line describes the superluminal quantum pre-
cursor appeared before this signal. The precursor
occupies that area of the space where E"(r,t)=0
and B"(r,t) =0. The energy of the precursor is fi-
nite. It means that the nature of the precursor is not
classical and it reminds a field of Planck photons
possessing similar properties. What is more sur-
prising is that the formulas of the quantum precur-
sor does not contain the Planck constant # and fall
into the rare set of quantum theory formulas pos-
sessing such property. The latter becomes obvious
if we suggest that the role of the scattering atom
is played by a quantum oscillator. Here p; oo R
and, according to (5), the Planck constant faIIs out
of calculations.

Let us stress once more that the precursor pos-
sesses energy and may transfer information with su-
perluminal speed. Moreover, since the second line
of the formula (10) does not limit the vector r, it
means that the signals may be transferred at infinite-
ly high speed by means of the precursor. Availabili-
ty of energy widths of the scattering atom has an ef-
fect on limitation of the magnitude |r - R|, which
reduces effective value of light speed in measure-
ments [6].

4. CONCLUSION

This review does not use any new hypotheses.
It considers only the known equations of quantum
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electrodynamics derived relations of which turn out
to predict availability of energy-transferring super-
luminal speeds in nature. Generally speaking, in-
finite speeds are well-known in quantum theory.
Wave function collapse demonstrates such speed
in the case of experimental fixation of an electron
at some point in space. Another example derives
from the property of symmetry of wave functions of
identical particles. If the structure of such function
is forcefully damaged at some local point of space,
symmetry of the wave function will be immediate-
ly (infinitely fast) reestablished. Such effect is also
encountered in the EPR paradox [7]. One of the dis-
tinctive characteristics of the example considered
in this work is that obvious possibility of energy
and information transfer at infinitely high speed fol-
lows from the quantum electrodynamics equations.
Such speed is conditioned not by the speed of light
but the speed of transfer of correlation properties
of wave functions describing the state of a quan-
tum system [9]. Infinitely high speed is Lorentz-in-
variant and therefore cannot violate the Lorentz
transformation.

Let us pay attention to the following circum-
stance. Non-relativistic quantum mechanics may be
described using different mathematical tools. The
most well-known are the Heisenberg matrix meth-
od (1925) and the Schrodinger differential-equation
method (1926).

It is customary to say that quantum mechanics
may be exposed in accordance with Heisenberg’s
representation or in accordance with the Schroding-
er’s representation. Both methods lead to similar
results. In quantum electrodynamics, this property
is lost [8] and these two representations have to be
considered as substantially two different theories.
Selection between them may be determined by an
experiment or self-contradictoriness of one of them.
In accordance with the Heisenberg’s representation,
quantum electrodynamics does not lead to exis-
tence of superluminal signals [8], which contradicts
the basics of quantum theory described in the intro-
duction. That is why only the Schrddinger’s repre-
sentation is used in this review. The experiment [6]
which studies the superluminal signal transferring
energy also favours this representation.

ANNEX

The quantum electrodynamics equation, whose
derivations are reviewed in this paper, is presented

32

below in accordance with the Schridinger’s repre-
sentation. Let a quantum electromagnetic field gen-
erated by classic current density j"(r,t) be scattered
by an atom located at the point R. We will assume
that the atom possesses one valency electron with
coordinate r, the spin effects will be neglected. The
wave function of the system obeys the Schrédinger
equation [2]
V()

Lov(et)
(T

N g 2 e St Ay Vs
:Ul// Huz//dr+th—%fl// prA"wdr -

- 1] j“ﬁ”drj\{!(;,r). (P.-1)
C

Let us use only quasi-resonant approximation,
omit the component proportional to A?, in the
Hamiltonian operator, use calibration with zero sca-
lar potential and a rationalised Gaussian system
of units. The following indications are used in the
equation (P. 1)

~ P2 ~
H, =$+U(r—R), H,, =
= nekay,ay,, By =
kA

=iy, () = Y, (r=R)by,
i

W (r)=Yw;(r=R)b;, A'(r)=

tkr +0?;Ae“'“), C = e Gigrenn

o))

Bj and 61.* mean the annihilation and creation op-
erators of the atom described by the wave function
w,(r—R) and possessing internal energy >, V is
the quantum volume. In the case of temperature
none degenerate gas, these operators obey commu-
tation relations of Bose—Einstein fields. Unit vec-
tors e,, normal to the wave vector k describe linear
polarisation of the photon field (41=1,2). U(r-R)
means potential energy of the electron in the atom,

hi ,\
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m means the electron mass. Repeating v indexes im-
ply summing here and mentioned above.
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ABSTRACT

The analytic expression which sets relation be-
tween the solar altitude angle and local time at a
random point of the Earth surface on a random day
of a year is obtained. The obtained expression and
derived relations allow one to conduct calculations
of daylight irradiance and illuminance of the Earth
surface in analytic form.

Keywords: daylight irradiance and illuminance,
Earth surface, geocentric equatorial system, analyt-
ic form of representation, solar altitude angle, local
time, geographic coordinates, year day

1. INTRODUCTION

Daylight illuminance and irradiance of the Earth
surface cause determining influence on character-
istics of stationary and none-stationary visual pro-
cesses and characteristics of visual performance [1,
2]. Irradiance caused by solar radiation reaching the
surface of the Earth controls circadian activity of
human body.

In the course of research of the listed process-
es, it is quite often necessary to use relation be-
tween daily values of solar altitude angle h and lo-
cal time t;,5 at a design point of the Earth surface
with random values of latitude ¢ on a random day
n of a year.

The only publication that presents such data
to the fullest extent in the last century was the
unique publication [3], which contained the results
of the studies conducted in the astrophysical labo-

34

ratory of the Leningrad University under supervi-
sion of Professor V.V. Sharonov. The tabular data
presented in [3] include information on relation be-
tween solar altitude angle and time of the day with
discretisation interval At = 1 hour for different days
of a random year with discretisation interval An =
10 days as well as for the values of latitude within
the range of 35° < ¢ < 70° with discretisation inter-
val Ap = 5°. Tabular representation of data makes it
necessary to interpolate within and extrapolate be-
yond the discretisation intervals used in [3] respec-
tively in the course of lighting engineering calcula-
tions. Moreover, tabular representation of data does
not allow us to perform lighting engineering calcu-
lations in analytic form, which complicates possibil-
ities to use the obtained results and to interpret them
substantially.

Nowadays, the copyright holder of [3], which
is a rare book, is the University of California. That
arouses doubts on the possibility of the book [3] re-
publication in Russia.

Inaccessibility of [3] and general trend of mathe-
matical formalisation of results of lighting engineer-
ing studies have defined the main goal of this arti-
cle: analytic representation of the data on relation
between solar altitude angle and local time at a ran-
dom point of the Earth surface required for calculat-
ing its daylight irradiance and illuminance.

Another goal of the work related to active ex-
ploration of the polar regions of the Earth is neces-
sity of widening the range of values of latitudes of
the Earth surface between the Equator and the North
and the South poles of the Earth.
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2. USED DATA AND METHODS

Daily and yearly changes of characteristics of il-
luminance and irradiance of the Earth surface are
conditioned by a large amount of spatial motions
of the Earth with the most significant of them be-
ing daily rotation of the Earth and its movement
around the Sun characterised by low orbit eccentric-
ity of the Earth e = 0.0167 (the shape of the Earth
orbit is nearly circular) [4]. Exclusion of less im-
portant motions (Earth axis precession and nutation,
etc.) out of consideration, don’t introduce any sig-
nificant errors in the results of lighting engineering
calculations.

To obtain an analytic expression relating solar
altitude angle during daytime and geographic co-
ordinates of a design point of the Earth surface and
local time of central meridian &4 Of @ time zone
N corresponding with it, the spherical model of the
Earth and geocentric equatorial system of the II type
[5-7] presented in Fig. 1 were used.

This coordinate system is a projection of geo-
graphic coordinates of the Earth surface on an
imaginary celestial sphere. The plane perpendicu-
lar to the main axis and crossing the centre of the
Earth is the main plane, the celestial equator plane,
which divides the celestial sphere into the northern
and the southern celestial hemispheres and is a pro-
jection of the Earth equator on the celestial sphere.
The celestial points P and P/ lie in the celestial me-
ridian plane. The axis P, P/ is the main axis (celes-
tial axis) coincident with the Earth axis. The celes-

p

m NEP NCP

Celectial

sphere
—

WSP

' Celestial
equator

Fig. 1. Geocentric equatorial coordinates system
of the Il type [5-7]:
NEP — northern ecliptic pole, NCP — world northern pole,
SSP —summer solstice point, SEP — southern ecliptic pole,
SCP — world southern pole, WSP - winter solstice point

SEP

m
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tial meridian is a projection of the earth meridian
plane on the celestial sphere at a design point of the
Earth surface.

Visible yearly motion of the Sun centre oc-
curs along the ecliptic. The points m and m’ are the
northern and the southern ecliptic poles (NEP and
SEP respectively). The angle ¢ between the ecliptic
plane and the celestial equator plane equals to ¢ =
23.45° [4]. The ecliptic and the celestial equator
cross each other at two points: at the western point
W which is the vernal equinoctial point and at the
eastern point E which is the autumnal equinoctial
point. On a random day of the year, the point cor-
responding to the current position of the Sun centre
lies in the celestial meridian plane crossing the ce-
lestial axis P, P'.

The great circle of the celestial sphere (decli-
nation circle) is the celestial meridian crossing the
centre of the Sun, the celestial axis P, P/ and cross-
ing the celestial equator at point A. Angular distance
between the declination circle and the vernal equi-
noctial point W measured along the celestial equator
is the Sun’s right ascension measured in time units,
and the angular distance between the centre of the
Sun and the point A of the celestial equator in the
declination circle is the solar declination (solar dec-
lination is positive north of the celestial equator and
negative south of the celestial equator).

Since lighting engineering calculations are per-
formed on the surface of the Earth, hereinafter time
is used with day duration of 24 hours [4], and the
moment of the Sun inferior culmination at the ver-
nal equinoctial point corresponding to 00 hours and
00 minutes of the local time of a selected time zone

Earth axis

Direction of
radiation

Ecliptic

Celestial

e Y equator

Fig. 2. To the calculation of the angular height
of the sun above the horison h
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is taken as zero time of the day. The moment of the
Sun inferior culmination at the vernal equinoctial
point is also taken as a point corresponding to the
reference point of year day numbers.

It is convenient to use the projection of the solar
declination circle on the Earth surface presented in
Fig. 2 to determine the dependence of solar altitude
angle on local time.

Solar altitude angle h relative to the horizon
(without consideration of solar radiation refraction)
is measured within the solar declination circle cor-
responding to a specific day of the year, current lo-
cal time and geographic coordinates of the design
point of Earth surface.

In the case of the northern hemisphere of the
Earth, solar altitude angle above the horizon [5-7]
equals to

h=90"-gp+e¢. (1)

For the southern hemisphere, this relation is

written as:
h=90"+¢-e¢. 2

In the relations (1, 2), ¢ is the angle between the
celestial equator plane coincident with the Earth
equator plane and the ecliptic plane.

3. RESULTS

Low eccentricity of the Earth orbit making Earth
angular velocity relative to the Sun almost constant,
the assumptions described above as well as the rela-
tions (1, 2) allow us to obtain representation of the
sought dependence of solar altitude angle on local
time in the geocentric equatorial system. This de-
pendence is represented in the form of the sum of
two periodic components corresponding to year-
ly orbital motion of the Earth around the Sun and
daily rotation of the Earth. For the northern and the
southern hemispheres, these expressions are written
respectively as:

h(n'¢’tlocal ) =
= £sin®(n) - (90° - )OS Y (tipey ). ©)
h(n1¢)’tlocal ) =
=—£sin®(n)+(90° + ) cosy (tey ). (4)
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where @ is the current phase of yearly orbital mo-
tion of the Earth around the Sun, n is the number of
full days since zero time,  is the current phase of
the daily Earth rotation, t,,., is the local time corre-
sponding to the standard (winter) time for the cen-
tral meridian & conie Of the time zone N where the
design point of the Earth surface is located, ¢ is the
latitude of the design point.

It is obvious that, in the specified conditions and
with consideration of the taken zero time equal
to 00 hours and 00 minutes of vernal equinox in the
northern hemisphere of the Earth, the expressions
for phases @ (n) and y (tjoca1) In the relations (3) and

27t
4 (tlocal ):%

day

. 27nT,,
(4) are written as d)(n):

year

In the relations for phases @ (n) and v (tjocal),
T,y =24 h is duration of the day, T, =8760 h [4]
is duration of the year.

Standard (winter) local time tjgea (0< tipca < 24
hours) for the central meridian of a random time
zone N (0 £ N < 23) is described by means of the
following relation:

year

tIocal = UTC + N 1 (5)
where UTC is the Coordinated Universal Time.

The data related to the northern hemisphere of
the Earth are of the greatest interest for Russian
specialists.

With consideration of the above mentioned ex-
pressions for current values of phase @ (n) and
v (tiocan), the relation (3) allows one to calculate de-
pendence of the solar altitude angle on local time
for random geographic coordinates of the Earth sur-
face in a specific time zone N.

The inverse function for the relation (3) which
describes dependence of local time t;,.5 (h) and so-
lar altitude angle for values of n and ¢ within the
ranges of 0 <n <365 and 0° < ¢ <90° is written as:

Zlocal (h) =

T, 27nT,,
—2 arccos ! £sin || first
27[ (90 - ¢) year
half of the day,

27n

o on- arccoslz ! (E sin o h)] (6)

27 (90 - (p) year
second part of the day.
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Fig. 3. Dependences of solar altitude angle on local time and geographic latitude of the design point of the Earth surface:
a) n =91 (June 22), b) n = 0 (March 21) and n = 182 (September 22), ¢) n = 273 (December 22), 1 — ¢ = 00.00°, 2 — ¢ =
23.45°,3 - ¢ =40.00°, 4 — ¢ =50.00°, 5 — ¢ = 55.90°, 6 — ¢ = 66.55°, 7 — ¢ = 90.00°

The expressions for calculating local sunrise
time tgee and sunset time ty; as well as day dura-
tion (teet — tyrise) directly follow from the relation (6)
with h = 0°.

The relation (3) allows us also to calculate the
values of solar altitude angle corresponding to the
superior culmination (t,co=12 hours) and the inferi-
or culmination (t,.5=00 hours) of the Sun with ran-
dom combinations of the values of n and ¢ which
lie within the ranges 0 <n <365 and 0° < ¢ <90°.

The following relation describes solar altitude
angle for the superior culmination:
ETE%+@W—¢y

year
and the following one describes that for the inferi-
or culmination:

h =gsin

()

culm.top

Ealry +(-90" +9).

year

h =egsin

®)

culm.lower

4. DISCUSSION OF RESULTS

As an example, Fig. 3 shows dependences of so-
lar altitude angle and local time as per the expres-
sion (3) for different values of geographic latitude
¢ on the day of summer solstice (n = 91), on the
days of vernal and autumnal equinoxes (n =0, n =
182) and on the day of winter solstice (n = 273).

The projections of the nodes of the curve set pre-
sented in Fg. 3 on the local time axis correspond
to sunrise and sunset times at a latitude ¢ = 23.45°
on the vernal and autumnal equinox days.

The intercepts of the curves in Fig. 3 with the
time axis correspond to local sunrise and sunset
times for the central meridian of the considered time
zone N and fully correspond to values calculated us-
ing the relation (6) with h = 0°.
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On the day of the winter solstice in the northern
hemisphere, increase in the values of latitude from
@ = 00.00° to ¢ = 90.00° in the expression (7) leads
to decrease in maximum daily values of solar alti-
tude angle from h = 66.55° to h = -23.45°, On the
days of the vernal equinox n = 0 (March 21) or the
autumnal equinox n=182 (September 22), on the
days of the summer solstice n = 91 (June 22) and
the winter solstice n = 273 (December 22) in the
northern hemisphere, the increase in values of lati-
tude of the design point of the Earth surface in the
expression (7) from ¢ = 00.00° to ¢ = 90.00° lead
to decrease in maximum values of solar latitude an-
gle from h =90.00° to h = 00.00°, from h = 113.45°
to h = 23.45° and from h = 66.55° to h = -23.45°
respectively.

Comparison of the results of the calculations us-
ing the relations (3, 4, 6-8) shows that they are ful-
ly coincident with the data provided in [3]. The re-
sults of the calculations using the expressions (3, 4,
6-8) also fully comply with the description of in-
stantaneous position and motion of the Sun along
the imaginary celestial sphere provided in [5, 7].

Similar results may be obtained using the above
mentioned relations for any values of latitude in the
northern and southern hemisphere of the Earth on a
random day of the year.

5. CONCLUSION

The results obtained in this work allow us to for-
malise and significantly simplify calculations of
daylight irradiance and illuminance of the Earth sur-
face, to make it possible to determine the analytic
form of the influence of solar radiation on charac-
teristics of different visual processes, visual perfor-
mance and circadian activity of human body. More-
over, the results of the work may be used in other
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areas of human activity, e.g. in architecture, bio-
physical studies, research of different aspects of re-
lations between the Sun and the Earth and geophys-
ical processes, in climatology, etc.
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ABSTRACT

The article studies the accuracy of the main for-
mula of atmospheric correction allowing us to de-
termine albedo of a underlying (earth) surface based
on radiance factor of solar light reflected by the
system of atmosphere and underlying surface. The
problem of atmospheric correction is considered in
three-dimensional geometry with spatial non-uni-
formity of the underlying surface taken into ac-
count. It is demonstrated that the accuracy of albe-
do recovery depends on the used variant of the main
formula.

Keywords: atmospheric correction, radiance
factor, surface albedo, multidimensional effects

1. INTRODUCTION

During Earth remote sensing, the values of in-
tensity (raiance) of solar radiation (SR) reflected by
the system of atmosphere and underlying surface
(US) are measured. The measured values of intensi-
ty and the known values of extraatmospheric inten-
sity of SR allow one to calculate the radiance factor
(RF). Atmospheric correction is required to remove
atmospheric distortions from the radiance factor and
to determine the reflectance of the Earth surface (al-
bedo). The obtained values of albedo may be fur-
ther used to determine the surface composition and
properties.

In atmospheric correction problems, atmosphere
is usually assumed to be horizontally homogeneous
and the surface is assumed to be heterogeneous. The
surface and the upper border of the atmosphere are
divided into pixels. The main atmospheric correc-
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tion formula relates albedo in Earth pixels and val-
ues of RF in atmospheric pixels.

Originally, the main formula was found on the
basis of assumption that light gets into an atmo-
spheric pixel only from the Earth pixel located right
underneath it. In other words, the problem was
solved in Independent Pixel Approximation (IPA).
And SR intensity in the problem with random value
of the surface albedo was represented by a combi-
nation of intensity of light from a black (non-reflect-
ing) US and from a red (isotropic emitting light) US
[1]. The formula allows us to determine exactly the
US albedo based on the value of RF. This formu-
la is actively used in atmospheric correction prob-
lems [2].

With increase of spatial resolution, it became
necessary to take into account what contribution is
made by light reflected from each Earth pixel to the
signal registered in each atmospheric pixel. Two
methods are used here.

The first method is based on empirical general-
isation of the IPA model, in which RF in an atmo-
spheric pixel depends on albedo in the correspond-
ing Earth pixel and albedo of surroundings of this
pixel [3]. It is possible to use an explicit and thus
fast algorithm, in which first all surrounding albe-
dos are found and then albedos of all Earth pixels
are found [3-5].

In the second method, a system of nonlinear
equations is built considering not only reflection of
light from an earth’s pixel to an atmospheric one
but also re-reflection between earth’s pixels [4]; un-
known variables are albedos of all earth’s pixels.
The process of solving such system of equation is
extremely time-consuming. Required time may be
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slightly reduced by simplifying the system of equa-
tions by excluding re-reflection between earth’s pix-
els located far from each other. For atmospheric cor-
rection in mountainous regions during modelling of
re-reflection between earth’s pixels, terrain should
be taken into account [5].

In [6], the formula of atmospheric correction ex-
plicitly relating albedo in each Earth pixel with RF
in all atmospheric pixels is proposed. The formu-
la allows one to quickly find albedo in each pixel
with consideration of re-reflection from other pix-
els [7]. The formula is based on representation of
SR intensity in the task with random value of albe-
do as a linear combination of intensities in the prob-
lem with black US and in problems with US hav-
ing one white pixel (reflecting the entire radiation
in accordance with the Lambert law) and remainder
black pixels.

This work proposes another explicit formula
using the conventional linear combination of in-
tensities in the problem with black surface and in
problems with one red pixel and remaining black
pixels. The matter of identity of these formulas and
their accuracies for recovery of albedo of a spatially
non-uniform surface is also considered.

2. THE PROBLEM OF LIGHT TRANSFER
IN THE ATMOSPHERE

Let us consider the problem of transfer of mono-

chromatic light in a three-dimensional area, Fig. 1.
ﬂ+ §ﬂ+ ﬂ+
“ 0z oX 7 ay

KOGy, ) (XY, 2, 44,0) =

T*PI =

_ks(xay,Z)J.P(xay>Z5 ys(ﬂ’ﬂ,ﬁwﬁwl))
@ 1)
I(X,y,z, W,@"du'dg’ =0
-X<x<X, -Y<y<Y, O<z<H,

-l<u<l O<@<2r, 2

E=sinfcosp, n=sin@sing, u=coso,
Yo i, 0,9") = it +

L=t 1= (') cos(p-9).

The solution 1(x,Y,z, u,¢) here is the SR inten-
sity at a spatial point with coordinates (X, y, z) in the
Q(u =cos@,p)direction, Fig. 1. The extinction fac-

@)
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tor k(x,y,z), the scattering factor k,(x,y,z), and
the scattering indicatrix P(X, Y, z, ¥,) generally de-
pend both on the height z and horizontal coordinates
X, Y. The scattering indicatrix depends on yg(x, 1,
o, ¢’), cosine of the angle between the directions
(1,9) and (&',9").

At the upper border, z=0, of the three-dimen-
sional area - X <x< X, -Y<y<Y, O<z<H,
Fig. 1, the condition of incident parallel beam of SR
rays in the direction Q, (1, = c0sé,,¢,) is set:

I(X! y,O,,u,(p) = |05(ﬂ—ﬂ0)5(¢)—¢0)

atpu>0, - X <x<X, -Y<y<Y. (4

Here 1, is the extraatmospheric SR and ¢ is the
Dirac delta function.

At the lower border z = H, let us set reflection
from the surface according to the Lambert law

1,y H,u0)=
1 1 27

= A, Y) [ du [ do 1%y H, 1, 0)
0 0

atp<0, -X <x< X,=-Y<y<Y, (5)
where A(x,y)is the albedo of the US at the point
(x,y). We will assume that the US is divided into N
non-intersecting pixels U ;. Let us set surface albe-
do within each pixel with its mean value:

i_‘ ﬂ dxdy A(X,y),

A :‘U

(6)

where |U ;| is the area of the j-th pixel. At irradiated
side borders where ¥, (u, t4,,¢,9,) >0, the bound-

Qzeni 1 vy
I———'S[).sz.““ o --"" >¢)—:( x)
K( \\
| 90 Q
Qo
Y
Xl Hleolo ol
] X
R 7

Fig. 1. Area of the solution of the solar light transfer
equation
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ary condition in the form of (4) is set. At non-ir-
radiated side borders where y_(u, 1,,9,9¢,) <0,
zero boundary condition is set. Thus, we have the
relations:

1(=X,y.z,1,0) = I (1, p) até >0,
-Y<y<Y, O<z<H, @)
1(X\y,z,1,0) = (1. 9) até <o,
-Y<y<Y, O<z<H, (8)
1(X,-Y,z, 1,0) = I (1, p) at& >0,
-X<x<X, O<z<H, 9
(XY, z,1,0) = I (1, 9) até <o,
-X<x<X, O<z<H, (10)
where
J(u,0)=1,6(u— 1) 6(9 - ;)
upu (i, ty, 9, ¢) >0
J(u,0)=0mpu y (1, 145, 9,9,)<0.  (11)

We will consider the average values of RF of
each atmospheric pixel as a solution of the task

(1)-(11)
1

Y = [[axdy 1 (x,y,0,4.).

OOU

(12)

The coordinates (i,) define the direction
of reflected SR. Then only the zenith reflection
Q... (&t =-1, @ =0) is considered, Fig. 1. It should
be noted that further speculations are also correct
for other directions(, ).

Let us also determine the transmittance factor of
the atmosphere for each Earth pixel

T =—

‘U‘ ”dxdy_[d,u

f dg’ 1(x,,H,1,¢). (13)
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3. UNDERLYING SURFACE ALBEDO
DETERMINATION

Let us find an explicit dependence of RF and
US albedos. For this purpose, let us introduce basic
functions for solving the following problems.

The tasks with black US:

T®1°=0,1°(x,y,H, ,0)=0 atu <0,

1°(x,y,0,,9) =

=1,0(u—1,)0(9—g¢,) at u>0. (14)

The tasks with the US containing one white
pixel and remaining black pixels:

f3DIiW =0,
(X, y,0,4,0) =
= 1,0 (1—1,) (9 — ;) at u >0,
(%, Y, H, u,0) =

(15)

11 ’ /2” ’ w ’ ’
=ai(x,y);fdﬂ & [’ 1 (x,y,H ') at u <0,
0 0

a(x,y)=0at(x,y)eU,, a(x,y)=1lat (x,y)e U,.

The tasks with the US containing one red pixel
and remaining black pixels

T®1" =0, 17(x,y,0,1,90) =0 at u >0,

(XY, H u,0)=a,(x,y)l,atu <0. (16)

In the tasks (14) and (15), boundary conditions
(7)-(10) are used at side borders and in the task
(16), zero boundary conditions are used.

Let us represent the solution of the problem (1)-
(11) as a linear combination of the “black” and the
“red” basic functions, the solutions of the problems
(14) and (16):

(XY, 2, 1, 0) =

=1°(% Y, 2 0) + 27 (K Y2 p00). (17)

i=1

Really, with any values of y;, the function (17)
complies with the equation (1) and boundary con-
ditions (4), (7)-(10). The boundary condition (5) in
the j-th pixel for the function (17) may be written as

N

where T/, and T are transmittance factors (13) for
the ba5|c tasks averaged over the j-th Earth pixel
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1 27
1 [Jaxdy [dwu [ 10y Hou'0), (19)
7zl U, 0 g

1 27

i
Let us introduce two vectors and two matrices:
ik AA = A S Y
USRI U (20)

Here, é‘i'j is the Kronecker delta. Then the sys-
tem (18) takes on the following form

y =A@t +Ty).

From here, we find the vector ¥ of unknown val-
ues from the factorisation (17)
y=(E-AT) A, 1)

Here, E is the identity matrix. From the expres-
sion (17) let us find the RF in the j-th pixel

+2y. L

Here, R? and Rj; are the values of RF (12) in the
j-th pixel for the basic tasks

(22)

: \ul\ OOJ;J'dxdyl(xyO -1,0),
R;yizﬁﬂooﬂdxdyl (x,y,0,-1,0). (23)

Let us rewrite the expression (22) in the matrix
form

r=r°+R"y, (24)

where

r{R}, r'{R’}, R'{R};}. (25)

By substituting (21) in (24), we obtain the
relation

r=r’+R’' (E—A'i")fl At’.

This expression is transformed as
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(E-AT)R)Nr-r°)= At’
or

(R (r=r")= Al + T (R)"(r-r

Let us introduce the vectors

b)]_

u=(R")(r-r°),
w=t" + T (R)(r-r"). (26)
Then the surface albedo in the j-th pixel is deter-
mined by relation of the elements of these vectors
Aj=u; /w;. 27)
In [6], the values of albedo are obtained by rep-
resentation of solution of the problem (1)-(11) as a

linear combination of the “black” and “white” basic
functions: solutions of the problems (14) and (15):

A =4, /vy, (28)
where
q=T""(R™)™*(r-r")
v=T"(R"™) (r-r°) + 1, (29)
R™{R! =R -R"}, T{T* =T" -T'},
T =T 6,3 (30)

It should be stressed that, in formulae (27), (28),
the matrlces R", R™, T', T", T" and the vectors
t®, r® describe reflectance and transmittance of the
atmosphere for the basic tasks (14)-(16) with con-
sideration of multiple scattering of radiation in the
atmosphere and do not depend on the US albedo.

The relations (27), (26) and (28), (29) are the
two variants of the main atmospheric correction for-
mula allowing us to find the US albedo based on the
values of reflected RF. Each variant of discretisa-
tion of the direct problem corresponds to each vari-
ant of the main formula. It is not necessary to find
the solution of the system of non-linear equations as
in the algorithm [6] and to use an iteration process.

It should be noted that, to transfer to the IPA, it is
necessary to find mean values of all elements of the
matrixs R", T" and the vectors r° and t":

N N
DY

j=1 i=1

r

= R, T =

[y

1
N
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Table 1. Errors (%) in Determining Albedos by Formulas (27) and (28) According to Pixel Dimension d and

aer

Aerosol Optical Thickness 7

Separately for Pixels Located on and outside of the Boundaries of the Media

T¢1=0.2 =04 2er=(.§
On the media Outside media On the media Outside media On the media Outside media
boundaries boundaries boundaries boundaries boundaries boundaries
d, km | (27) (28) 27) (28) (27) (28) (27) (28) 27) (28) (27) (28)
0.25 | 0.031 | 0.027 | 0.091 | 0.077 | 0.075 | 0.069 | 0.071 | 0.073 | 0.071 | 0.065 | 0.41 0.26
0.5 0.059 | 0.053 | 0.039 | 0.04 0.12 0.11 0.07 0.07 0.27 0.21 0.1 0.1
1 0.085 | 0.075 | 0.13 0.11 0.04 0.05 0.14 0.19 1.01 0.91 127 1.07

~b_

13 £ 13
N Zl ’ N 2
where R" and ® are the mean RF of an image in
the tasks with red and black surfaces, T" and t° are
the mean transmittance factors of an image in these
problems. In IPA approximations, the formula (27)
of albedo is written as
A =[R,-FPI[RT+T (R, -F")].  (31)

A question whether the formulas (27) and (28)
are equivalent arises. Indeed, the radiation emit-
ted by the red pixel does not depend on the light in-
cident on that pixel whereas the light emitted by
the white pixel does. The surface of the red pix-
el is assumed spatially uniform whereas the sur-
face of the white pixel is not. Below the question of
equivalency of the formulas (27) and (28) is studied
quantitatively,

4. QUANTITATIVE RESULTS

Let us consider the layer of standard atmosphere
[8]. We will use the microphysical aerosol mod-
el developed for Belarus [9]. We will consider the
extinction factor k, the scattering factor k; and the
scattering indicatrix P(y,) as independent of spa-
tial coordinates. Let us find these magnitudes us-
ing the Mi-theory [10] for wavelength A = 0.55um.
It should be noted that the correction formulae (27)
and (28) are obtained without any assumptions re-
garding SR wavelength.

At the first stage, the atmosphere is assumed
to be transparent: for aerosol optical thickness 7%
the values of 0.2, 0.4 and 0.8 are used. Rayleigh
scattering optical thickness is found using the
formula

7=0.0085694°* (1+0.011347%+

+0.000134°* ~0.097 [11].

)|A=0.55 mkm
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Zenith angle of the Sun 6, = 40° is selected.

The thickness of the atmospheric layer is as-
sumed to be equal to 100 km. Let us consider the
region [-5, 5]x[-5, 5] on the earth’s surface. Three
variants of dimensions of the pixel dxd are select-
ed:d=1km,d=0.5km, and d = 0.25 km (the lat-
ter dimension complies with parameters of MODIS
device). A ploughed field (A = 0.06858 [12]) with
a rapeseed area located in the centre of it (4=0.153
[12]) which has a shape of a circle with radius p =
2 km is taken as an US.

Let us consider the case when square pixels uni-
formly cover the surface area. Let us introduce a
mesh with step of 3 km along the height z and 0.25
km along X, y. We find the solutions of the tasks
(1)-(11) and (14)—(16) by means of mesh-based
discrete-ordinates method [13] in three-dimension-
al (x, y, z) geometry. Using formulas (19) and (23)
we find reflectance and transmittance factors and
form matrices (20), (25), and (30) using their val-
ues. Inverse matrices (RWb) and (R )~ are found
by means of Krylov subspace method. Finally, us-
ing the explicit formulas (27) and (28) we find albe-
dos in each pixel.

Table 1 contains errors of albedo determination
using formulas (27) and (28) depending on pixel
dimension d and aerosol optical thickness 7% <1.
The errors are listed separately for pixels located at
and beyond the interface (border of the circle). The
error is determined as the highest pixel variations
(%) of the calculated albedos from exact ones. It is
seen that accuracy of both formulae (27) and (28)
are high.

With that, the errors of both formulas are com-
parable with the same pixel dimensions. Maximum
variation of the calculated albedos from each other
for all pixels increases with reduction of pixel di-
mension d and increase in optical thickness 7% but
does not exceed 0.15 % for transparent atmosphere,
Table 2.
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Table 2. Deviations (%) in Calculating Albedos
by Formulas (27) and (28) According to Pixel

Dimension d and Aerosol Optical Thickness 7

aer

dkm | =02 720r=(.4 2er=(.8
0.25 0.017 0.05 0.15
05 0.01 0.022 0.07
1 0.006 0.014 0.025

Then let us consider a denser atmosphere with
aerosol optical thickness 1< 7% <10 for the case of
the coarsest spatial resolution (pixel dimension d =
1km). With increasing 7* the influence of the sur-
face albedo on RF becomes less, Fig. 2. A
_ That is why the rows of the matrices R" and
R", see formulas (25) and (30), are becoming less
recognisable. As consequence, the norms of the ma-
trices used for calculation of albedo using formu-
las (27) and (28) are increasing, Fig. 3. That is why
even low errors in solving the tasks (1)—(11) and
(14)-(16) by means of mesh-based method lead
to high errors of the determination of albedo. There-
fore, the errors of the determination of albedo by
means of both formulas (27) and (28) increase with
rise of 7*', Fig. 4. Similarly higher errors of the de-
termination of albedo will be caused even by low
errors of RF measurement when processing actual
measurements for higher 7*'.

It should be noted that, with higher 7* for sep-
arate pixels, the error of the determination of albe-
do is significantly lower than maximum pixel error,
compare Fig. 4 with Fig. 5. In its turn, the error of
the determination of albedo in IPA approximation
is much higher than the errors of formulas (27) and

1000

0.01 T T T T T T T T T ]
0 2 4 6 8 10

Fig. 2. Maximum pixel variations of luminance factors in
problems with reflective (rapeseed area in the ploughed
field) and black surfaces, d = 1km

(28); the IPA approximation actually can be used
with 7% <1.

In IPA approximation, the influence of the val-
ues of RF in neighbouring atmospheric pixels on
the value of albedo in the current Earth pixel is not
taken into account. To estimate this influence, let us
write (27) and (26) as:

4; = { Y[R RO+ f, (R~ R/b')}/

=1,k#j

/{Tib-i' i gj,k(Rk_le)+gj,j(Rj_R_?):| (32)

k=Lk#j

Here, fj’k and g, are (j, k)-th elements of the

matrices (R")™ and T"(R")™. Let us select the
number j corresponding to central (located in the
vicinity of the origin of coordinates) atmospheric
and Earth pixels. Let us assign its (x, y) coordinates
to each pixel number k. We will obtain the influence
functions f(x, y) and g(x, y). Since it turns out that
the absolute value of g(x, y) is on average less than
the value of f(x, y) by two orders of magnitude, ma-
jor contribution from the neighbouring pixels de-
pends on the function f(x, y). Let us find the nor-
malised influence function

F(x,y) = f(x,y)/max(f(x,y)).

In Fig. 6 it can be seen that with increasing 7*'
the influence of the neighbouring pixels grows
significantly.

At last, let us mention execution time. Solution
of one basic task (14), (15) or (16) using a 3.2 GHz
processor speed takes about t, =28 seconds. To-

IOI - e —ﬂ"

? "," - -
l(?fI /// o ".IM(R“).||
10 /’/ o ||.i.~5“‘{-n} |H
— @]
10° o7 ———— %i'i"(l‘{’) '"
w'r——T—T1——T——T1T—

0 2 4 6 8 10

raer

Fig. 3. Norms of the matrices used for determinating
albedo, d = 1km



Light & Engineering

Vol. 28, No. 4

100

formula (28)
formula (27)

—_
<

g, %

0.1

0.01 T T T T T T T T T |
0

aer

Fig. 4. Maximum pixel errors (%) of the albedo determina-
tion, d = 1km

tal execution time of all basic problems equals to
t, (2N +1) where N is the number of pixels. Time
required for inversion of one matrix R"* or R" us-
ing the Krylov subspace method is about (N /100)*
seconds.

5. CONCLUSION

The article presents a new variant of the main at-
mospheric correction formula allowing us to find
the values of albedos of spatially non-uniform Lam-
bertian surface using known values of radiance
factor of the radiation reflected by the system of
atmosphere and underlying surface and known at-
mosphere parameters. The formula is explicit and
allows promptly to recover albedo. Viewing direc-
tion is contained in the formula as a free parameter.

In the new variant of the main formula, the solu-
tions of the basic tasks with a black (non-reflective)
surface and a surface containing one red pixel (iso-
tropically emitting) and remaining black pixels are
used. In the old variant, the basic problems with a
underlying surface containing one white pixel (iso-
tropically reflecting) and remaining black pixels are
used. The isotropically emitting pixel is assumed

%7=0.2

- — formula (31)

formula (28)

formula (27) -~
7

10000

1000

MERTITT R RTTIT R RATTY R RTTT IR |

aer

Fig. 5. Errors (%) of the determination of albedo in the
central pixel, d = 1km

spatially uniformed here and the isotropically re-
flecting one is not.

Two variants of discretisation of the boundary
value problem for the solar light atmosphere trans-
fer equation are proposed; each of them leads to the
only solution of the problem of recovery of the
Earth surface albedo.

Two variants of the formula are compared using
the example of the problem of recovery of albedo of
a ploughed field which includes an area with veg-
etation based on nadir measurements. It is demon-
strated that both variants of the formula have high
accuracy if the surface albedo sufficiently affects the
reflected radiance factor, and their accuracy is high-
er than that of the variant of the formula obtained in
the IPA approximation. Therefore, both variants of
the formula may be used for atmospheric correction
of satellite images.

When applying the presented variants of the at-
mospheric correction formula to actual satellite im-
ages, it is necessary to take into account that the
shape of pixels is not set in this formula in any way
and different pixels may have different dimensions.
Therefore, after selecting a target pixel in an image
(where albedo needs to be recovered), it is neces-

o o g km
W b= Q= bWk

1
0.0006
-0.004
-0.008
-0.012
-0.016
-0.03

Fig. 6. Normalised
influence functions

f(x,y),d=1km
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sary to set the surrounding pixels, to calculate ra-
diance factors in them by means of any method of
interpolation and then to use the main atmospher-
ic correction formula (such methodology is speci-
fied in [7] for the “black-and-white” variant of the
formula).
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ABSTRACTS

In this study, refers to two errors in road light-
ing. It explains the advantages of the staggered lay-
out of luminaires and the problems associated with
the use of luminaires located at an angle to the hori-
zontal line of the road. The errors made by the simu-
lation program were proved quantitatively and sug-
gestions for their solution were presented. The loss
of luminance of the road surface when illuminated
by luminaires located at an angle to the horizontal
has been quantitatively proved. In addition, it was
found that with the appropriate choice of the layout
of luminaires with road lighting, the step between
the poles could be reduced by 9.3 %.

Keywords: road lighting, luminaire angle,
luminance

1. INTRODUCTION

Primary purpose of road lighting is to ensure
safe flow of vehicles or traffic during day and night
conditions. Performance of road lighting is evalu-
ated depending on such parameters as illuminance
of road surface and walls, overall and longitudinal
lighting uniformity, glare control, formation of the
contrast required to perceive the objects and flicker
frequency [1, 2].

Road lighting improves visibility of pedestri-
ans and other objects. The lighting allows the driv-
er and springs to move safely. Accurately designed
road lighting prevents traffic jams and gives people
a sense of security.
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The driver using any vehicle on highways should
have detailed visual information about the way he is
driving. Especially at high speeds, the driver should
be able to see the route easily, the driver should be
able to perceive the position and movements of the
vehicle he is driving, be able to monitor the move-
ments of other vehicles, and easily be able to see the
obstacles on the road.

CIE reports the results of 30 different studies
covering road lighting studies that improve vision
conditions. According to this report, fulfillment of
road lighting standards: pedestrian accidents de-
creased from 57 % to 45 %, fatal accidents de-
creased from 65 % to 48 %, severe injuries de-
creased from 30 % to 24 %, and the total number of
accidents decreased from 53 % to 14 % [3].

Even if there is little traffic at night, the number
of accidents that occur on roads or in tunnels with-
out lighting is about three times higher than in day-
light hours. The reason for this is the lack of road
lighting in accordance with the standards. Ensuring
appropriate road lighting to the CIE reduces the rate
of crime committed on city roads. According to the
studies in the literature, the number of forensic cas-
es on urban roads has decreased by 20 % due to the
proper lighting. In terms of the severity of crimes
committed, there was a decrease of 40 % [4, 5].

2. ROAD LUMINANCE

The most important objective in design of light-
ing systems is to obtain sufficient light without sup-
plying excessive lighting and increasing energy cost
[6]. Luminance is the most important parameter for



Light & Engineering \Vol. 28, No. 4
Table 1. Road Lighting Class Selection Parameters
Parameter Options Weight factor
Very high 1
Speed High 0.5
Middle 0
Very high 1
High 0.5
Traffic jam Middle 0
Low -0.5
Very low -1
Mixed with a high proportion of non-motor- 1
ized traffic
Traffic layout Mixed 05
Only motor vehicles 0
Middle median strip on Yes 1
the road No 0
. . . High 1
Intensity of intersection -
Middle 0
. Yes 0.5
Parked vehicle
No 0
High 1
Environmental lighting Middle 0
Low -1
Weak 0.5
Traffic control -
Medium or good 0
Total of weight factors 4

road lighting, and L indicates luminance using the
cd/m2 unit. To ensure good visibility of objects and
visual comfort of the driver, it is necessary to ensure
the uniform distribution of luminance on the road
surface. Today, road lighting is based on ASI lumi-
nance method Alan, which is based on road surface
luminance. The horizontal illuminance of a point P
on an illuminated road is the sum of the horizontal
illuminance levels that all the light sources acting at
point P have at this point.

2.1. Average Luminance of the Road Surface

In the road lighting, the fund of objects is the
road surface that forms the driver’s field of view. At
the same time, increasing the average luminance of
the road surface Lyerage l€ads to improved visibility,
providing more background luminance. Increasing
Laverage InCreases the sensitivity of the driver’s eye
by increasing the luminance of the objects located
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on the road. Therefore, the most important parame-
ter for detection is Lgyerage- The average luminance
is calculated using the glitter values on the selected
mxn pieces on the road. For Layerage, the luminance
values of all the light sources affecting the account
area are calculated and collected as vector. In this
way, the glare value at each point is calculated. The
average luminance of the road surface is calculated
separately for each observer [7-9].

2.2. Luminance Uniformity

Although lighting systems provide a good aver-
age luminance of the road surface, there may be ar-
eas with low luminance where contrast is weak and
small obstacles cannot be detected. It is expected
that the difference between the minimum and av-
erage luminance of the road surface in the field of
view will be below a certain value in order to get
sufficient lighting at all points of the road. This re-
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Table 2. Road Lighting Quality Parameters [18]
Lighting class Laverage, €d/M? Uy U, TI, %
M1 >2.0 >0.4 >0.7 <10
M2 >1.5 >0.4 >0.7 <10
M3 >1.0 >0.4 >0.5 <10
M4 >0.75 >0.4 >0.5 <15
M5 >0.50 >0.35 >0.4 <15
M6 >0.30 >0.35 >0.4 <15

quirement leads to the formation of overall and lon-
gitudinal uniformity of road surface luminance,
which are important secondary characteristics of
road lighting.

On the road (on the road surface), there should
be an equal distribution of luminance to ensure a
clear view for the driver. Two types of uniformi-
ty are considered important in road lighting [7-10].
These are overall (resultant) uniformity (U,) and
longitudinal uniformity (U,).

2.3. Light Sources

High-pressure sodium lamps (HPSL) are pre-
ferred in conditions where high levels of brightness
are required, including in underwater tunnels, since
HPSL have higher luminous flux and are smaller
than low-pressure lamps. In previous studies, the
photometric properties of luminaires used in road
lighting with HPSLs and luminaires with LEDs
were compared. In the study, it was shown that
lighting of roads of classes M3, M4, and M5 could
be ensured by luminaires with LED power of 100 W
and 150 W. However, for roads of classes M1 and
M2, these luminaires did not provide the required
level of illumination. Since the object of this study
is a road of class M2 in terms of lighting, the lumi-
naires based on LED are not considered here, but
the luminaires with HPSL, which are widely used
for road lighting, are considered. As a result, this
study simulation was performed with HPSLs ac-
cordingly [12-16].

3. ROAD LIGHTING DESIGN

Road types are defined in international technical
reports, and the optimal range of solution is tech-
nically presented for these road types. Design es-
timates should be made for luminaires with known
photometric characteristics, as a result of which
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the number and types of luminaires are determined
[17-19].

The lighting class of the road that corresponds
to a particular road is determined using the table in
the CIE115-2010 [18]. According to Table 1, the
M2 road lighting class was found, and the corre-
sponding parameter values are also shown in it.

Road lighting class was found with Eq. 1, Eq. 2,
and Eq. 3:

MX = 6 —total of weight factors, Q
MX =6-4=2, (2)
MX =M 2. (3)

The road lighting quality parameters are shown
in Table 2.

3.1. Features of Road Lighting

The road surface is asphalt, class R4. Addition-
ally, Q, = 0.08, and the height of the luminaire is 11
m. The maintenance factor of the luminaire is 0.91,
and all calculated luminance values are corrected.
The ratio of the minimal luminance value to aver-
age luminance value is greater than 0.4 in the cal-
culations for road lighting, ensuring that the rate of
the minimal luminance value to the maximum at the
latitude coordinate of the observer is greater than
0.7 U, 20.7).

The levels of luminance and uniformity of road
surface luminance conform to the relevant stan-
dards. All luminaires were installed in (cross (stag-
gered layout of the luminaires) or mutual (opposite
layout of the luminaires)) two lines from the walk-
ing ways to the axis of the road and at a height of 11
m. Table 3 illustrates the road and lighting parame-
ters [20-22].
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Table 3. Road and Lighting Parameters
Common lighting parameters
Lighting pole type Galvanized Lighting class M2
Number of road lanes 2 Console length (m) 1
Strip Width (m) 35 Console Angle 0°/5°/10°/15°
Road Width (m) 7 Luminaire Angle 0°/5°/10°/15°
Road Class R4 Lamp type HPS
Qo 0.08 Lamp power (W) 150
Distance to illumination 0 Lamp luminous flux (Im) 17000
Illumination height from ground (m) 11 Maintenance factor (once a year) 0.91

3.2. Simulation Study

The main purpose of the new study is to achieve
the most cost-effective results that provide ade-
quate conditions. In the new study on road light-
ing, classifications are taken into account in vari-
ous scenarios. The most accurate reference to road
lighting are international standards. For this reason,
the simulation is adapted to CIE standards. Accord-
ing to CIE140, the luminance values, average lu-
minance level, overall and longitudinal uniformity
of road surface luminance values of all points were
calculated for observers.

Luminaires for use in road lighting should be se-
lected taking into account the level of glare, lumi-
nance level of the road, uniformity of road surface
luminance and efficiency, as well as determined by
computer calculations using the luminance method
[24-31].

Various options for the road parameters are
available in the simulation program. For the road
parameters, the lighting system (opposite layout of
the luminaires, staggered layout of the luminaires,
divided road, road with single luminaire, road with
two luminaires, etc.), road class (R1, R2, R3, R4,

N1, N2, N3, N4, etc.), number of lanes, lane width,
refuge width, and road lighting class (M1, M2, M3,
M4, M5, M6, etc.) can be chosen. For the lighting
parameters, select characteristics such as distance
between the luminaires, height of the luminaire, dis-
tance of the luminaire from the road, console angle,
IP protection class, pollution rate, cleaning period,
and maintenance factor for post or hanger system
lighting. As for the parameters of the luminaire, the
name, angle of the luminaire (angle relative to the
road), power of the lamp used, lifetime, luminance
flux, the power of the ballast and new luminaires
can be added into this simulation under the database
process at any time [1, 2, 20-23]. A simple and ac-
curate calculation is achieved because of modeling
for the lighting system that the data is entered into.

4. APPLICATIONS OF ROAD LIGHTING

In this study, two problems encountered in road
lighting were investigated. These problems related
to angled lighting and layout of lumanaries under
road lighting. For this purpose, it has been proven
using a simulation program that the angled lighting,
encountered almost everywhere in the road lighting,

Fig. 1. Examples of
road lighting console
angles
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Table 4. Lighting Results for Opposite and Staggered Layout of the Luminaires at 0°, 5°, 10°, and 15° Angles

Angle of illumination 0° 5° 10° 15°
Observer No 1 2 1 2 1 2 1 2
Location, m 1.75 5.25 1.75 5.25 1.75 5.25 1.75 5.25

Staggered layout of the luminaires
| e CEHITT 1.50 1.50 128 128 +11 +1t 698 698
U, 0.75 0.77 0.80 0.81 0.85 0.81 0.82 0.78
U, 0.72 0.72 0.80 0,80 0.84 0.84 0.86 0.86
T1,% 5.7 5.8 59 5.9 5.7 5.7 5.4 5.4
Opposite layout of the luminaires
Laverage: d/m? 1.64 1.64 140 146 2% 2% 167 167
U, 0.67 0.67 0.73 0.73 0.77 0.77 0.77 0.77
U, 0.70 0.70 0.79 0.79 0.86 0.86 0.86 0.86
T1,% 8.0 8.0 8.0 8.0 7.9 7.9 7.6 7.6

is inaccurate. It is proved instead of angled lighting,
it is necessary to perform lighting parallel (by the
angle of 0°) to the road surface. The second im-
portant problem with road lighting is that it is pos-
sible to increase the distance between the lighting
poles due to the layout of the luminaires. For this
purpose, two-lane road with the opposite layout of
the luminaires with HPSLs of 150 W is examined.
For the opposite layout of the luminaires, the dis-
tance between the poles is 43 m. However, with the
help of simulation, when the poles are examined in
staggered layout of the luminaires, the distance be-
tween the lighting poles is calculated as 47 m. For
this road lighting, a 9.3 % longer road with two
lanes can be illumitated using staggered layout of
the luminaires instead of the opposite one. This ex-
ample showed that using simulation environment
for roads, you could find new solutions for differ-
ent type of luminaires and lamps of different power.

Luminaire angles

a) L b)

o1

4.1. Angle Effect in Lighting

Various design tools or physical measurements
are used to determine the illumination level of cer-
tain points selected in lighting scenes. These are
physical measurements carried out by models, nu-
merical equations, and computer programs or illu-
minance meter under real conditions. In this study,
dual luminaires with HPSLs of 150 W installed at
a height of 11 m are used on the road. Determina-
tion of console angle (0°, 5°, 10° and 15°) for a lu-
minaire with protection class 1IP65 with HPSL of
150 W is performed simulatively. Fig. 1 illustrates
examples of road lighting console and luminaire
angles.

As it can be seen in Fig. 1, the luminaires in road
lighting are used at an angle due to the console or
adjustable fixture mounting. It causes loss efficien-
cy of angled lighting. Efficiency loss was calculat-

Fig. 2. Luminaire
angles (a), inefficient
lighting angle (b), and
efficient lighting (c)
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Table 5. Calculation Results of Road Lighting with Opposite and Staggered Layout of the Luminaires

Parameters of road lighting OPpOT:Jt;:?]};?:Jezof LI Staggizenﬂiféig; GE
Observer location (m) 1.75 5.25 1.75 5.25
Laverage (€d/m?) 1.64 1.64 15 15
U, 0.67 0.67 0.75 0.77
U, 0.70 0.70 0.72 0.72
Tl (%) 8.00 8.00 5.70 5.80
Eaverage (IX) 25.55 23.4
Emin (1X) 13.31 16.81
Emax (I1X) 49.20 34.39
Uoa 0.53 0.73
U, 0.27 0.49
Lamp power (W) 150 150
Luminous flux (Im) 17000 17000
Distance between illuminations (m) 43 47

ed based on simulation. As the angle increased, the
luminance efficiency in the road decreased. Fig. 2
shows luminaire angles, inefficient (angle) and ef-
ficient lighting.

This study investigated a 2-lane road, which is
suitable for CIE140-2000 and 2019 (2"¢ edition)
road lighting calculations in simulated environment.
Calculations were made at angles of 0°, 5°, 10°, and
15° for luminaires with HPSL of 150 W. With the
exception of 0°, 5°, 10°, and 15° angles, illumina-
tion has been found to cause loss of efficiency. For
example, if the opposite layout of the luminaires is
used, the distance between the poles is 43 m, and
luminaire angle 0°, than Layerage =1.50 cd/m?2. This
corresponds to CIE140-2000 and 2019 (2" edi-
tion) road lighting calculations for M2 [10, 11]. By
opposite layout of the luminaires, if the luminaire
angle is 5°, 10°, and 15°, Layerage is less than 1.50
cd/m? (the distance between the poles is 43 m). If
Laverage =1.50 cd/m? less than the lighting is not suit-
able for CIE140-2000 and 2019 (2" edition).

If the staggered layout of the luminaires is used,
the distance between the poles is 47 m, and lumi-
naire angle 0°, than Layerage=1.64 cd/m?. This cor-
responds to CIE140-2000 and 2019 (2" edition)
road lighting calculations for M2 [10, 11]. By oppo-
site layout of the luminaires, if the luminaire angle
is 5°,10°, and 15°, Layerage is less than 1.50 cd/m?
(the distance between the poles is 47 m). If Ly,
age =1.50 cd/m? less than the lighting is not suitable
for CIE140-2000 and 2019 (2" edition). Table 4

shows lighting results for opposite and staggered
layout of the luminaires at angles of 0°, 5°, 10°, and
15°,

If the he Layerage for 0° is assumed to be 100 %
for each of the opposite and staggered layout of the
luminaires in Table 4, than:

— The loss rate for luminaire angle 5° is approx-
imate 15 %;

— The loss rate for the luminaire angle 10° is ap-
proximate 26 %;

— The loss rate for the luminaire angle 15° is ap-
proximate 35 %.

4.2. Effect of Opposite and Staggered Layout
of the Luminaires on Lighting

Another subject examined in this study is the
effect of layout of the luminaires in lighting. De-
spite the fact that all parameters are equal, the lay-
out of lighting poles provides benefits in road light-
ing. To confirm this, the lighting of a two-lane road
was modeled with luminaires with an HPSL of
150 W, arranged in the opposite layout of the lumi-
naires. According to Table 5, all values correspond
to CIE140:2019 road lighting calculations. The dis-
tance between the poles is 43 m in the road lighting
by the opposite layout of the luminaires. However,
the maximum distance between the poles is 47 m.
By opposite and staggered layout of the luminaires,
all parameters are equal. However, in staggered lay-
out of the luminaires the distance between the poles
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Table 6. Luminance Values in Direction of Observer 1 for Opposite Layout of the Luminaires

Observer 1
Laverage=1.64 cd/m?,
U,=0.67, U=0.70, TI=8 %
Opposite layout of the luminaires with HPSL of 150 W

1.43 | 430 | 7.17 | 10.03 | 12.90 | 15.77 | 18.63

21.50 | 24.37 | 27.23 | 30.10 | 32.97 | 35.83 | 38.70 | 41.57

058 | 1.58 | 1.51 | 1.40 | 1.27 | 1.35 | 1.52 | 1.70

179 | 1.79 | 1.70 | 1.56 | 1.57 | 1.69 | 1.67 | 1.65

175|174 | 161 | 149 | 142 | 152 | 1.73 | 1.91

201 | 197|184 | 166 | 1.66 | 1.82 | 1.75 | 1.77

292 | 169 | 156 | 142 | 141 | 155 | 1.82 | 2.05

213|200 185|168 |166 | 1.70 | 1.71 | 1.72

4.08 | 1.68 | 1.55 | 142 | 1.41 | 155 | 1.79 | 1.99

206 | 197 | 1.83 | 1.66 | 1.66 | 1.69 | 1.70 | 1.71

525 | 165|151 | 137|128 | 138|158 | 1.79

188 | 1.84 | 1.76 | 1.60 | 1.62 | 1.77 | 1.72 | 1.74

6.42 | 146 | 1.37 | 1.23 | 1.10 | 1.16 | 1.32 | 1.50

161|161 159 | 147|150 | 162 | 1.62 | 1.58

Table 7. Luminance Values in Direction of Observer 2 for Opposite Layout of the Luminaires

Observer 2
Laverage=1.64 cd/m?,
U,=0.67, U=0.70, TI=8 %
Opposite layout of the luminaires with HPSL of 150 W

1.43 | 430 | 7.17 | 10.03 | 12.90 | 15.77 | 18.63

21.50 | 24.37 | 27.23 | 30.10 | 32.97 | 35.83 | 38.70 | 41.57

058 | 146 | 1.37 | 1.23 | 1.10 | 1.16 | 1.32 | 1.50

161 | 161 | 159 | 1.47 | 150 | 1.62 | 1.62 | 1.58

175 | 165|151 | 137|128 | 138 | 158 | 1.79

188 | 1.84 | 1.76 | 1.60 | 1.62 | 1.77 | 1.72 | 1.74

292 [ 168 | 155 | 142 | 141 | 155|179 | 1.99

2.06 | 1.97 | 1.83 | 1.66 | 1.66 | 1.69 | 1.70 | 1.71

408 | 1.69 | 1.56 | 1.42 | 1.41 | 1.55 | 1.82 | 2.05

213|200 185|168 166 | 1.70 | 1.71 | 1.72

525|174 161|149 |142|152|173|191

201 | 197|184 | 166 |1.66 | 182 | 1.75 | 1.77

6.42 | 1.58 | 151 | 140 | 1.27 | 1.35 | 1.52 | 1.70

179 | 1.79 | 1.70 | 1.56 | 1.57 | 1.69 | 1.67 | 1.65

e

Fig. 3. Opposite and
staggered layout of the
luminaires

a)

is 4 m higher (suitable for CIE140:2000 and 2019
(2nd edition)). Therefore, the staggered layout of the
luminaires a road that is 9.3 % longer.

For this reason, special solutions, such as in this
example should be analyzed in simulated environ-
ments with road lighting. This reduces unnecessary
costs during initial installation. Energy consump-
tion can be reduced in lighting. Fig. 3 shows the op-
posite and the staggered layout of the luminaires.
Table 5 shows results of calculating road lighting
with the opposite and the staggered layout of the
luminaires.

b)

Tables 6-9 show the luminance values in the di-
rection of observers 1 and 2, respectively, with op-
posite and staggered layout of the luminaires. In this
case, the requirements CIE140-2000 and 2019 (2
edition) are fulfilled at all points [10, 11]. The maxi-
mum distance between the poles is 43 m for the op-
posite layout of the luminaires, and the maximum
distance between the poles is 47 m for staggered
layout of the luminaires.

Staggered layout of the luminaires increased the
maximum distance between the poles by 4 m. Ta-
ble 6 and Table 7 show luminance values in the di-
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Table 8. Luminance Values in Direction of Observer 1 for Staggered Layout of the Luminaires

Observer 1
Laverage=1.50 cd/m?,
U,=0.75, U=0.72, TI=5.7 %
Staggered layout of the luminaires with HPSL of 150 W

1.47(4.41|7.34|10.28|13.22|16.16|19.09 | 22.03

24.97|27.91|30.84|33.78 | 36.72 | 39.66 |42.59 | 45.53

0.58(1.58|1.58(1.49| 1.35 | 1.40 | 1.59 | 1.59 | 1.57

153 (148 | 1.37 | 1.23 | 1.21 | 1.29 | 1.41 | 1.55

1.75(1.70|1.68|1.58| 1.44 | 151 | 1.76 | 1.75 | 1.82

179|162 | 1.47 | 1.33 | 1.32 | 1.40 | 1.51 | 1.62

292|1.80|1.67|1.51| 1.40 | 1.42 | 1.58 | 1.68 | 1.77

178 | 1.64 | 1.48 | 1.38 | 1.38 | 1.46 | 1.60 | 1.74

4.08(1.87(1.68|1.49| 1.35 | 1.32 | 1.37 | 1.47 | 1.59

164 | 159 | 149 | 141 | 149 | 1.67 | 1.77 | 1.85

525|1.76 (158 (1.41|1.24 | 1.21 | 1.26 | 1.36 | 1.49

156 (154 | 1.49 | 138 | 1.47 |1.72 | 1.73 | 1.81

6.4211.40(1.36(1.26| 1.14 | 1.12 | 1.20 | 1.29 | 1.40

146 | 142 | 1.37 | 1.24 | 1.30 | 1.48 | 1.50 | 1.49

Observer 2

Laverage=1.50 cd/m?,
U,=0.77, U=0.72, TI=5.8 %
Staggered layout of the luminaires with HPSL of 150 W

1.47 | 4.41 | 7.34 | 10.28 | 13.22 | 16.16 | 19.09

22.03

24.97 | 27.91 | 30.84 | 33.78 | 36.72 | 39.66 | 42.59 | 45.53

0.58(1.58|1.58(1.49| 1.35 | 1.40 | 1.59 | 1.59 | 1.57

153|148 | 137|123 |121| 129|141 | 155

1.75(1.70|1.68|1.58| 1.44 | 1.51 | 1.76 | 1.75 | 1.82

179|162 | 147|133 |132| 140|151 | 162

2921180|167|151| 140|142 | 158 | 1.68 | 1.77

178 | 164 | 148 | 1.38 | 1.38 | 1.46 | 1.60 | 1.74

4.08(1.87|1.68(1.49| 1.35 | 1.32 | 1.37 | 1.47 | 1.59

164 | 159 | 1.49 | 1.41 | 149 | 1.67 | 1.77 | 1.85

525(1.76|158(1.41| 124 | 1.21 | 1.26 | 1.36 | 1.49

156 | 154 | 149|138 |147 | 172|173 |181

6.4211.40|1.36|1.26| 1.14 | 1.12 | 1.20 | 1.29 | 1.40

146 | 142 | 137 | 1.24 | 1.30 | 1.48 | 1.50 | 1.49

rections of observer 1 and observer 2 for the oppo-
site layout of the luminaires. Table 8 and Table 9
show luminance values in the directions of observ-
er 1 and observer 2 for the staggered layout of the
luminaires.

5. CONCLUSION

Road lighting installations are important for both
driving comfort and safety. The main purpose of
the new study is to reach the most cost-effective re-
sults that provide adequate conditions. For this rea-
son, when developing new suggestions in the field
of road lighting, both the classification of roads by
lighting and the corresponding lighting require-
ments are taken into account.

The most accurate reference to road lighting and
the choice of luminaires to be used are internation-
al standards. For this reason, simulated road lighting
is adapted to CIE standards. According to CIE140-
2000, the luminance values, averaged luminance
level, overall and longitudinal uniformity values
of road surface luminance in all points were calcu-
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lated for observers. The data of the used lamp was
processed in the simulation database and the results
were analyzed.

The HPSL of 150 W conforms the standards
specified in CIE140-2000 and 2019 (2" edition)
road lighting calculations with luminaire angle of 0°
in the optimum lighting pole range for the opposite
and staggered layout of the luminaires. The angle
of the luminaire is 5°, 10°, and 15°, while Lyyerage iS
less than 1.50 cd/m?2. This is not CIE compliant. It
was shown that compliance with the regulatory re-
quirements was ensured by inefficient and inaccu-
rate lighting installations.

The layout of lighting poles affects the lighting
efficiency. Despite the fact that all parameters are
equal, the layout of lighting poles provides bene-
fits in road lighting. The optimum distance between
the poles for the opposite layout of the luminaires is
43 m. Moreover, the optimum distance between the
poles for staggered layout of the luminaires is 47 m.
Staggered layout of the luminaires provides an ad-
vantage of 4 m (9.3 %).
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Lighting simulations can enhance such special
solutions. Therefore, as in this example, special
solutions should be analyzed in simulated environ-
ments when designing road lighting.

The correct layout of the luminaires and light-
ing poles reduces unnecessary costs in initial setup
of road lighting and increases energy efficiency of
road lighting.
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ABSTRACT

This work contains analysis of characteristics
of automobile lamps by Philips, KOITO, ETI flip
chip LEDs, Osram, General Electric (GE), Gtin-
thebox, OSLAMPIedbulbs with H1, H4, H7, H11
caps: luminous flux, luminous efficacy, correlat-
ed colour temperature. Characteristics of the stud-
ied samples are analysed before the operation of
the lamps. The analysis of the calculation results
allows us to make a conclusion that the values of
correlated colour temperature of halogen lamps
are close to the parameters declared by manufac-
turers. The analysis of the study results has shown
that, based on actual values of correlated colour
temperature, it is not advisable to use LED lamps
in unfavourable weather conditions (such as rain,
fog, snow). The results of the study demonstrate
that there is a slight dispersion of actual values of
luminous flux of halogen lamps by different man-
ufacturers. Maximum variation between values of
luminous flux of different lamps does not exceed
14 %. The analysis of the measurement results has
shown that actual values of luminous flux of all
halogen lamps comply with the mandatory rules
specified in the UN/ECE Regulation No. 37 and
luminous flux of LED lamps exceeds maximum
allowable value by more than 8 %. Luminous ef-
ficacy of LED lamps is higher than that of halo-
gen lamps: more than 82 Im/W and lower pow-
er consumption. The results of the measurements
have shown that power consumption of a LED au-
tomobile lamp is lower than that of similar halo-

S7

gen lamps by 3 times and their luminous efficacy
is higher by 5 times.

Keywords: light emitting diode (LED) lamp,
halogen lamp, automobile lamp, luminous flux, co-
lour temperature, luminous efficacy, cap, photomet-
ric measuring unit, spectral distribution

1. INTRODUCTION

Contemporary automobiles use different types of
lamps for illumination of road, signalling and out-
put of information on automobile parameters. Types
of these lamps depend on their use and manufac-
turer. Most of modern automobiles are equipped
with headlights with halogen lamps. Light emit-
ting diode (LED) sources of light have become suc-
cessfully applied in transport industry, namely in
traffic lights, road signs, interior indication, brake
lights. Drivers and manufacturers have been con-
stantly looking for ways of enhancing headlight be-
cause it affects the level of detail of a driver’s view
during night time and in case of poor visibility and,
thus, increasing traffic safety. Nowadays, the Rus-
sian market of vehicle lamps is full of a large num-
ber of different automobile lamps, from convention-
al halogen sources of light to relatively new sources
of light: LED automobile lamps. A number of stud-
ies of characteristics of LED sources of light have
revealed problems related to lighting conditions
which affect visual performance, efficiency of appli-
cation of sources of light in agriculture and in oth-
er industries [6, 7]. Application of LED sources of
light, as automobile headlights, remains a relatively
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Table 1. Technical Parameters of the Halogen Lamps

Manufacturer, Power consumption, Luminous flux, Correlated colour temperature,
lamp type W Im K
GE, halogen 55 1550 3000
Osram, halogen 55 1550 £10 % 3000
KOITO, halogen 60 - 4500
Philips, halogen 55 1550 +10 % 3700

new area hence, it is necessary to study characteris-
tics of LED automobile lamps.

2. THE STUDY OF AUTOMOBILE LAMP
CHARACTERISTICS

To evaluate light engineering parameters of
lamps for road lighting, in particular luminous flux
and correlated colour temperature, halogen and
LED lamps produced by different manufacturers
were studied: Philips, MTF Titanium, KOITO, ETI
flip-chip, Osram, General Electric (GE), Gtinthe-
box, 1 or 2 samples of each.

The parameters of the studied lamps were mea-
sured in the Light Engineering Metrology core fa-
cility centre of the Institute for Electronics and
Lighting Engineering in accordance with GOST
R8.749-2011 [4]. To measure parameters of auto-
mobile lamps the Gooch&Housego photo-colori-
metric measuring unit was used. It is designed for
measuring luminous flux and radiant flux; spectral
distribution of radiant flux; correlated colour tem-
perature; general colour rendering index and special
colour rendering index; tristimulus values and chro-
maticity coordinates in XYZ (1931), u v (1960), u’
v’ (1976) systems [10]. The operation principle of
the unit is based on determination of radiant power
by measuring spectral distribution of radiation and
its integrating. The measuring unit consists of the
OL 1S7600 photometer sphere with diameter of 2

Fig. 1. View of the Gtinthebox LED lamps
with H1 cap type

m, OL 770 VIS/NIR multi-channel spectroradiome-
ter, 770—7G-3.0 fibre-optic cable, OL410-200 PRE-
CISION LAMP SOURCE DC power supply for the
AUX LAMP A180 auxiliary lamp, fasteners for fix-
ation of lamps and the computer [9].

Main technical specifications of the unit: spec-
tral range: (380-1100) nm, scan step: 0.75 nm, re-
flectance of the sphere inner surface: at least 0.986,
measurement range of correlated colour tempera-
ture: (1500-10,000) K, limits of allowable absolute
error of correlated colour temperature: +25 K, lu-
minous flux indication range: 0.01 to 100,000 Im,
measurement range of luminous flux: (5-2500) Im,
limits of allowable relative measurement error of lu-
minous flux are about £9 %.

During measurements, power supply parameters
of the lamps were set by means of DPS1060 AC
power supply unit. The centre of the image receiv-
ing surface of the photometric head lay along the
line crossing the photometric centre of the gonio-
photometer and its plane was perpendicular to this
line. The measurements were conducted in a loca-
tion with its walls, floor and ceiling covered with
matt black coating. All calculations were conduct-
ed automatically, displayed on the controlling com-
puter of the measuring unit and were presented in a
convenient form [2].

To find the value of luminous flux using lumi-
nous intensity distribution, the formula 1 is used:

2z V4

= [ [1(0.9)sinododg,

$=0 6=0

M)

where | (6,¢) is the luminous intensity, & is the an-
gle characterising the position of the receiver be-
tween the poles, ¢ is the angle characterising the
position of the receiver in relation to the equator [2].

Figs. 1-6 present view of the sources of light be-
ing studied.

The technical specifications of halogen lamps
declared by manufacturers are listed in Table 1,
their values comply with maximum and nominal
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Fig. 2. View of the
OSLAMPIedbulbs
lamp with H4 cap

type

Fig. 4. View of General Electric (GE) and Osram lamps
with H1 cap type

Fig. 6. View of Philips White Vision H7 cap type halogen
lamp

electric and luminous parameters of tungsten hal-
ogen lamps specified by [1]. No information on pa-
rameters of the LED lamps is specified on their
packages. Current of the halogen lamps varied be-
tween 4.1 and 5.2 A, current of the LED lamps var-
ied between 0.8 and 1.5 A. The measurement re-
sults obtained during the experiment are listed in
Table 2.
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Fig. 3. View of the
ETTI flip-chip LEDs
with H11 cap type

Fig. 5. View

of KOITO White
Beam 111 Premium
halogen lamp with
H4 cap type

The results of the study of spectral characteris-
tics of OSLAMPIledbulbs LED lamps measured in
accordance with GOST are presented in Figs. 7, 8
[3].

The presented spectra demonstrate an inten-
sive emission line in the blue region of the spec-
trum, which explains much higher values of colour
temperature of OSLAMPIledbulbs H4 LED lamps
(6729 K and 6524 K for low beams and 6456 K and
6530 K for high beams) than the values of colour
temperature of KOITO H4 halogen lamps (3548 K
and 3562 K for low beams and 3822 K and 3815 K
for high beams).

Fig. 9 presents the analysis of luminous efficacy
of the lamps being studied.

3. ANALYSIS OF THE STUDY
OF AUTOMOBILE LAMP
CHARACTERISTICS

The results of the study demonstrate that there is
a slight dispersion of actual values of luminous flux
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Table 2. Measurement Results of Automobile Lamps

Lamp Manufacturer, \?;f;lg Power Luminous Correlated colour
No. lamp type Vg ' | consumption, W flux, Im temperature, K
Osram H1, halogen (sample 1) 67.6 1692 3280
Osram H1, halogen (sample 2) 62.0 1491 3150
GE H1, halogen 67.3 1671 3212
4 KOITO H4, (low beam, sample 1), 63.8 710 3548
halogen
5 KOITO H4, (low beams, sample 2), 63.8 696 3562
halogen
6 KOITO H4, (high beams, sample 1), 68.1 1166 3822
halogen
7 KOITO H4, (high beams, sample 2), 68.2 1162 3815
halogen
8 Philips, halogen, H7 (sample 1) 54.1 1029 3385
9 Philips, halogen, H7 (sample 2) 13.2 54.3 1043 3382
10 Gtinthebox H1, LED (sample 1) 234 1936 7616
11 Gtinthebox H1, LED (sample 2) 23.6 1940 7515
12 OSLAMPIledbulbs H4, LED (low 195 1340 6524
beams, sample 1)
13 OSLAMPIledbulbs H4, LED (low 20.6 1705 6729
beams, sample 2)
14 OSLAMPIledbulbs H4, LED (high 191 1815 6530
beams, sample 1)
15 OSLAMPIledbulbs H4, LED (high 20.2 1929 6456
beams, sample 2)
16 ETI flipchip LEDs H 11 (sample 1) 10.9 878 5306
17 ETI flipchip LEDs H 11 (sample 2) 9.7 789 5142
Requirements 130y | Nomore than 1550 B
of the UN/ECE Regulation No. 37 [8] ' 68 W Im +15 %

of halogen lamps by different manufacturers. Max-
imum variation between values of luminous flux of
different lamps does not exceed 14 %.

The analysis of the results of measurements has
shown that:

— Power consumption of halogen lamps exceeds
the nominal value more than by 11 % but does not
exceed the maximum allowable value, and it should
also be noted that the tests were conducted at test
voltage 13.2 V and nominal power is specified for
supply voltage 12 V;

— Power consumption of LED lamps is less than
power consumption of halogen lamps by at least 6;

— LED lamps have much higher luminous ef-
ficacy than that of halogen lamps and less energy
consumption, wherein luminous efficacy of the sam-
ple No. 1 (lamp No. 12) is less than luminous effi-
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cacy of the studied sample No. 2 (lamp No. 13) due
to less value of luminous flux;

— As seen from the results, colour temperature
of tungsten halogen lamps is close to the parame-
ters declared by all manufacturers; correlated co-
lour temperature of LED lamps corresponds to cold
light;

— Based on actual values of correlated colour
temperature, it is not advisable to use LED lamps
in unfavourable weather conditions (such as rain,
fog, snow);

— Actual values of luminous flux for halogen
lamps are comply with mandatory requirements of
the UN/ECE Regulation No. 37, and average lu-
minous flux of LED lamps is higher than the max-
imum allowable value specified in the UN/ECE
Regulation No. 37 by 8 %, with the exception for
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the studied OSLAMPledbulbs H4 LED lamp (low
beams, sample 1) with its measured value of lumi-
nous flux equal to 1340 Im;

— Power consumption of a LED automobile
lamp is lower than that of similar halogen lamps
by 3 times and their luminous efficacy is higher by
5 times.
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ABSTRACT

This study examines the performance of attached
prismatic panels, which have shading capability, in
a side-lit deep plan room to find out the least possi-
ble WWR value in relation to room depth satisfying
the required daylight availability. The methodology
is based on simulating a base model in Relux and
testing it with alternative models composed of in-
crementally defined WWR and room depth values.
In accordance with minimum IES requirements, the
most satisfying sDA value was found to be 48.54 %
in a room of 12 m depth with 67 % WWR. An sDA
of 51.59 % and 59.26 % was achieved in a room
of 9m depth with 43 % WWR and 6m depth with
30 % WWR, respectively. The least ASE values
were obtained with the least WWR alternative of
30 % in all room depths. This study presents a new
approach with the consideration of innovative day-
light redirecting systems to propose revisions for
the requirements mentioned in standards about day-
light in buildings but based on conventional fenes-
tration systems.

Keywords: daylight, prismatic panels, windows,
room depth

Abbreviations:
WWR: Window-to-wall ratio
AR: Aspect Ratio
sDA: Spatial Daylight Autonomy
ASE: Annual Sunlight Exposure
IES: Illuminating Engineering Society
IEA: International Energy Agency
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1. INTRODUCTION

The effective daylight zone is limited to the win-
dow edge in a conventional side lighted space with
a vertical window; areas further away from the pe-
rimeter zone receive considerably lower daylight
[1]. Increasing window size to expand the effective
daylight zone can contribute small gains in daylight
levels at the rear part of the room but causes exces-
sive solar radiation near the window [2]. This dis-
proportional distribution of daylight in space results
in thermal and visual discomfort in front part of the
room while additional support from artificial light-
ing is required at the back, which means undesirable
lighting conditions for the occupants [3]. Therefore,
determining appropriate room and window ratio ac-
cording to climatic conditions is significant terms
of visual comfort and energy savings [4]. Especial-
ly in hot climatic regions, uniform distribution is
required to achieve the desired visual and thermal
comfort.

Using conventional solar shading devices, such
as roller shades or venetian blinds, reduces the
amount of daylight entering into room and wors-
ens the daylight distribution across the space [5,6].
Innovative daylight systems have been proposed
to overcome shortcomings of conventional daylight
techniques. Prismatic daylight-redirecting panels,
for instance, improve daylight distribution through
sun shadings and redirections [7,8].

The purpose of the study is primarily to test the
performance of attached prismatic panels in defin-
ing optimum window size and room geometry when
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prismatic panels are installed in the side windows.
The second aim is to provide sufficient daylight as
deeply as possible into the space in every WWR-
Room depth design alternatives and preventing ex-
cessive direct sunlight, which may cause negative
impacts on occupants. The climate of Izmir is an-
other significance meaning that, it would be pos-
sible to understand the applicability of a prismatic
system in such a geographic and climatic location.

2. MODELLING THE BASE CASE ROOM

2.1. Daylight Illuminance and Optical Material
Measurements

The base case is a deep-plan room having dimen-
sions of 6 m by 12 m with 3.8 m height. Its window
dimension is 5.5 m x 2.8 m. The daylight illumi-
nance measurements were taken on December 21,
2017, at three times a day (9.30, 12.30, and 15.30)
under overcast sky condition. A total of 19 measure-
ment points was located with a spacing 0.6 m in the
middle line of the room perpendicular to window
line. Optical material properties were determined
using both a luminance and illuminance meter as in
reference [4]. Reflectance values of walls, ceiling
and floor are 0.90, 0.85 and 0.60 respectively. The
glazing has a transmittance value of 0.80.

Verification process included the comparison
to determine how well Relux simulation outputs

p Iy
6 5

redirected
daylight

Fig. 1. Schematic
illustration of prismatic
panel principle

and application

redirected
daylight

match up with the actual measurement results. The
coefficient of determination (R?) was calculated
to measure the accuracy of the simulation mod-
el. They were 0.93, 0.99, 0.97 in simulations ran
for times 9.30, 12.30 and 15.30 respectively, indi-
cating the high accuracy and verification of Relux
software.

2.2. Prismatic Panel in Relux Model

Prismatic panels (Siteco 45/45) manufactured
by company Siteco [9] were chosen to enhance the
daylight quality in interior space. They are in lou-
ver form, placed inside the window at slat angle of
45°, Prismatic panels were installed at upper part
of the window, between 2.00 m and 3.80 m above
the floor. This position above the eye level pre-
vents potential glare arising from daylight redirec-
tion through prismatic panels. The lower part of the
window allows view outside. The distance between
each panel was set to be 0.30 m. The identical pris-
matic panels were applied to all room depth-WWR
configurations, Fig. 1.

2.4. Design Alternatives

Alternative room depths and window sizes were
determined following standards in literature and
modelled in Relux. First, limiting room depth for
the reference room was determined using the equa-

WWR: 67%

Fig. 2. Schematic

WWR: 55% .
view of stages
e in determining aspect
= ratios and window-to-
wall ratios
WWR: 30%
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tion described in The British Code BR8206(Part 2)
[10] as:

M)

where L is the room depth, W is the room width, H,,
the window head height above floor level and Ry, is
the average reflectance of surfaces in the rear half
of the room.

According to this equation (1), minimum accept-
able room depth of the reference room was found as
9 m, indicating that room depth should not exceed
this value to avoid gloomy looking and additional
electric lighting in the rear half of the room. Taking
limiting value into account, three floor aspect ratios
of room depth to width were determined as follows:

AR=1 (when room depth is 6 m, less than lim-
iting value)

AR= 1.5 (when room depth is 9 m, equal to lim-
iting value)

AR = 2 (when room depth is 12 m, greater than
limiting value)

Since large windows increases exposure to sun
and causes excessive heat gain and visual discom-
fort, the window area of each determined aspect ra-
tio was incrementally reduced as shown in Fig. 2.
Starting from the reference case with WWR of
67 %, the window width was reduced by 50 cm
from both sides at each stage until minimum accept-
able WWR of 30 % (due to British Code BR8206)
[11] was achieved.

The reflectance of walls, ceiling and floor were
assigned as 0.50, 0.85, 0.20, according to IEA Task

60
10 \/
30
20

— =" -
March June Sept. Dec.
3942 24,07 39,15 57.67

847 17,72
0,53

65

a) illuminance over
300 Ix, b) illuminance
over 1000 Ix

—

——— .
March June Sept. Dec.
4239 1893 4239 63,37
823 288 7,8 17,70

1,32 082 041 0,00 2,06

27 [11]. The measurement points were set to be 75
cm above the floor, 60 cm away from the walls sur-
faces and 60 cm spacing between each point. To-
tally 171, 126 and 81 measurement points were de-
termined for the 12 m, 9 m and 6 m deep room,
respectively. Simulations were run on solstice and
equinox days at 10:00, 13:00 and 16:00. The 10 %
transparent sunshade was considered at the low-
er part of the window to avoid excessive sunlight
exposure since all measurements were carried out
under CIE clear sky conditions in a room facing
to South. In case of overcast sky conditions, addi-
tional sunshade would not be necessary, therefore
the visual connection with the external environment
would be possible.

3. FINDINGS

It is expected that the measurement points with
illuminance above 300 Ix will be as much as possi-
ble, and the measurement points with illuminance
above 1000 Ix will be as few as possible. Minimum
acceptable floor areas are of 55 % for SDA and 7 %
for ASE according to IES recommendations.

To simplify the calculation it was found that the
illuminance at each measurement point represents
the percentage of the annual working hours. For in-
stance, it was assumed that each measurement point
simulated in Relux for 215t March at 10:00 rep-
resents 180 working hours from 8 am to 11 am in
the spring months. It corresponds to 7.5 % of total
working hours in a year (considering 2400 work-
ing hours per year). Likewise, calculations at 13:00
and 16:00 represents 240 working hours from 11
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am to 15 pm and 180 working hours from 15 pm
to 18 pm respectively. They correspond to 10 %
and 7.5 % of total working hours in a year respec-
tively. The same method was applied for 215t June,
231d September and 215t December. The percentages
of annual working hours when illuminance at each
measurement point meets or exceeds 300 Ix were
determined. Finally, the measurement points that
meets or exceeds 300 Ix at least 50 % of working
hours per year were marked on working plane, and
ratio of these points to the total measurement points
were calculated to achieve sDA value. To calculate
ASE, measurement points exposing to illuminance
over 1000 Ix for more than 250 working hours per
year were determined and ratio of these points to the
total measurement points were calculated.

Regarding the aspect ratio 2 (12 m depth), the
67 % WWR was found to be the optimum win-
dow size achieving the 50.24 % analysis area with
sufficient daylight (illuminance over 300 1x) and
13.01 % analysis area exposed to direct sunlight
(illuminance over 1000 Ix). Daylight levels across
the room were decreased due to shading capability
of prismatic panels but still remained at an accept-
able level.

Regarding the aspect ratio 1.5 (9 m depth), the
percentage of area with illuminance above 300 Ix
was almost halved compared to unshaded room and
became 50.99 % when the 43 % WWR was applied.

Regarding the aspect ratio 1 (6 m depth), the
configuration with 30 % WWR became the opti-
mum solution, receiving the adequate daylight with
the percentage floor area of 56.28 %, Fig. 3.

4. OVERALL ASSESSMENT
* In winter, daylight penetrated deeper into

rooms due to the lower position of the sun and il-
luminance values increased throughout the room.
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The prismatic panels were incapable of sun shad-
ing during these months and the inclined sun rays
passed through between panels led to a consider-
able increase of illuminance values above 1000 Ix.
This excessive daylight exposure is also the reason
for the high ASE values.

* In summer, the amount of daylight entering the
room dropped due to the higher position of the sun.
The sun-shading effect of the panels was prominent,
since sunlight striking from right angles was re-
flected by the prism structure. This resulted in a de-
crease in illuminance values above 1000 Ix, which
ensures ASE to be within the acceptable range in
these months.

* In spring and autumn, the amount of daylight
entering the room and the daylight distribution is al-
most identical. The illuminance values throughout
the room are higher than those in summer and lower
than those in winter.

* The ratio of the area satisfying 300 Ix was cal-
culated regardless of a specific time fraction for a
space almost corresponds to the estimated sDA val-
ue for this space. Contrary to this, the estimated
ASE value is considerably greater than the percent-
age of the area that meets or exceeds illuminance
above 1000 Ix, Fig. 4.

* Due to IES requirements, the most satisfying
sDA value was found to be 48.54 % in a room of
12 m depth with 67 % WWR. An sDA of 51.59 %
and 59.26 % was achieved in a room of 9 m depth
with 43 % WWR and 6m depth with 30 % WWR
respectively.

* The ASE value obtained for each design al-
ternative exceeded the minimum acceptable ASE
of 7 % recommended by IES. The closest ASE val-
ues were obtained with the least WWR alternative
of 30 % in all room depths. This value was 9.94 %,
13.49 % and 20.99 % in room of 12 m, 9mand 6 m
depth respectively.
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5. CONCLUSION

This study would make a contribution to estab-
lishing availability of the ‘useful’ daylight, i.e. day-
light without over-exposure, in side lighted rooms
in terms of improving visual performance, and thus
motivation, productivity and well-being of occu-
pants. The current daylighting standards and relat-
ed previous studies include required window sizes
for room geometries, but these are restricted to con-
ventional fenestration systems. However, this study
emphasizes that a clear glazing without any daylight
system is inadequate to meet the visual performance
requirements of the spaces used mostly during the
daytime such as educational and office buildings. It
has been shown that it is possible to control and use
daylight efficiently with the application of advanced
daylight systems such as prismatic panels on verti-
cal windows. The consideration of such systems si-
multaneously with the facade openings in the early
design stages is more favourable in terms of avoid-
ing problems related to the amount and distribution
of daylight. Therefore, this study suggests new op-
timal WWR in relation with varying room depths
when prismatic panels attached in side windows and
recommends rethinking of daylighting requirements
mentioned in current daylight standards.
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ABSTRACT

Historical buildings are bridges between the past
and the present. Moreover, it is a mirror of the life
of societies, which lived in other ages. Historic
buildings need to be illuminated to provide better
visual conditions. The demand for electricity is in-
creasing day by day. Energy must be used efficient-
ly to reduce the amount of energy being dissipated.
Therefore, energy efficiency in the lighting for his-
torical buildings is a topic of great importance. Var-
ious luminaires are used for interior and exterior
lighting of historic buildings. However, new light-
ing technologies, such as light emitting diode (LED)
luminaires, are many times more efficient than tra-
ditional technologies, such as incandescent lumi-
naires. The use of new technologies can lead to sig-
nificant reductions in net energy consumption and
associated reductions in greenhouse gas emissions.
Historic buildings can serve as powerful and high-
ly visible demonstrations of energy-efficient light-
ing technologies. In this study, the cost and ener-
gy efficiency have been analyzed considering the
investment costs and the energy consumption of
LED luminaires instead of luminaires with incan-
descent, halogen and metal halide lamps using al-
most the same luminous flux in the example of the
El Aman Caravanserai in Bitlis, Turkey. As a result,
of the calculations, the annual energy consumption
(9066.6 kW-h) was reduced by 78.21 % compared
to the conventional system (41610 kW-h) installed
with incandescent, halogen and metal halide lamps.
Thus, the cost of using LED lighting system have
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been amortised in about 135 days. Later, lighting
has been made with less energy consumption, and
the energy has been used efficiently.

Keywords: energy efficiency, historic buildings,
lighting, LED, interior lighting, exterior lighting

1. INTRODUCTION

Historical buildings are bridges between the past
and the present, and sources of cultural identity.
They are important investments for the future in or-
der to maintain a balance between energy use and
cultural values [1]. They are a mirror of the life of
societies and communities that lived in other eras.
Therefore, historical buildings need to be exhibited
correctly and properly. This is achieved by lighting.
Because lighting can change the exterior structure
and appearance of a building [2].

The lighting needs to enhance the brand image,
highlight the beauty of the building and open the
surrounding space for confident exploration and
enjoyment.

The visual aspect of historical buildings should
be brought to the fore, their details should be re-
vealed. In addition, it should attract attention. How-
ever, it should not deteriorate the characteristics of
the historical building and should not harm the his-
torical building. For this reason, indoor and outdoor
lighting of historical buildings is made [3, 4]. Re-
cently, lighting and energy efficiency have become
increasingly important [5]. In addition, studies were
conducted on lighting of historical buildings and en-
ergy efficiency [6—10].
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Fig. 1. View of the satellite of the EI Aman Caravanserai

Integrated with advanced control systems, LED
is one of the solutions for light quality and energy
efficiency in the field of sustainable lighting. When
designing illumination, one should take into account
the historical value of the building, protection of
historical buildings, the most appropriate combina-
tion between natural and artificial lighting, human
visual welfare, perception and vision quality, visual
ergonomics and satisfaction [11].

A number of articles have studied and developed
LED lighting systems for either interinal or exterior
lighting [12-16].

The increase in energy consumption is due
to population growth, increased demand for con-
struction services and comfort levels, as well as in-
creased time spent inside buildings, which ensures
that the upward trend in energy demand continues
in the future [17]. The development of energy ef-
ficiency in buildings is necessary to reduce energy
dependency and greenhouse gas emissions [18]. En-
ergy efficiency is a reduction for energy consumed
without changing the required brightness level of
the illuminated environment.

Lighting is widely used because of the basic
need. Therefore, the amount of energy used in light-
ing increases. According to the report by the In-
ternational Energy Agency, lighting consumption
accounts for 19 % of the world’s total energy con-
sumption [19]. At the same time, energy consump-
tion in lighting is 20 % of the total energy consump-
tion in Turkey [20]. For this reason, efficient use
of energy in lighting is important. Lighting is one
of the potential ways to increase energy savings in
buildings [21].
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Lighting is not about achieving a certain level
of brightness, but about providing good visual con-
ditions. Ensuring good visual conditions depends
more on the qualitative and quantitative character-
istics of lighting [22]. Lighting should affect those
who look at facilities and buildings from an artistic
point of view [3].

The main goal of lighting is to provide the cor-
rect lighting solution for the installation to achieve
the highest quality product, or for the image, while
releasing the need for energy efficiency.

When installing lighting, you should choose an
installation that will not cause any damage to the
stone in the historical building. In addition, the in-
stallation made during the initial construction pro-
cess should not be changed as much as possible.

The purpose of the building to be illuminated
and the reason for the need for lighting are the de-
termining criteria for the design of the lighting in-
stallation. The characteristics of the illuminated
building affect the criteria for selecting the light-
ing element, in terms of image beauty, as well as in
terms of comfort i.e. the gloss and glare, colour and
temperature of the lighting used. In this study, the
energy efficiency of lighting in historical buildings
was analyzed using the example of the EI Aman
Caravanserai in province of Bitlis in Turkey.

2. A BRIEF HISTORY OF THE EL AMAN
CARAVANSERAI

The ElI Aman Caravanserai is located in Bit-
lis, the esast point of Turkey (latitude 38°29"28" N,
42°11'36" E). It is an example of Ottoman architec-
ture of the second half of the 16th century. The El
Aman Caravanserai, which is located about 90 m
south of the northeast western axis and the longest
distance is about 70 m, is one of the largest caravan-
serais in Anatolia. This building was built to pro-
vide shelter for passengers and caravans traveling
along the trade routes connecting Asia with Anatolia
and Europe [23]. A satellite image of the EI Aman
Caravanserai is shown in Fig. 1. This study uses an
example of a historical building named the EI Aman
Caravanserai in Bitlis (Turkey), which is currently
used as the cultural centre at Bitlis Eren University.
The general image of the EI Aman Caravanserai is
shown in Fig. 2.

Lighting historical buildings that symbolize the
city’s history is a special issue [10]. When lighting
these buildings, lighting should be done that does
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Table 1. Characteristics of Interior and Exterior Lighting Installations

Lighting installation Installed power for each Lamp type P (W)
Interior lighting | TSr\:]v?;a?:e IPOV\_/er_of bl PO_WGT iy qulilrig?rirtfsfed TS (e
W) uminaire (W) | luminaire (W) (vc) (W)
Staff rooms 100 - - 15 1500
Meeting rooms 100 - - 4 400
Multi purpose hall 100 - - 30 3000
Rooms Small cinema 100 - - 48 4800
Corridors 100 - - 10 1000
Storerooms 100 - - 4 400
Toilet 100 - - 6 600
Total power of interior lighting (W) 11700
Exterior lighting I TSr\:]V?;a?:e ot @l ey Number of | Total power
W) luminaire (W) | luminaire (W) | luminaire used (W)
Courtyard - - 60 9 540
Northern - 150 - 2 300
Facade Western - 150 - 2 300
Southern - 150 - 3 450
Eastern - 150 - 3 450
Total power of exterior lighting (W) 2040

*Note to Table 1: H is the halogen lamp, | is the incandescent lamp, MH is the metal halide lamp.

not physically harm the work and does not describe
the person that the work represents. Because while
lighting these buildings promotes tourism, lighting
architecturally impressive buildings plays an im-
portant role in creating the aesthetic identity of the
city.

There are no buildings or constructions in the
area where the historical structure was built. For this
reason, there is no distribution of lighting sources in
the interior and on the facade, as well on the front
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facade territory. Therefore, only luminaires provide
night lighting.

At the first stage of construction, the El Aman
Caravanserai was illuminated by daylighting. The
daylighting of the caravanserai is shown in Fig. 3.

However, after being transformed into a cultur-
al centre, it was illuminated by both daylighting and
artificial lighting (Fig. 4).

The light distribution characteristics and physi-
cal dimensions of the type of luminaire used in the

Fig. 2. General image
of the El Aman
Caravanserai
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Table 2. Types and Characteristics of Luminaires Used*

Luminaire type Power Luminous Correlated colour Co_lour rendering Lifetime (Hours)
(W) flux (Im) temperature (K) index (CRI)
Metal halide 150 12000 4200 85 6000-10000
Halogen 60 630 2800 100 2000-4000
Incandescent 100 1380 2700 100 1000

*Note to Table 2 by the scientific editor: here and below, the characteristics of luminaires with traditional lamps such as
incandescent, halogen, and metal halide lamps is used for the characteristics of the lamps itselves. When is specified power and
lifetime of the luminaire, it is necessary to take into account the power and the lifetime also in relation to electronic components,
such as ballast, ignitor and driver, as well as taking into account the optical system of the luminaire for determine luminous flux.

Daylighting

TN

e Bl
\ ./

Fig. 4. Daylighting and artificial lighting of the E1 Aman
Fig. 3. Daylighting of the EI Aman Caravanserai Caravanserai

lighting of historical buildings are important. The The power, luminous flux, correlated colour tem-
products should be preferred in dimensions that do  perature, colour rendering index and lifetime of lu-
not affect the aesthetic integrity of the structure and ~ Minaires with the incandescent, halogen and metal
the general appearance during the daylight, or the halide lamps used in the historical building of the EI
application points of the luminaires should be po- ~Aman Caravanserai are given in Table 2.

sitioned so as not to affect the overall appearance
[24]. 3. METHODOLOGY

2.1. Lighting of the El Aman Caravanserai 3.1. Using LED luminaires

LED luminaires consume less energy than con-
ventional luminaires do. Therefore, LED luminaires
are widely used in both interior and exterior light-
ing. In historical buildings, lighting solutions fit
the texture of the building can be provided with
LED luminaires. For this reason, instead of fitting
- ) SO o with metal halide, halogen and incandescent lamps,
tion project for outdoor lighting is shown in Fig. 5. \hich are used in the interior and exterior lighting
The design of the interior installation of indoor 4t the EI Aman Caravanserai, it is proposed to use
lighting is shown in Fig. 6. The names of some parts | py juminaires, which are suitable for the approx-
of the historical building are records in the project.  jmate value of luminous flux of these luminaires
Characteristics of interior and exterior lighting sys-  to improve the energy efficiency in lighting. The
tem are given in Table 1. In existing electrical in-  characteristics of the proposed LED luminaires are
stallation uses (2x2.5) NHXMH cable for interi-  given in Table 3.
or lighting, and to install exterior lighting (3x2.5) The characteristics of the luminaires used and
NHXMH and (4x4) N2XH cables are used. proposed in the EI Aman Caravanserai, such as the

Daylighting and artificial lighting illuminate the
El Aman Caravanserai. For artificial lighting are
used 117 luminaires with incandescent lamp 100 W
as interior lighting, and 9 luminaires with halogen
lamp 60 W and 10 luminaires with metal halide
lamp 150 W for exterior lighting. Exterior installa-
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Table 3. Characteristics of the Proposed LED Luminaires
Luminaire tvoe Power | Luminous | Correlated colour Colour rendering Lifetime*
P (W) flux (Im) temperature (K) index (CRI) (Hours)
LED (instead of metal 9 | 10000 3000 70 10000-50000
halide)
LED (instead of halogen) 20 800 2000 80 10000-50000
LED (instead of 15 1521 2700 80 10000-50000
incandescent)

*Note to Table 3 by the scientific editor: here and below, the lifetime of luminaires based on LED is used for the characteris-
tics of the LED itselves. However, it is necessary to take into account the lifetime also in relation to electronic components, not
only the light source, but the driver too.

Table 4. Characteristics of the Luminaires Used and Proposed

L Power | Luminous flux Number of Colour rendering Total power
HHmITEE 25 (W) (Im) luminaire used (pc.) index (CRI) W)
Incandescent 100 1380 117 100 11700
L2 ([lisitzzel o 15 1521 117 80 1755
incandescent)
Halogen 60 630 100 540
LED (instead of halogen) 20 800 80 180
Metal halide 150 12000 10 85 1500
LED (mste.ad of metal 90 10000 10 70 900
halide)

types of luminaires, their power, luminous flux,
number of luminaires used, colour rendering index

and their total power are given in Table 4.

In the El Aman Caravanserai, used as a cultural
centre, it is assumed that the luminaires used for in-
terior lighting work an average of 8 hours a day, and

The existing electrical installation will use LED
lamps, which are used instead of metal halide, hal-

ogen and incandescent lamps in interior and exteri-

the luminaires used for exterior lighting work an av-

erage of 10 hours a day.

— 3X2.5 NHXMH

H : Halogen Luminaire

MH: Metal Halide Luminaire

or lighting systems. Therefore, the extra installation
fee, which is cable and workmanship, is not includ-
ed in the calculations.

.! ‘ :
Ef L .s_--'» Fig. 5. Exterior
Mkl peposchel. B installation project for
—= I:,:j a}j ®] @ ¢ 3 outdoor lighting
g sman W) [ Smal
| cinema { cinema | =
= e ¥ LR _ =
@ I Lounge MH
i s
U — O — 15 i —
Small I Small
B cinema | cinema
e B e e
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I: Incandescent Luminaire

3.2. Calculation of the Cost of the Luminaires
that are Used

The costs have been calculated separately for lu-
minaires with incandescent, halogen and metal ha-
lide lamps used in the historical building, which
is the El Aman Caravanserai, and LED luminaires
used instead of these ones.

The calculation of daily energy consumption for
lighting installation with traditional lamps is pre-
sented below:

— With incandescent lamps
117 -100 W - 8 h = 93600 W -h =93.6 kW -h;

— With halogen lamps
9-60W-10h= 5400 W -h=5.4 kW -h;

— With metal halide lamps
10 - 150 W -10 h=15000 W -h =15.0 kW -h.

Total daily energy consumption for lighting in-
stallation with incandescent, halogen and metal ha-
lide lamps is presented below:

93.6 KW -h+54 kW -h+ 15.0 kW -h =114 kW -h.

Because the historic building is open and used
every day of the year, the lighting installation was
chosen to operate 365 days a year.

Yearly total energy consumption for lighting in-
stallation with incandescent, halogen and metal ha-
lide lamps is calculated below:

114 kW -h/day -365 day = 41610 kW -h.

The cost of electricity (from September 2019) is

0.822018 Turkish Liras (TL) per 1 KW:-h.
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Annual energy consumption fee for lighting in-
stallation with incandescent, halogen and metal ha-
lide lamps is calculated below:

41610 kW -h - 0.822018 TL/kW -h =

=34204.168 TL.

The calculation of daily energy consumption
for lighting installation based on LED is present-
ed below:

— Instead of incandescent lamps
117 -15W - 8h = 14040 W -h =14.04 kW -h;

— Instead of halogen lamps
9-20 W - 10 h= 1800 Wh =1.80 kW -h;

— Instead of metal halide lamps
10-90 W -10 h=9000 W -h =9.00 kW -h.

Total daily energy consumption for LED lumi-
naires is presented below:

14.04 KW -h+1.80 kW -h+ 9.00 kW -h =
=24.84 KW -h.

Yearly total energy consumption for LED lumi-
naires is calculated below:

24.84 KW -h/day - 365 day = 9066.6 kW -h.

Annual energy consumption fee for LED lumi-
naires is calculated below:

9066.6 kW -h - 0.822018 TL/kW -h =
=7452.908 TL.

Lifetime of incandescent lamp is 1000 h.

Annual operation time of the interior lighting
system is calculated as
8 hour / day - 365 day =2920 h.
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Table 5. Average Prices for Luminaires

Luminaire type Power (W) Average cost per luminaire (TL)
Incandescent 100 6
Halogen 60 15
Metal halide 150 90
LED (instead of incandescent) 15 40
LED (instead of halogen) 20 106
LED (instead of metal halide) 90 650

The estimated time period, after which the in-
candescent lamp in the luminaire should be replaced
(replacement time) based on the lifetime of it is cal-
culated as 1000h /(2920 h/ year)= 0.342 year.

The lifetime of the LED luminaires varies from
10000 to 50000 hours. In the calculations, 30000
hours were selected, which is the average lifetime
of the lamp.

So the LED luminaire (instead of luminaire with
the incandescent lamp) replacement time is calcu-
lated as 30000h/ (2920 h/ year)= 10.27 year .

Lifetime of halogen lamp is 3000 h.

Annual operation time of the exterior lighting
system is calculated as
10 hour / day - 365 day =3650 h.

Replacement time of the fitting with the halogen
lamp is calculated as
3000h /(3650 h/ year)= 0.822 year .

So the LED luminaire (instead of luminaire with
the halogen lamp) replacement time is calculated as
30000h/ (3650 h/ year)= 8.219 year .

Lifetime of metal halide lamp is 8000 h.

Replacement time of the luminaire with the met-
al halide lamp is calculated as
8000h /(3650 h/ year)= 2.191year.

So the LED luminaire replacement time (instead
of luminaire with the metal halide lamp) is calculat-
ed as 30000h/ (3650 h/ year)= 8.219 year.

Prices for the luminaires vary from brand
to brand or from company to company. Therefore,
the average prices for the luminaires according
to market research data are shown in Table 5.

This way we can calculate the initial investment
cost for lighting installation with traditional lamps:

— With incandescent lamps 6 TL-117 =702 TL;

— With halogen lamps 15 TL-9=135 TL 15;

— With metal halide lamps 90 TL-10 =900 TL.

Then total initial investment cost is
702 TL+135TL+900TL =1737 TL.

Annual luminaire replacement cost for lumi-
naires with traditional lamps is calculated below:
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— With incandescent lamps
6 TL-117/0.342 =702 TL/0.342= 2052.63 TL;
— With halogen lamps
15TL-9/0.822=135TL/0.822= 164.23 TL;
— With metal halide lamps
90 TL-10/2.191 =900 TL/2.191 =410.77 TL.
Annual operating costs for fittings with incan-
descent, halogen and metal halide lamps are made
up of annual charge for energy consumption and the
annual cost of replacing the lamps. So, the annu-
al operating cost for lighting system with tradition-
al lamps is
34204.168 TL +2627.63 TL = 36831.798 TL.
Total cost of lighting installation with incandes-
cent, halogen and metal halide lamps consists of ini-
tial investment costs and annual operating costs, and is
equal to 1737 TL +36831.798 TL =38568.798 TL.
Similarly, we can calculate the initial investment
cost for LED luminaires that is:
— 15 W LED luminaires (instead of incandes-
cent)40 TL-117 =4680 TL;
— 20 W LED luminaires (instead of halogen)
106 TL-9=954 TL15;
— 90 W LED luminaires (instead of metal ha-
lide) 650 TL-10 =6500 TL.
Total initial investment costs of LED luminaires
is 4680 TL +954 TL +6500 TL =12134 TL.
Annual fitting replacement cost for LED lumi-
naires is calculated below:
— Instead of incandescent lamps
40 TL-117/10.27 =4680 TL/10.27 =
=455.696 TL;
— Instead of halogen lamps
106 TL-9/8.219=954 TL/8.219= 116.07 TL;
— Instead of metal halide lamps
650 TL-10/8.219 =6500TL/8.219 =790.85 TL.
Then the total annual fitting peplacement cost for
LED luminaires is equal to
455.696 TL +116.07 TL+790.85 TL =

=1362.616 TL.
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The annual operating cost for LED luminaires
consists of the annual energy consumption fee and
the annual fitting replacement cost, and calculated
below as:

7452.908 TL +1362.616 TL =8815.524 TL.

The total cost for LED luminaires consists of
the initial investment cost and the annual operating
cost, and calculated below as:

12134 TL +8815.524 TL =20949.524 TL.

3.3. Calculation of the Amortization Period

According to the cost calculations, in case of us-
ing the LED luminaire, the cost is higher than when
using fittings with incandescent, halogen and metal
halide lamps. However, the amortization period has
been calculated to determine the feasibility of using
LED luminaires to improve the energy efficiency
for the EI Aman Caravanserai.

The amortization period when using LED lumi-
naires instead of fittings with incandescent, halogen
and metal halide lamps has been calculated, equa-
tion (1):

C,+A -C,=C;+A -C, (1)
where C, is the initial investment cost for fittings
with traditional lamps (TL), C, is the annual oper-
ating cost for fittings with traditional lamps (TL),
C; is the initial investment cost for LED lumi-
naires (TL), C, is the annual operating cost for
LED luminaires (TL), A, is the amortization peri-
od (year).

The amortization period when using LED lumi-
naires instead of luminaires with traditional lamps
in case of the El Aman Caravanserai is calculated in
accordance with (1):

1737 TL + A, - 36831.798 TL =12134 TL+
+4,- 8815.524 TL,

A, -(36831.798 TL—8815.524 TL)=
=12134 TL-1737 TL,

A,-28016.274 TL =10397 TL ,
A, = 0.371 year = 4.452 months = 135.415 days.

According to the calculation of amortization
period, the cost of lighting in the historical build-
ing using LED luminaires have been amortized in
about 135 days. This period is available period for
improving energy efficiency in the lighting for his-
torical building such as the El Aman Caravanserai.
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4. CONCLUSION

The electrical energy used in lighting is 20 %
of the total energy. Therefore, it is important to use
LED luminaires. To ensure the energy efficiency
of lighting, LED luminaires, which are consumed
less energy than conventional luminaires should be
preferable. As a result, it is predicted that the use of
LED luminaires in general lighting will gradually
increase.

In the EI Aman Caravanserai, the annual ener-
gy consumption has been calculated 9066.6 kW-h
in interior and exterior lighting using LED lumi-
naires. On the other hand, the annual energy con-
sumption has been calculated 41610 kW-h using
luminaires with traditional lamps such as incandes-
cent, halogen and metal halide lamps. Thus, it is ex-
pected that switching to LED luminaires will save
approximately 78 % of the annual energy consump-
tion compared to existing luminaires with tradition-
al lamps.

The initial investment cost of LED luminaires
(12134 TL) has been calculated approximately
86 % higher than the initial investment cost (1737
TL) of luminaires with incandescent, halogen and
metal halide lamps. However, the annual operat-
ing cost of LED luminaires (8815.524 TL) has been
calculated approximately 76 % less than the an-
nual operating cost of luminaires with incandes-
cent, halogen and metal halide lamps (36831.798
TL). According to the calculation, the cost of light-
ing in the historical building using LED luminaires
will be amortized in approximately 135 days. Af-
ter amortization period, lighting will be made with
less energy consumption, and energy will be used
efficiently.

Finally, the low energy consumption of LED
lighting belongs to the widely discussed topic of
how to save energy. Teherefore, the LED luminaire
plays an important role in improving the energy ef-
ficiency of historical lighting. In other words, the
author describe how it is possible to manage energy
consumption for a lighting system, and shows how
it is possible to obtain significant energy efficiency
for historical buildings using lighting system based
on LED luminaires.
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ABSTRACT

In this study, a place of worship lighting in ac-
cordance with CIE standards was examined. Halo-
gen lamps were used in the place of worship light-
ing, which was physically applied. Halogen lamp
lighting and LED illuminated place of worship
environment were compared in terms of lumi-
nance level and economic cost in a simulation en-
vironment. The illumination level should be 100 Ix
or above for places of worship according to CIE
standards. Lighting using LED lamps, which pro-
vide 100 Ix illuminance levels, has yielded 85 %
more efficient results than illumination by halogen
lamps.

Keywords: energy efficiency, LED, histori-
cal place, artificial lighting, illuminance, energy
consumption

1. INTRODUCTION

[Nluminance, which is physically defined as the
luminous flux at the unit area, is also expressed as
the perceptibility level of the environment or as a
result of the light’s usability. There are two types of
lighting: day lighting and artificial lighting [1-2].

The lighting pattern of natural light differs
hourly, seasonally, and would change accord-
ing to weather conditions. Since it is not possible
to provide illumination at any time with daylight,
artificial lighting is preferred in the lighting of the
places where the lighting needs are obvious [3-5].
Good and accurate lighting increases work efficien-
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cy and economic development, prevents accidents,
prevents eye distortion, improves eye perception,
and improves living comfort. The structure of the
place to be illuminated and the reason for the illumi-
nation necessity determines the criteria of the light-
ing installation.

The characteristics of the area to be illuminat-
ed affect the criteria for determining the lighting el-
ement to be selected as the aesthetic quality of the
architectural building. These characteristics should
be considered in terms of comfort-related concepts
such as glare, colour rendering index, and correlat-
ed colour temperature of the light sources used
[6-8].

This study focuses on the lighting of a histori-
cal mosque located in Diyarbakir, Turkey. The topic
was chosen because much too little study has been
done on both lighting and modernization of illumi-
nation systems for historical buildings [9]. Within
the scope of the study, principals about to lighting
design of the historical buildings and the advan-
tages of using LED lighting at such places are in-
vestigated in terms of energy savings. In the pro-
posed study, modern and low energy consumption
LED luminaires have been adapted instead of inef-
ficient lighting elements in the historical building.
In this way, while achieving illuminance levels in
accordance with the standard, energy savings were
achieved at the same time. During the design and
assembly stages of the lighting elements, the origi-
nality of the building was fully protected.

A lighting project implemented in this study was
analysed according to the International Lighting
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Commission (CIE) standard [13]. For this purpose
the lighting application in the project was compared
by a non-commercial simulation program.

2. LED LIGHTING

Energy consumption for lighting increases day
by day. Due to the unconscious use of energy re-
sources, the lack of sufficient technical infrastruc-
ture to reach renewable energy sources, and the
high-energy amounts, the importance of saving in
lighting has increased remarkably [10-12].

In order to provide efficiency in protecting the
health and comfort of users, it was established that
fluorescent bulbs, which are used instead of incan-
descent lamps in new projects, have lost their ef-
fectiveness and LED lamps are preferred as much
as possible. Light emitting diodes (LEDs), the lat-
est technology used in artificial lighting, are regard-
ed as the most important invention in the history of
lighting after the electric lamp that Edison discov-
ered centuries ago [14, 16].

Lighting elements with high efficiency and co-
lour diversity have been obtained in lighting by de-
velopments in semiconductor technology. LEDs are
also the product of this development. For exam-
ple, instead of a 60 W incandescent filament lamp,
9W LED array can be used to save (80-85)% en-
ergy [17-22]. Because LEDs are used both as a
single light source and as a fixture, the LEDs that
enable the improvement of energy efficiency in
lighting need to be evaluated differently than tradi-
tional light sources. For example, LED lamps can
be used for all kinds of software and communica-
tion [23-26].
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Fig. 1. Practiced place of worship and numbered lighting areas [28, 29]

3. APLACE OF WORSHIP LIGHTING
WORK

Exhibition of the historical places in a prop-
er and decent way has gained importance and in
the last few years, many new and different meth-
ods have been used on it. Proper illumination is the
best way to figure out these properties. The main
goal of lighting is to provide excellent vision with
low energy consumption. In addition, it is vital not
to harm the historical buildings and their prominent
features. In this paper, the illumination of a histori-
cal building has been discussed. An ancient mosque
was selected as a status study. First, considering the
indoor illumination level criteria identified by stan-
dards and using original architectural plans, the ar-
eas to be illuminated in this historical building were
determined. Then, the designated areas were illu-
minated without damaging the historical place and
giving importance to visualisation. Proposed sys-
tems were implemented experimentally to deter-
mine the most accurate results by the addition of
environmental and architectural effects. One-year
energy consumption comparison of two type light-
ing methods was proposed by using energy tariff
data.

In general, the main objectives of the illumina-
tion design of a historical building should be:

e The main architectural elements, ornaments,
valuable elements of the registered cultural heritage
should be compatible with the original texture in a
way that emphasizes the social and historical impor-
tance as well as the value of the moment and doc-
ument along with the original pieces of that work;

* Make it possible to observe and perceive the
area in a qualified way;
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Fig. 2. Indoor daylight luminance levels measurement
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Fig. 4. Experimental measurement of indoor illuminance
levels when using lighting elements at night

* To support the safety of works, especially in
the old districts of cities, to increase user living,
sightseeing and roaming comfort at night;

* To develop an approach that is appropriate
to the principles of restoration besides aesthetics;

* Minimizing environmental impacts and max-
imizing energy savings while reaching desired illu-
minance levels [27].

[llumination of Fatih Paga Mosque that built in
Diyarbakir between 1516 and 1520 selected as a
case study was performed according to these objec-
tives. The place of worship and numbered lighting
areas are shown in Fig. 1.

There are both indoor and outdoor illumination
applications in this study. While the outdoor illumi-
nation is only for visualisation, this study focused
on indoor illumination that has to meet standards.
The minimum indoor illuminance level for worship
is determined as 100 Ix according to the CIE stan-
dard [13].
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Fig. 3. Indoor experimental illuminance measurements
with only the central luminaire open during daytime

In the Fatihpasa Mosque, during the daylight
hours, the illuminance levels were measured with-
out lighting elements as shown in Fig. 2. It is seen
that the illuminance levels are very high in some ar-
eas with daylight only and it is well below the de-
sired in some areas.

Fig. 3 shows the measurements made using only
the central lighting chandelier. It was observed that
only the central chandelier was used during the day
to provide the appropriate illumination levels for
the place of worship. Fig. 4 shows measurements
made using only lighting installations in the night.
Indoor view of mosque after installation complet-
ed is given in Fig. 5. Table 1 shows the illuminance
values according to the places of worship in manu-
al measurements.

The lamps that operate actively during the day
or at night are the lamps in Area-6. When Table 1
is examined, in the measurements made physical-
ly, 36 Ix for 5 m height was measured in daylight in
Area-6. During the day, when artificial lighting is
made only in Area-6, 200 Ix was measured. Again,

Fig. 5. Lighting scene with only embedded LED
wall-washers
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Table 1. The Illuminance Values According to the
Places of Worship in Manual Measurements

Daylight Daytime Night
Area | (no artificial main lighting (full
lighting), Ix lighting, Ix capacity), Ix
1 20 75 90
2 330 330 100
3 24 80 100
4 440 440 98
5 70 90 110
6 36 200 220
7 110 124 110
8 55 64 98
9 116 130 84
10 60 72 96

in the area-6 measurement at night, 220 Ix was mea-
sured with the effect of other projectors. Accord-
ingly, 36 Ix value does not comply with CIE crite-
ria in daylight free environment [1, 3, 30], because,
at least, 100 Ix illuminance is required for plac-
es of worship in the relevant CIE Standard [13]. If
32 halogen lamps are used in area-6, it is seen that
unnecessary consumption is made if the lamp con-
sumption is considered to be 60 W. If the lighting
is realized with LED bulbs, a comparison has been
made in the simulation environment for the ener-
gy consumption difference. In other words, 32 hal-
ogen lamps in area-6 were evaluated as LED lamps
in the simulation environment and a comparison
was made in terms of their illuminance levels. LED

lamps used in the simulation have a power of 9W.
These LED bulbs are in the daylight colour. 9W
LED bulb and 60W halogen bulb are equivalent.
The simulation used is prepared for the purpose of
lighting.

It is a non-commercial simulation. The area to be
illuminated is divided into equal parts. The calculat-
ed section is area-6 (12x12) m. The light source is
at a height of 5 m. The maintenance factor is accept-
ed as 0.92. Table 2 was calculated in the simulation
environment according to the illuminance level val-
ues in the middle point of each region. The average
illumination level according to Table 2 is Eyyerage =
118.29 Ix. The illuminance level should be 100 Ix or
above for places of worship according to CIE Stan-
dard. Accordingly, it is understood that the use of a
9W LED lamp is more advantageous than a 60W
halogen lamp. As a result of the data entered into
the simulation, Table 2 shows the illuminnance lev-
els of points in the place of worship.

4. ECONOMIC EVALUATION IN TERMS
OF ENERGY CONSUMPTION

Daily energy consumption for each illumination
device can be calculated as given in equation:

E=Pnt 1)

aop?
where E (W-h) is the energy, P, (W) is the pow-
er of one bulb, n, is the number of chandelier arms,
and ty, (h) is the operating time of luminaire, which
has daily values of 2 hours, 5 hours, and 12 hours

Table 2. Illuminance at the Points in the Place of Worship, Ix
Epmin=18.56 Ix E;5,=399.94 Ix Eqyra0e=118.29 Ix

Meter/Meter 0.700 2.100 3.500 4.900 6.300 7.700 9.100 | 10.500 | 11.900 | 13.300
0.583 15.64 14.01 9.53 13.36 | 13.97 | 13.98 | 13.37 9.55 14,04 | 15.68
1.750 28.58 2698 | 16.73 | 21.69 | 21.71 | 21.72 | 21.71 | 16.762 | 27.01 | 28.63
2.917 49.13 4599 | 3244 | 3056 | 27.27 | 27.27 | 30.57 | 3247 | 46.02 | 49.18
4.083 87.07 68.99 | 62.92 | 41.08 | 37.43 | 37.44 | 41.09 | 6295 | 69.03 | 87.12
5.250 164.72 | 140.28 | 98.89 | 60.55 | 57.53 | 57.54 | 60.57 | 98.92 | 140.32 | 164.78
6.417 235.46 | 283.84 | 183.06 | 98.47 | 82.22 | 8222 | 98.49 | 183.09 | 283.88 | 235.52
7.583 359.26 | 406.25 | 262.06 | 144.49 | 111.32 | 111.33 | 144.51 | 262.09 | 406.29 | 359.32
8.750 284.76 | 291.16 | 195.53 | 122.71 | 101.25 | 101.25 | 122.73 | 195.56 | 291.20 | 284.83
9.917 158.65 | 129.60 | 94.322 | 65.659 | 62.80 | 62.81 | 65.67 | 94.35 | 129.64 | 158.71
11.083 77.78 58.14 | 4734 | 36.26 | 37.84 | 37.85 | 36.27 | 47.37 | 58.19 | 77.84
12.250 43.69 36.81 | 30.76 | 24.97 | 24.826 | 24.83 | 24.99 | 30.79 | 36.85 | 43.74
13.417 29.25 2481 | 21.80 | 18.71 | 17.335 | 17.34 | 1872 | 2182 | 24.84 | 29.30
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Table 3. Energy Consumption for Classic Luminaires

Equipment Power per piece, W Used pieces Annual energy consumption, KW-h
Halogen Lamp 60 64 6912
Halogen Projector 50 48 8352
Halogen Projector 100 51 17244
TOTAL 32508

Table 4. Energy Consumption for LED Luminaires

Equipment Power per piece, W Used pieces (IS enerkg\;x/f:r? nsumption,
LED lamp 64 725.76
LED wall-washer 48 1503.36
LED wall-washer 18 51 3103.92
Total 5333.04

Table 5. Lighting Equipment Costs

Equipment Power, W Cost, TL/piece Used pieces il cg:l'j;;r_?{oposed
Halogen lamp 60 9 64 576
Halogen projector 50 25 48 1200
Halogen projector 100 40 51 2040
LED lamp 9 10 64 640
LED wall-washer 9 150 48 7200
LED wall-washer 18 250 51 12750

Table 6. Cost Comparison

Light source in P
Number of Annual energy Annual energy | Initial investment
03 used elements | consumption, KW-h cost, TL cost, TL ozl g ik
Halogen 163 32508 27228.7 3816 31044.7
LED 163 5333.04 4466.95 20590 25056.95
Saving 27174.96 5987.75

according to illuminator location as indoor and out-
door. Annual energy consumption of classical and
LED illumination system components was calculat-
ed by using equation (1) and summarized in Table 3
and Table 4 respectively. In addition, equipment
costs are given in Table 5.

According to the Electricity Market Regulatory
Authority of Turkey data, as of 01.01.2020 per unit
price of electricity was determined to be 0.8376
TL/KW-h and 27174.96 kW-h to be calculated for
energy savings. So, annual energy saving is pro-
vided to be equal to 27174. 96 kWxhx(0.8376 =
22761.7 TL. Difference with LED system will ap-
proximately be amortized total cost in about 9
months. It should be noted that lamp lifetimes
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are not taken into account. It is clear that pay-
back period will further be reduced when consid-
ering lifetimes of both lamps. Annual cost com-
parison by adding initial investment costs is given
in Table 6.

5. CONCLUSION

This study proposes the illumination of a histor-
ical building. An ancient mosque built in the ear-
ly 16th century selected as a case study. The study
includes the physical installation of lighting sys-
tems. Within the scope of the study, the installation
of LED lighting systems was carried out while pre-
serving the original state of the building.
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In this study, the most important situation is the
examination in terms of energy efficiency and sav-
ing. Cost calculations have been made for the cases
where the lighting is done with classical and LED
systems. As a result of the calculations, it has been
observed that a great amount of energy can be saved
when lighting installations with LED systems are
using.

During the day lighting in area-6 with 32 lamps
is needed. For the lighting in area-6 with 32 lamps
during the day, 60W halogen lamp lighting applica-
tion and 9W LED illuminated simulation were com-
pared in terms of energy consumption. The instan-
taneous total energy consumed by halogen bulbs
is 1920W and the instantaneous total energy con-
sumed by 32 LED lamps is 288W. Accordingly, it is
understandable that when an LED lighting that pro-
vides 100 Ix and above are using ambient illumina-
tion, recommended by CIE Standard, is achieved
with efficiency equal to 85 %. The average illumi-
nance level for LED illumination in the simulation
environment is equal to 118.29 Ix.
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ABSTRACT

The article covers the study of the effect of a
dimmer on operation of a light source and elec-
tromagnetic compatibility of a controllable light-
ing system. It is found that with reduction of ac-
tive power P of a light source its luminous flux and
bulb heating temperature decrease, the power factor
of the lighting system decreases too with increas-
ing of the total harmonic distortion current factor
of the lighting system. The changes are non-linear.
Mathematical expressions related to changes of lu-
minous flux, heating temperature, power factor and
total harmonic distortion caused by change of active
power of a light source are obtained. A conclusion is
made that together with an opportunity to save ener-
gy and to increase the operating life of the control-
lable lighting system application of a dimmer leads
to reduction of electric power quality and electro-
magnetic compatibility of this system. The study
also demonstrated that changes in supply voltage
also affect operation of the controllable lighting
system. Reduced supply voltage causes the high-
est effect on characteristics of the lighting system.
Change in the supply voltage strongly affects the lu-
minous flux and the heating temperature of the light
source and the power factor of the lighting system
in operating modes at 0.25 of P,,,,, and 0.5 of P,,,,,
and the total harmonic distortion in operating modes
at0.75of P,,,,, and P, -

Keywords: TRIAC dimmer, LED light source,
controllable driver
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1. INTRODUCTION

In Russia, 10 % of all annual electric power
generation is used for lighting purposes [1]. The
electricity tariffs growth makes the issue of energy
saving and transfer to more energy-efficient tech-
nologies in lighting system still relevant. Nowadays
light sources based on light emitting diodes (LED)
are being introduced in different industries more
actively. One of the advantages of LEDs is capabili-
ty to control them. The control is based on such pa-
rameters as operating time and illuminance level.
The operating time is controlled by means of a tim-
ing relay and the illuminance level is controlled by
a dimmer. Analysis of works on controllable light-
ing systems [2—7] has shown that they aim at devel-
opment of configurations or particular elements of
such systems as well as their cost-efficiency. There
are virtually no studies of the influence of dimmers
on operation of light sources and electromagnet-
ic compatibility (EMC) of a controllable lighting
system. EMC of a technical device is its capabil-
ity to function with a set quality level in the set
electromagnetic environment and not to generate
unacceptable electromagnetic interference (EMI)
into operation of other technical means [8]. Level
of electromagnetic compatibility of a power sup-
ply system: standardised level of conductive EMI
used as reference for coordination between the ac-
ceptable level of interference caused by technical
means of electric power network users and the lev-
el of interference received by technical means con-
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Table 1. The Results of Studying the Characteristics in Absolute Values
P,W Km, Per unit THDi, % E, Ix Kn,% T, °C
Supply voltage 220V
0.84 92.7 50.2 25.6 41.9
0.94 91.3 65.4 26.7 47.1
0.99 82.3 171.3 28.8 70
12 1 34.8 266 21.4 81.9
Supply voltage 198V
0.66 91.9 20.9 22 40.2
0.88 90.9 47.9 25.2 46.2
0.99 78.3 150.7 275 69.3
12 1 29.2 266 20.9 81.9
Supply voltage 242V
0.9 93 63.5 26.7 43.6
0.97 92.1 80 27.2 48.1
9 0.99 86.7 187 29.7 70.7
12 0.9 40 266 21.1 82

nected to an electric power network without pre-
vention of their normal functioning. Conductive
EMI is electromagnetic interference propagating
via electric power network conductors [9]. Conduc-
tive EMI may reduce quality of functioning of de-
vices, electric installations or systems, or damage
them [10, 11]. That is why the problem of the de-
termination of dimmer effect on operation of light
sources and electromagnetic compatibility of a
controllable lighting system is relevant.

2. MATERIALS AND METHODS

The controllable lighting system consisting of
a LED light source and a dimmer was studied in

Fig. 1. The electric system for studying the controllable
lighting system consisting of a LED light source and a
dimmer

the Lighting Engineering laboratory of the Nizhny
Novgorod State Agricultural Academy. The study
was conducted with the electric system (Fig. 1) con-
sisting of: RNO-250-2-M regulating linear auto-
transformer -1, Circutor AR-6 electric power qual-
ity analyser — 2, IEK BCP-10-1-0 dimmer — 3,
voltmeter — 4, TKA-PKM 08 flicker and illumi-
nance meter, JazzWay PLED-DIM A60 LED light
source with dimming functionality. Dimmer pow-
er regulation is up to 400 W. Dimming range of
the LED light source is (25-100)%. The regulation
of the active power was four-step: 0.25 P,,,,,; 0.5
P.om: 0.75P,,,. and P,,,.. Each step was measured
3 times.

3. RESULTS AND DISCUSSION

The studied characteristics of the controllable
lighting system included luminous flux of the light
source, heating temperature of the light source,
power factor and total harmonic distortion. The re-
sults of studying these characteristics at nominal
points are shown in Table 1 in absolute values.

The results of the study of the light source lumi-
nous flux @, dependence on active power consump-
tion P are shown in Fig. 2.

It is found that luminous flux of the light source
decreases with decrease in active power. With de-
crease in active power of 25 %, luminous flux de-
creases by 36 %. With decrease in active power of
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Fig. 2. The luminous flux dependence on active power
consumption change

50 %, luminous flux decreases by 75 %. With de-
crease in active power of 75 %, luminous flux de-
creases by 81 %. The dependence of change of lumi-
nous flux and change of active power is non-linear
and may be described by means of a mathematical
expression derived using MS Excel:

D

¢U = vnom ‘(a‘expﬁKp) 1

1
where @, = is the nominal luminous flux, Im; a, £
are constant factors depending on the manufacturer
of a given light source (for the studies light source,

il is the change of the

a=0.095; =2.3689); K | =
nom

level of active power of the light source, per unit;

P, is the actual active power consumption, W; B,

is the nominal active power consumption, W.

Power factor K,,, per unit

04 0.6 08
Power consumption P, per unit

-
L

0,

Fig. 4. Dependence of power factor change on active
power consumption change
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Fig. 3. Heating temperature dependence on active power
consumption change

The results of studying the dependence of the
light source heating temperature T change and ac-
tive power consumption P change are shown in
Fig. 3.

It is found that heating temperature of the light
source decreases with decrease in active power.
With decrease in active power of 25 %, heating tem-
perature decreases by 15 %. With decrease in ac-
tive power of 50 %, heating temperature decreas-
es by 42 %. With decrease in active power of 75 %,
heating temperature decreases by 49 %. The depen-
dence of heating temperature change and change of
active power is non-linear and may be described by
means of a mathematical expression derived using
MS Excel:

T=1

nom

(a-K,”+b-K, +¢), 2)

where T, is the heating temperature at nominal

power consumption, °C; a, b, ¢ are the constant

0,50

Total harmonic distortion THDi, per unit

0,00 f
0.8

0.6

0.2 04

i

Power consumption P, per unit

Fig. 5. Dependence of total harmonic distortion change on
active power consumption change
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Fig. 6. The current’s
waveforms of the
lighting system at:

a) I:)nom: b) 0.75 I:)nom:
¢) 0.5 Ppom, d) 0.25

Pnom

factors depending on the manufacturer of a given
light source (for the studied LED light source, a =
0.3272; b = 0.2889; ¢ = 0.4014).

The results of studying the dependence of power
factor K, change and active power consumption P
change are shown in Fig. 4.

It is found that power factor of the light source
decreases with decrease in active power. With de-
crease in active power of 25 %, power factor de-
creases by 1 %. With decrease in active power of
50 %, power factor decreases by 6 %. With decrease
in active power of 75 %, power factor decreases by
16 %. The dependence of power factor change and
change of active power is non-linear and may be de-
scribed by means of a mathematical expression de-
rived using MS Excel:

K,=K

nom

-(@-In(K,) +b), 3

where K, . is the nominal power factor, per unit;
a, b are the constant factors depending on the manu-
facturer of a given light source (for the studied LED
light source, a=0.1201; b = 1.0135).

The results of studying the dependence of total
harmonic distortion THDi change and active power
consumption P change are shown in Fig. 5.

It is found that total harmonic distortion increas-
es with active power decrease. With decrease in
active power of 25 %, total harmonic distortion
increases by 2.36 times. With decrease in active
power of 50 %, total harmonic distortion increas-
es by 2.62 times. With decrease in active power of
75 %, total harmonic distortion increases by 2.66
times. The effect of total harmonic distortion change
on active power is non-linear and may be described
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by means of a mathematical expression derived us-
ing MS Excel:

THDi =THDi

nom

((a-K.2+b-K,+c), (4)

where THDi,,, is the nominal total harmonic dis-
tortion, per unit; a, b, ¢ are the constant factors de-
pending on the manufacturer of a given light source
(for the studied LED light source, a = -5.2989;
b =4.5236; c = 1.8197).

Increase in total harmonic distortion negatively
affects electric power quality. The oscillograph re-
cords (waveforms) of the current (Fig. 6) confirm it.

The results of studying the dependence of flicker
index K, change and active power consumption P
change are shown in Fig. 7.

It is found that, generally, with decrease in ac-
tive power, flicker index of luminous flux increas-
es as compared to the nominal mode. With active
power decrease by 25 %, flicker index of luminous

1,60

Flicker index K, per unit

04 0,6 0.8
Power consumption P, per unit

02 1

Fig. 7. Dependence of luminous flux flicker index change
on active power consumption change
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Fig. 8. The effect of supply voltage change on luminous
flux of the light source with change of active power
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Fig. 10. The effect of supply voltage change on power fac-
tor of the light source with change of active power

flux increases by 35 %. With active power decrease
by 50 %, flicker index of luminous flux increases by
25 %. With decrease in active power of 75 %, flick-
er index of luminous flux increases by 20 %. The
dependence of luminous flux flicker index change
and change of active power is non-linear and may
be described by means of a mathematical expres-
sion derived using MS Excel:

K

K

p — "“Pnom

(a-K,?+b-K_ +c), (5)
where K. is the nominal luminous flux flicker
index,%; a, b, c are the constant factors depending
on the manufacturer of a given light source (for the
studied LED light source, a = -1.5888; b = 1.7897;
c = 0.8236).

Slow change of supply voltage is one of the main
characteristics of electric power quality character-
ising EMI. According to [9], voltage fluctuations
at balance sheet attribution border of +U,,, are
acceptable.

The study of the effects of supply voltage chang-
es on a light source without a dimmer has shown
that, irrespective of voltage level, luminous flux,
heating temperature, and power factor remain
constant.

The effect of supply voltage change on opera-
tion of a controllable lighting system (with a dim-
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Fig. 9. The effect of supply voltage change on heating tem-
perature of the light source with change of active power
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Fig. 11 The effect of supply voltage change on total har-
monic distortion of the light source with change of active
power

mer) is studied. The results of the study are present-
ed below.

Fig. 8 shows the effect of supply voltage change
on luminous flux of the light source with change of
active power.

It is found that change of supply voltage affects
luminous flux of the light source with change of ac-
tive power. The most significant effect is caused by
reduction of supply voltage. At 0.9 U,,,, and with
decrease in active power of 25 %, luminous flux de-
creases by 11 %, with decrease in active power of
50 %, luminous flux decreases by 28 %, with de-
crease in active power of 75 %, luminous flux de-
creases by 58 % as compared to the nominal mode.
Increase in supply voltage causes less effect. At 1.1
U,om and with decrease in active power of 25 %,
luminous flux increases by 9 %, with decrease in
active power of 50 %, luminous flux increases by
20 %, with decrease in active power of 75 %, lu-
minous flux increases by 26 % as compared to the
nominal mode.

Fig. 9 shows the effect of supply voltage change
on heating temperature of the light source with
change of active power.

It is found that change of supply voltage does not
affect heating temperature of the light source with
change of active power from P,,,, down to 0.75P o,
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Fig. 12 The effect of supply voltage change on luminous
flux flicker index of the light source with change of active
power

and insignificantly affects heating temperature of
the light source with change of active power from
0.5P,,om down to 0.25P o, At 0.9U o, and with de-
crease in active power of 50 %, heating tempera-
ture decreases by 3 %, with decrease in active pow-
er of 75 %, heating temperature decreases by 4 %
as compared to the nominal mode. At 1.1U,,,, and
with decrease in active power of 50 %, heating tem-
perature increases by 2 %, with decrease in active
power of 75 %, heating temperature increases by
4 % as compared to the nominal mode.

Fig. 10 shows the effect of supply voltage change
on power factor of the light source with change of
active power.

It is found that change of supply voltage does
not affect power factor of the lighting system with
change of active power from P, down to 0.75P,,,,
and affects power factor of the lighting system
with change of active power from 0.5P,,,, down
to 0.25Pom. At 0.9U,,,, and with decrease in active
power of 50 %, power factor decreases by 6 %, with
decrease in active power of 75 %, power factor de-
creases by 21 % as compared to the nominal mode.
At 1.1U,,, and with decrease in active power of
50 %, power factor increases by 3 %, with decrease
in active power of 75 %, power factor increases by
7 % as compared to the nominal mode.

Fig. 11 shows the effect of supply voltage change
on total harmonic distortion of the light source with
change of active power.

It is found that changing supply voltage does not
affect total harmonic distortion of the lighting sys-
tem at active power of 0.25P,,, and 0.5P ., and af-
fects total harmonic distortion of the lighting system
at active power of Py, and 0.75Pon,. At 0.9Uom
and with decrease in active power of 25 %, total
harmonic distortion decreases by 5 %, at 100 % of
active power, total harmonic distortion decreases by
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16 % as compared to the nominal mode. At 1.1U o,
and with decrease in active power of 25 %, total
harmonic distortion increases by 6 %, at 100 % of
active power, total harmonic distortion decreases by
16 % as compared to the nominal mode.

Fig. 12 shows the effect of supply voltage change
on luminous flux flicker index of the light source
with change of active power.

It is found that changing supply voltage affects
luminous flux flicker index of the light source with
change of active power. The most significant ef-
fect is caused by reduction of supply voltage. At
0.9U,,,,, and with decrease in active power of 25 %,
luminous flux flicker index decreases by 2 %, with
decrease in active power of 50 %, luminous flux
flicker index decreases by 3 %, with decrease in ac-
tive power of 75 %, luminous flux flicker index de-
creases by 12 % as compared to the nominal mode.
Increase in supply voltage causes less effect. At
1.1U,om and with decrease in active power of 25 %,
luminous flux flicker index increases by 4 %, with
decrease in active power of 50 %, luminous flux
flicker index increases by 3 %, with decrease in ac-
tive power of 75 %, luminous flux flicker index in-
creases by 6 % as compared to the nominal mode.

4. CONCLUSION

The conducted study has shown that TRIAC af-
fects operation of light sources and the power sup-
ply system.

It is found that, with reduction of active pow-
er of a light source, its luminous flux decreases, its
heating temperature decreases, power factor of the
lighting system decreases and total harmonic distor-
tion of the lighting system and luminous flux flick-
er index of the light source increase. The chang-
es are non-linear. Mathematical expressions related
to changes of luminous flux, heating temperature,
power factor, total harmonic distortion and flicker
index caused by change of active power of a light
source are obtained. It is possible to make a conclu-
sion that together with an opportunity to save ener-
gy and to increase the operating life of a controlla-
ble lighting system application of a dimmer leads
to reduction of electric power quality and luminous
flux flicker index.

The study also demonstrated that changes in sup-
ply voltage also affect operation of the controllable
lighting system. Reduced supply voltage causes the
highest effect on characteristics of the lighting sys-
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tem. Changing supply voltage strongly affects lu-
minous flux and heating temperature of the light
source, power factor of the lighting system and lu-
minous flux flicker index in operating modes at
0.25P,,,;y and 0.5P,,, and total harmonic distortion
in operating modes at 0.75P o, and Ppom.
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ABSTRACT

This study aims to make the wireless sensor
network based on a linear topology required in
road lighting energy-efficient using the proposed
new methods. Because the physical installation of
road lighting systems will result in costliness and
time-labour loss, the mentioned scenarios were cre-
ated and analysed in a simulation design. Two new
methods were proposed to organize the lighting sys-
tem more quickly and to increase the speed perfor-
mance of sensors that join the network and carrying
the luminaire data. This is the proxy-based network
connection method and a new time-division meth-
od for the nodes’ common channel access. Energy
consumption scenarios for lighting systems with 50,
100, 150, and 200 luminaires were analysed com-
paratively during data exchange using wireless sen-
sor networks. Accordingly, the classical method and
the proposed novel method were evaluated for the
single- and multi-hop scenarios. In the communica-
tion between luminaires, the proposed new method
for a single-hop scenario was at least 80 % more ef-
ficient than the classical method in terms of total en-
ergy consumption. In linear topology lighting sys-
tems for the same scenario, if the classical method is
compared with the proposed new method for 3-hop
structures, 58 % efficiency of total energy consump-
tion is achieved.

Keywords: intelligent lighting, wireless sensor
network, energy efficiency, linear lighting
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1. INTRODUCTION

In the linear wireless sensor network (WSN),
nodes are ordered one after the other. The data is
transmitted from the source node to the coordinator
via other nodes. As the number of nodes increases,
the end-to-end delay of packets and the data traffic
of nodes near the coordinator increases. In addition,
if the number of nodes in linear topology increases,
the probability of collision and jamming increases.
Protocols developed for ideal linear topologies need
characteristics such as being delay-sensitive, having
no connection problems, and error-free transmission
of data to the centre.

With energy consumption, the rate of lighting in
total energy consumption increases day by day. In-
telligent lighting systems are needed to provide a
sustainable and uninterrupted lighting service [1-
5]. Wireless networks are frequently used for intel-
ligent lighting in automation of remote monitoring
and remote control systems [6-9].

Nodes are heavily used in many WSN applica-
tions. The increasing number of nodes is preventing
WSN from organizing quickly. Connection patterns
and sequences of nodes (topology) have a direct ef-
fect on the performance and life span of the network
[10, 11]. Topology selection is important for self-or-
ganization of the network, reducing collisions on
communication lines, reducing jams and interfer-
ences, saving energy and extending network life-
time [12, 13]. However, there is no choice of topol-
ogy in linear road lighting. For linear road lighting,
it is mandatory to use WSNs with linear topology
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[14-16]. Therefore, in road lighting with linear to-
pology, we need to prevent data conflicts and jams
of WSN during communication and reduce interfer-
ence. We should be especially careful to use energy
savings when performing these operations [8, 17].

In this study, an efficient novel method was pro-
posed to minimize the energy expended by linear
topology based WSN in road lighting. Each lighting
node (LN) in this work represents a luminaire. The
transformer pole is also called the coordinator light-
ing node (CLN).

The remote monitoring and control system that
is subject of this study records various parameters.
They are the luminance level of the LNs belong-
ing to the luminaire, the decrease in luminous flux
compared to the first day’s luminance level, fog in
the air, humidity, air temperature regardless the lu-
minaire is turned on or not, and the angular posi-
tion of the luminaire compared to the location, etc.
In this way, the information coming from the lumi-
naires will be collected and the information about
the maintenance factor of the road lighting system
will be reached by automation [8, 16, 18-20].

2. APPLYING WIRELESS SENSOR
NETWORKS TO LIGHTING

The two basic elements that constitute the net-
work in linear WSNs for illumination purposes are
CLN and LN. CLN organizes the network and man-
ages the LNs, enabling data communication. If the
number of luminaires is small and there is no linear
topology, then the communication of LNs is usually
achieved by single-hop communication. If the lumi-

LN2
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Fig. 1. Linear wireless

LN sensor networks

(O Lighting Node (LN)

naire topology is linear, then multi-hop communica-
tion is required. LNs that do not have direct access
to CLN reach it using other LNs due to the long-dis-
tance [8, 16, 18-20]. Fig. 1 shows an example of a
linear WSN.

Lighting with a linear topology is performed
along the line of the road, as shown in Fig. 1. This
sequence is the most widely used topology in road
and tunnel lighting. [4, 6, 21, 22].

In linear topology, the LNs transmit the infor-
mation of the previous LN to the CLN. LNs can be
transferred with single or multi hops. As the dis-
tance between the luminaires increases, the amount
of energy consumed by the nodes per packet in-
creases. In addition, the number of hops directly af-
fects the end-to-end delay of packets. As the num-
ber of luminaires increases, the end-to-end delay of
information packets increases. Data exchange traffic
on LNs close to the CLN increases in direct propor-
tion to the size of the network. As in this study, the
collision and the jam is increased with increasing
number of luminaires in lighting systems with linear
topology. Therefore, since the road lighting created
for the lighting system must have a linear topology,
the developed protocols must be delay-sensitive,
have no connection problems, and have characteris-
tics such as transmitting the data to the centre with-
out errors [8, 23-25]. In WSNSs based on linear to-
pology, the delivery of information packets between
the luminaires themselves (LN) and to the CLN is
represented in Fig. 2 as 1-hop, 2-hop, and 3-hop.

When choosing the optimum conditions targeted
during data exchange in WSNs, you can rely on the
following parameters:

Fig. 2. 1-hop, 2-hop,
and 3-hop linear WSN
structure
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Fig. 3. The classic approach to the network joining in WSN

low energy consumption;

non-conflicting information packets;

joining all nodes to the network;

not being late in joining the network;

not breaking out, and if the whole system is
disabled for any reason;

— data exchange must be provided in a short
time when the system is restarted [8, 25, 26].

In a single-hop connection model, lighting nodes
(LN) communicate directly with the CLN. In the
multi-hop connection model, CLN communicates
with LNs that are out of coverage zone through LNs
that are in the coverage zone. Therefore, in multi-
hop WSNs, LNs have different energy consumption.
That is why the amount of data exchange is differ-
ent for each LN. Since LNs close to CLN serve as
routers for more remote LNs, the amount of data
exchange is significantly higher than the rest. This
causes LNs close to CLN to consume more energy.
Therefore, when the energy of LNs close to CLN
is rapidly depleted, the communication with WSN
is interrupted. In remote LNs connected to this LN,
even if their energy is not exhausted, they are dis-
connected from the network. Therefore, the data
exchange is interrupted. In such cases, the topolo-
gies using the energy efficiently should be preferred
to make WSN implementation optimal. Howev-
er, the use of linear topology is mandatory in road
lighting. Therefore, it is necessary to develop solu-
tions to the problems of WSN in linear road light-
ing systems [8].
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Fig. 4. Proxy-based network joining method

2.1. Proxy-Based Network Joining

In multi-hop WSNSs, packets of the sensor nodes
are transmitted over other nodes and delivered to the
coordinator node. Nodes between the target and the
source perform their sensing tasks and forward data
from other nodes to the next node. Fig. 3 shows the
classic approach to network joining.

WSNs adopt a central approach to channel and
time slot allocation in classic network scenarios. As
shown in Fig. 3, it gets dark in the evening, thus the
luminaire sends a request to join the network (Pc)
when the power is turned on for the first time. The
neighbouring luminaire that receives this request
transmits the incoming demand to the next lumi-
naire within its own time slot. The network connec-
tion request is then transferred until it reaches the
coordinating node (CLN). The coordinator receiv-
ing the connection request allocates channels and
a time slot for the request. Then it creates a global
schedule packet and forwards it along the road that
the request came from. The schedule package cre-
ated by the coordinator is delivered to the end lu-
minaire that makes the request through the lumi-
naires. If the end luminaire finds its own data in the
schedule packet, it joins the network by setting its
own channel and time slot. After this, the network
joining phase is complete. The corresponding lu-
minaire begins transmitting data. With such clas-
sic approaches, both time and energy consumption
is high. For this reason, organizing the network and
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Table 1. Energy Consumption Values
of the Nordic Platform

. Power
BaFPSm():ith Da(l:?p:?te consumption | Power (W)
type
P 0.0330
100 5.95E+05 L
Pey 0.0366
P 0.0900
200 1.19E+06 L
Pey 0.0384
No signa Psy 0.0003
PLpL 3,75E-05

reconnecting nodes that are disconnected from the
network are costly and slow in terms of energy con-
sumption [8, 27].

This study adopted a proxy-based network join-
ing approach in order to improve the energy con-
sumption and performance of the classic approach.
Fig. 4 displays a proxy-based approach to connect-
ing to the network.

In the proposed proxy-based network joining
method, a local approach is adopted instead of a
central system for the channel and time slot assign-
ing. In linear topology, nodes use a common com-
munication channel in a sequence [28]. Nodes in the
network use this channel as a time-shared system.
When the node attempts to join the network, it sends
a request to join the network (P to the neighbour
node, as shown in Fig. 4. When the neighbour node
connected to the network receives a request to join
the network, it shares own channel and time slot in-
formation with that node, allowing it to join the net-
work if appropriate. Only the information of the
node that attempts to join the network is sent to the
CLN. Thus, the node that attempts to join the net-
work can do it without having to receive a sched-
uled packet (Py,). With this method, the time to join
the node to the network becomes much shorter. This
ensures that the delay in joining the network, which
is sourced from end-to-end packet transmission, is
reduced. In addition, the request packet (Py) is not
repeated over other nodes, resulting in a great ener-
gy savings.

In this study, the total energy consumptions of
n pcs of LN and one CLN during sleep mode, LPL
(low power listening mode) and package exchange
were calculated as follows [8]. The power consump-
tion of other parameters that may cause to power
consumption was ignored. The amount of energy
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required for a node to receive a packet is calculated
according to Eq. 1:

kat
Rch

where Pg is the power consumed for each packet
reception, Pg, is the power consumed by the receiv-
er, Ly is the bit length of the packet, and R, is the
data transmission capacity (bps) value of the trans-
mission channel.

The energy calculation that any LN attempting
to send data uses in radio transmission to transmit a
packet is shown in Eq. 2:

_ Lo

P

Rx 1

P = (1)

Rch PTX,
where Pt is the power spent to send each pack-
age, Py is the power of the transmitter circuit pow-
er, Ly is the bit length of the packet, and R, is the
data transmission capacity (bps) of the transmission
channel.

The total amount of energy E; expended by a
network with (N¢ = n + 1) nodes consisting of n pcs
of LN nodes (n > 2) and at least one CLN is calcu-
lated as shown in Eq. 3:

P @

N¢
= 22{(PR ) NRpkt)+(PT ) NTpkt)+ P + PLPL}' 3)
n=1

where Ngpy is the number of packets received by the
nodes, Ny is the number of packets transmitted by
the node, Pgy, is the energy the node spends in sleep
mode, and P, p, is the amount of energy the node
spends in LPL mode.

As can be seen in Fig. 3, the process of joining
a node to the network in the classic approach does
not end until the timing packet (Pg,) sent by CLN
reaches the node requesting to join the network. If
there are at least 2 or more LNs on the network,
then the other nodes between the requesting LN and
the CLN perform the transfer task. LNs in transmit-
ting state, they expend the same amount of energy
as (Pg + Py) to receive the packet and then trans-
fer it to the next node. Therefore, in the classic ap-
proach, the total amount of energy expended for a
node to join the network is as in Eq. 4:

P

classic:NC'(PR+PT) (n+1)'(PR+PT)' (4)

where P .ic represents the total energy spent by
a node to join in the network based on the classic
approach.
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method

Similarly, in the proposed proxy-based network
joining approach, as can be seen in Fig. 4, the pro-
cess of joining a node to the network occurs only
by exchanging a packet between the neighbouring
node that has joined the network before. At the first
moment, there is no need to wait for the schedule
packet (Pgp,) sent by CLN. Except of the neighbour
LN, other LNs on the network and the CLN do not
spend any energy for this process. Therefore, in the
proposed proxy-based network joining approach,
the total energy spent by a node to join the network
is the same as in Eq. 5:

P

proposed

=3 (R + ). ©)

In case the control (P) and transfer (P,,) pack-
et sizes are constant (see Table 2), it is clear that
the amount of energy spent by a node to join the
network is independent of Nc and is constant in
the proxy-based network participation approach in
Eq. 5. Therefore, the amount of energy (P;) spent
for joining the network by all nodes in a structure
with n node is P, = n-(n+1)-(P, +P;) in the
classic approach, while P, .. = 3-n-(P +P)
in the recommended proxy-based network joining

approach.

Table 2. Types and Sizes of Packaging

Packet type Length (byte)
Scheduled Packet (Psch) Variable
Control Packet (Pctrl) 32
Relay Packet (Prly) 52

As a result, as the number of nodes on the net-
work increases, the power spent in the classic ap-
proach increases exponentially depending on the
number of nodes spent, while the recommended
approach will increase linearly. Depending on the
fact that the network should have at least two LNs
and one CLN, it will always be Pjpoposed < Piclassic

{n>2}.
2.2. A New Time Division Method

In classic approaches, collision-based data losses
occur because LNs use common channels simulta-
neously. Therefore, a new time-division method has
been proposed to prevent channel access simultane-
ously with other LNs in the coverage of LNs in lin-
ear topology [29].

The proposed time-division method is also im-
plemented in the communication channel that nodes
use to transmit data to the CLN. In this method, a
node at the nt level transmits data belonging to it-
self and its neighbours. If the transmission direction
is towards the CLN, it transmits to the node (n - 1),
and if the transmission direction is downwards from
the CLN, it transmits to the node (n + 1). In the cov-
erage area of each luminaire, there are two lumi-
naires, the previous one and the next one. A sche-
matic representation of the proposed time-division
method is given in Fig. 5.

As shown in Fig. 5, the time-division method
is based on how the sensor node uses the channel
in a specific sequence order that repeats itself with
its neighbour nodes. In this approach, there are two

N L L - T o Te ~

:. e L‘_____}__IP___:_____»:_ _____ :_ o _:

| | | | | | |

CTe3 D T3 Te3 ! Te3 | Te3 | Te3 | <(<'r))>
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Table 3. Simulation Parameters for Scenarios Created for Simulation

Scenario/ Signal coverage of nodes (m) Distance between Number of Total distance of
Node count nodes (m) coordinator nodes | network (km)
S50/50 120 25 1 1.25
S100/100 120 25 1 2.5
S150/150 120 25 1 3.75
S200/200 120 25 1 5

LNz IN5  LM7  LNS LN 11 LN13 LN15 LN A7 LN 19 LW 21

LN 23 LW 25 LN 27 LN.2S LN 31 LN33 LN/ 35 LN37 LN 33 LN 41 LN 43 LN45

[ O 000000000000 0000000000000000000000000000000000000

2 ln2 N4 Lne N8 IN10 LN_12 LN14 LN 16 LN 18 LN.20 LNL23 UNI24 LH.26 LN.28/ LN.30| LN.32 LN.34 LN.36 LN.38 LN.40| LN 42 LNL44 LN.46 UN.48 LN.5D.

CLh_1

Fig. 7. Linear lighting topology in simulation environment

channels: control channel and data channel. The
control channel is used by the luminaire to send the
corresponding packets (ctrl, sch, relay) to join the
network. In this channel, as the CLN is approached,
the data exchange increases due to the property of
the linear topology. In the data channel, the LNs
transmit data packets to the CLN. Each node trans-
fers both its own data and the data of the lower-lev-
el nodes. This channel uses the proposed time di-
vision-method. Collision and jam are prevented by
using a multi-channel structure in this way. Fig. 6
shows time zones for nodes.

Each node uses the common channel with neigh-
bour nodes in sequence, as shown in Fig. 6. Eq. 7 is
used to time division [29]:

T
S, =| =
=t

where T, is the packet transmission period, Sy is the
node time zone, and O is the channel allocation or-
der (0, 1, 2,..., n).

As the LNs join the network, channel usage se-
quences are determined. The first user is assigned
“0”.Then 1, 2, 3, ... n sequences are assigned to the
luminaires in order. LNs learn channel usage se-
quences with timing packets when they first join
the network. When calculating time slots, as seen
in Eq. 7, to give nodes an equal time slot, the fixed
packet transmission period is division by 3, and the
channel usage order is multiplied by mode (3). As
the number of luminaires increases according to the
mode of use of the channel (3), it periodically pro-
duces results 0, 1 and 2. In this way, each luminaire
(LN) on WSN does not use the existing channel si-
multaneously with the adjacent luminaire through

)mod (G,,3), (7N

all the way. This prevents collisions and jams. Data
is not lost.

3. SIMULATION AND PERFORMANCE
ANALYSIS

There is no need to pre-determine the locations
of the sensor nodes when creating the WSN. In
lighting systems, however, the positions of the lumi-
naires are precise and clear. Various WSN protocols
have been used in applications for lighting purposes
to create a remotely controlled intelligent system [6,
21, 22, 30-33]. The most preferred network systems
in these studies are Zigbee and GPRS.

Although using the Zigbee protocol increases
energy efficiency, Zigbee has a low data transmis-
sion capacity, so it is insufficient when high data
transmission is needed. The most commonly used
method after Zigbee in remote control applications
of lighting is GSM-based GPRS. In many studies
in the literature, remote control operation in intel-
ligent lighting systems has been done with GPRS-
GSM [34-36].

Due to Zigbee’s inadequate bandwidth, as well
as the high energy consumption of its GPRS-GSM-
based WSN protocols, this study preferred nRF905
[37] single chip 433 MHz / 868 MHz / 915 MHz
transceiver, which is more up-to-date new technolo-
gies, easy to use, and has very low energy consump-
tion during data exchange. Thus, nRF905 was used
for WSN data exchange in the lighting system.

This research was done for systems with 50, 100,
150, and 200 road lighting poles with linear topolo-
gy. A simulation design was preferred for the anal-
ysis of the modelling method. The physical imple-
mentation of a real application in WSNs results in
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loss of time, labour and cost. In this case, first, it is
necessary to conduct a simulation that produces re-
al-life results.

The developed WSN application was modelled
in the Riverbed Modeler simulation design. Riv-
erbed Modeler is a network simulation software
where simulation of all network projects can be
done [38]. It allows doing many things, such as
monitoring the behaviour of the network, perfor-
mance analysis, testing its superiority. When de-
signing model behaviour, it uses software-specific
ProtoC language based on C programming.

Riverbed Modeler enables discrete event-based
simulations to analyse the developed network mod-
el [10, 23, 38-40].

In this study, two types of nodes were designed
in the simulation platform. These nodes are CLN
for the central administrative point and LN for lumi-
naires. The topological distribution of the lighting
system is designed with linear topology represent-
ing road and tunnel lighting. Linear lighting topolo-
gy in simulation environment is presented in Fig. 7.

The energy consumption of Nordic radios used
in node models designed in the simulation environ-
ment is presented in Table 1 [8, 37].

One of the parameters that affect energy con-
sumption is the size of data exchange packages used
in WSNSs. Thus, the WSNSs developed as part of this
study use 3 different package types for network con-
nectivity and network continuity. Types and sizes of
packaging can be seen in Table 2. The sizes of data
packets vary depending on the data to be sent.

The scheduled packet was used by CLN to trans-
mit the channel information assigned to the LNSs.
Control packets are used by LNs to join directly
in the network and maintain continuity in the net-
work. LNs also use relay packets to join the network
through other nodes.

In this study, four different scenarios have been
developed, and the simulation parameters are shown
in Table 3.

The WSN node (LN) numbers are set to 50, 100,
150, and 200 luminaires, respectively, for simu-
lation scenarios. Thus, the effect of increasing the
number of nodes on linear topology is seen.

The coverage of the luminous sensors was set
to 120 m for the formation of a single-hop structure.
In this way, a luminaire in the linear network can
only communicate with two adjacent luminaires.
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4. RESULTS AND DISCUSSIONS

In all scenarios that were simulated in this study,
a single CLN was used. Because of simulations, the
energy consumption of LNs was examined for sin-
gle- and multi-hop scenarios. A comparison of net-
works created using classical approaches and the
proposed approaches in this study is made.

First, Fig. 8 shows comparison of the total ener-
gy consumption of classical (a) and proposed (b) for
single-hop approaches CLN-based.

As shown in Fig. 8, in the classical approach,
a sudden energy demand occurs at the moment of
joining the network. The energy consumed by the
CLN of the 200 luminaires system, which consumes
the most energy at the first moment, is 1.5 W when
all LNs join the network. In the proposed approach,
the energy consumption of CLN is 0.0116 W for the
same situation. The advantage of all LNs joining
the network is 99.23 %. This can be explained as
follows: in the classic approach, LNs create severe
packet traffic to join the network at the first mo-
ment. The CLN processes every connection request
that reaches it and responds back, thus expend-
ing a lot of energy. Since the proposed approach

time (sec)

b)

adopts a proxy-based network connection, the rel-
evant neighbour LN, not CLN, makes the network
connection process. This allows the CLN to be less
busy with fewer packets. This reduces the energy
expended by the CLN during the network connec-
tion phase. For other scenarios, this situation is the
same as can be seen in Fig. 8. With a similar ap-
proach, LN-based total energy consumption for sin-
gle-hop is shown in Fig. 9.

As shown in Fig. 9, LNs create heavy packet
traffic in the classic approach to join the network
at the first moment. In the experiment of 200 LNss,
which is the most difficult scenario, the energy con-
sumed by the nodes is 175 W, while the energy con-
sumption in the proposed approach is 0.235 W. The
advantage provided is 99.86 %.

Fig. 10 (a) shows the amount of energy spent
by the CLN in simulation scenarios with 50, 100,
150, and 200 lighting poles with 3 hops in the clas-
sical approach. In the scenario of 200 LN, which is
the most difficult scenario in the classical approach,
the process of connecting all the LNs to the net-
work takes 225 seconds. At this point, the CLN con-
sumed 0.552 W. In the proposed approach shown in
Fig. 10 (b), the power consumption of the CLN is
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Table 4. Total LNs Energy Consumption by Hop
Numbers for the Simulations of 200 LNs

1-hop 2-hop 3-hop

Classic (W) 205.92 89.71 91.81
Proposed (W) 41.63 37.59 38.57
Advantage (%) ~80 ~58 ~58

Table 5. Total CLN Energy Consumption Based on
Hop Numbers for Simulation of 200 LNs

1-hop 2-hop 3-hop

Classic (W) 1.63 1.08 1.20
Proposed (W) 0.211 0.200 0.205
Advantage (%) ~87 ~81 ~83

Table 6. Total (CLN + 200 LNs) Energy Consumption
of the System Based on Hop Numbers for Simulation

of 200 LNs
1-hop 2-hop 3-hop
Classic (W) 207.55 90.79 93.010
Proposed (W) 41.841 37.79 38.775
Advantage (%) ~80 ~58 ~58

only 0.0086 W in the most difficult scenario of 200
LNs, when all the LNSs join to the network. Accord-
ingly, the proposed approach provides an advantage
of 98.35 % in the network connection phase of LNs
compared to the classical approach.

Similarly, Fig. 11 shows comparison of the total
energy consumption of the classic (a) and proposed
(b) the LN-based approaches for 3-hop.

According to Fig. 11, in the analysis of 200
LN that is the most difficult scenario of the clas-
sic method with 3-hop, the energy consumption re-
quired for all LNs to join the network in full per-
formance is 39 W. In the proposed approach of this
study, the energy consumed is 0.387 W for the same
scenario. Here, the proposed approach provides a
99 % advantage.

According to the node numbers (LN) of the
network, the comparison of the total energy con-
sumption of LNs in the simulation scenarios 50,
100, 150, and 200 LNs for different hop numbers
of the classical and proposed approaches is shown
in Fig. 12.

In Fig. 12, the total amounts of energy expend-
ed by all LNs (except CLN) in connection between
LNs in 1-hop, 2-hop, and 3-hop scenarios were
compared in terms of the classical and proposed
method. In this study, it was observed that the clas-
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sic method consumes much more energy. Accord-
ingly, the total energy consumption and savings ob-
tained according to the hop numbers for the 200
LNs simulation that is the most difficult scenario are
seen in Table 4.

The comparison of CLN energy consumption in
50, 100, 150, and 200 LNs simulation scenarios for
different hop numbers of classic and recommended
approaches is shown in Fig. 13.

As shown in Fig. 13, the energy that CLN ex-
pends in the 1-hop, 2-hops and 3-hops is compared
in terms of the classical and proposed method. In all
scenarios of 50, 100, 150, and 200 LNs, it is seen
that the proposed method is much more efficient in
terms of total energy consumption. For example, in
a linear topology scenario with 200 poles, the com-
parison of energy consumption and the resulting
savings amounts are shown in Table 5.

Table 6 shows the total (CLN + 200 LNSs) energy
consumption of the system based on hop numbers
for simulation of 200 LNs.

Table 6 shows the total energy consumption of
the system with 200 luminaires, which is the most
difficult scenario. When comparing the classic and
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proposed approaches, you can see savings of ~80 %,
especially in a single hop situation.

5. CONCLUSION

In the classic approach, the energy consump-
tion during the first join of the LNs to the network is
higher, and this is due to the frequent use of sched-
ule, control and relay packets at the first time the
system is energized. In the proposed approach, the
proxy-based network joining method eliminates this
situation. The proposed approach gives an advan-
tage of 98.23 % in a single-hop structure. Thus, the
minimum energy consumption is achieved during
the connection phase to the network, where the en-
ergy is consumed the most.

The excess of total energy consumption is par-
ticularly prominent in linear scenarios. The main
reason for the increase in total energy consump-
tion is related to the increase in the number of lu-
minaires. As the number of LNs increases, the
maximum number of hops in the system will also
increase. Each hop means extra packet transfer
and repetition. This will result in more energy
consumption.

The approach to implementing WSN based on
linear topology proposed in this study works bet-
ter than the classic approach. As the number of LNs
increased, the packet traffic of the LNs close to the
CLN increased, but no collision was seen. End-to-
end delay, one of the most important performance
parameters in linear topologies, is acceptable, al-
though the number of LNs increases. All scenarios
in this study used a single CLN and were intended
to maximize WSN’s performance under these cir-
cumstances. On the other hand, as the number of
CLN increased, it was observed that LNs connect-
ed to the network faster and that the end-to-end de-
lay was much less. In this study, all LNs in WSN
used the recommended time-division method for
data transmission and control communication.

In simulations, it can be observed that as the
number of LNs increases in the classical approach,
the length of time that nodes will be involved in the
network increases. Also, in the same scenarios with
the numbers of nodes 50, 100, 150, and 200, the
time for joining nodes to the network increases par-
abolically (5 sec., 18 sec., 99 sec., 210 sec., respec-
tively). In WSN applications, where the number of
nodes is much bigger, these periods are much lon-
ger. However, due to the proxy-based network join-

ing method proposed in this study, it could be ob-
served that these times are very much decreased
to very low acceptable values (0.3 sec., 0.89 sec.,
1.53 sec., and 2.4 sec.). In addition, the proposed ap-
proaches enabled quicker organization of the net-
work. In case of a possible breakaway, the network
the network itself will quickly reorganize.

As a result, the development of energy- and
time-sensitive methods in linear WSN applications
used in lighting systems is imperative in terms of
network performance and efficiency of the applica-
tion. Thanks to the proposed solutions, energy con-
sumption was reduced by 80 % and 58 % depending
on different scenarios.
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ABSTRACT

A cost-effective two-wire industrial standard il-
luminance sensor (4—20) mA has been proposed. It
can be used for daylight harvesting control of in-
door illuminance and other applications. The ba-
sic sensor used is a cadmium sulphide (CdS) light
dependent resistor, whose relative spectral charac-
teristic almost corresponds to the human eye. The
method of sensor calibration has been presented
and static and dynamic performance characteristics
of the sensor have been experimentally determined.

Keywords: daylight-harvesting, relative spectral
response, light dependent resistor (LDR), silicon
PIN photodiode, current controlled current sink, in-
frared-cut filters, static performance, dynamic per-
formance, points-of-control

1. INTRODUCTION
1.1. General Background

Two-wire sensors have been very popular in
measurement of commonly encountered process
variables like temperature, pressure, traffic flow,
level of illuminance, etc. [1-4]. The most import-
ant reasons for their popularity are the absence of
any auxiliary power supply, low cost of wiring and
simplicity of installation. The necessity of using a
two-wire sensor for illuminance measurement was
felt during the development of a daylight-harvest-
ing lighting scheme, in which natural daylight sup-

plements artificial dimmable light emitting diode
(LED) luminaires to provide a highly energy-effi-
cient lighting system [5-9], [20-21]. As commer-
cially available sensors for the purpose were either
not easily available or were costly, it was necessary
to develop one with a high performance/cost ratio.
A large number of sensors (typically 1 to 4 per thou-
sand m?) may be required to maintain a uniformi-
ty of illuminance. This makes the cost of the sen-
sor and the wiring cost very important factors in the
design.

1.2. LDR as an Illuminance Sensor

Our initial attempt to develop a cost-effective in-
direct illuminance measurement system for daylight
harvesting applications was biased towards using a
silicon PIN photodiode (SIPD) as the basic sensing
element. The obvious fact of high linearity of the
short-circuit photocurrent as a function of the inci-
dent illuminance LED to this bias [13]. However,
several disadvantages of this sensor were apparent
during the development process. Firstly, the ampli-
fier needed to amplify the photocurrent to the level
of usable current or voltage required a bipolar pow-
er supply, which required two supply wires (apart
from the ground). Another approach was to use
an on-board positive-to-negative voltage convert-
er, causing increase of complexity, cost and supply
current requirements. A supply current more than
4 mA implied that an industry-standard 2-wire (4—
20) mA signal output could not be produced. This
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Fig. 1. Relative spectral response characteristics of a typi-
cal Si PIN BPW 34 photodiode, a LDR and standard human
eye

meant that one has to remain satisfied output of (0—
10) V or (0-5) V with all associated demerits of a
voltage-type sensor [3]. It would take four or at least
three wires to connect such a sensor to a remote in-
strument or controller.

The second factor, which made an SIPD not very
amenable to our application, was a great mismatch
between its spectral response and the response of
the human eye. The relative spectral response char-
acteristic of a typical SIPD is shown in Fig. 1. An
average human eye responds to wavelengths from
360 nm to 720 nm and has a peak of response of
about 555 nm. The 10 % of the peak response oc-
curs at about 425 nm and 675 nm. As shown in
Fig. 1, 10 % of the peak response of an SIPD ex-
tends wide into the infrared region, up to about 1080
nm, thereby making it quite sensitive for wave-
lengths above the visible spectrum. Unless it is used
along with a proper infrared-stop optical filter, an
SIPD produces a higher output for a source con-
taining infrared light (e.g. daylight or incandescent
source) than one, which does not contain it (e.g.
white LED or fluorescent lamp), while same pro-
duces the same illuminance in the visible range.
Since the required infrared-cut filters were expen-
sive and not very available, the research in this di-
rection was abandoned. A photodiode with an in-
tegral optical filter was announced, which has a
spectral response almost corresponding to the hu-
man eye, as TEMT6200FX01 [14]. Issues of avail-
ability and cost kept us from using it in this study.

The peak spectral response of human eye for
photopic vision occurs at 555 nm. The relative spec-
tral responses (RSR) of a CdS LDR and a Si PIN

photodiode are shown in Fig. 1. The RSR of com-
mon CdS LDRs [15-16] has a spectral peak at 525
nm. In addition, at 800 nm, which is above the vis-
ible range, the RSR falls only to 0.04. In contrast, a
PIN diode sensor has an RSR of 0.87, which is com-
pletely unacceptable.

The basic equation representing the variation of
the terminal resistance R (E) depending on the inci-
dent illuminance E is given in [16]

R (E)-E" = K, 1)

where y is a constant known as illuminance index of
the LDR and K is a constant.

Considering two illuminances E; and E, the fol-
lowing can be obtained

R(E) /R (E,) = (E,/ E). )

Manufacturers determine the value of y based
on two measurements at E; = 10 Ix and E, = 100 Ix.
Thus, we get

R (10) / R (100) = 10
or . 3
_ . R(10)
IR (100)

Section 3 describes an experimental method for
evaluation of an approximate value of y.

2. PRINCIPLE OF OPERATION OF THE
SENSOR

2.1. Block Diagram Description

The principle of operation can be understood
by considering the cascade combination of three
blocks, as shown in Fig. 2. The first block con-
verts the incident illuminance E into a low-level
voltage u; with a typical full-scale value of 90 mV.
This voltage is amplified to a higher-level u, us-
ing an amplifier Al. A typical full-scale value of u,
is about 1 V. To improve the linearity of the trans-
mitter at low values of E, a fixed offset is also add-
ed to the output.

The second block generates two currents iy, and
i, using two 2-terminal components marked as
VIC1 and VIC2. VICL1 is actually a variable linear
resistor. VIC2, on the other hand, is a non-linear re-
sistor, as discussed in section 2.2. The VICs are se-
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Fig. 2. Simplified block
diagram of the sensor

BLOCK-1 BLOCK-2
lected in such a way that the sum i, of the two-com-
ponent currents i,y and i, is a linear function of the
illuminance E.

The third block takes the sum of i, and adjust-
able current i, to produce the current is. The cur-
rent i5 is then fed to the current controlled current
sink (CCCS), so that the current i, drawn between
the transmitter terminals IN+ and IN- is an ampli-
fied replica of i3. This block utilizes an op-amp and
a medium-power NPN bipolar junction transistor
(BJT). A detailed explanation is given at the end of
this section.

An expression for the output current i, may be
considered now. Clearly, i, is given by

I, = G- (i,+ 1), 4
where G; is the gain of the CCCS.

Since i, is proportional to E, Eq. 4 is modified to

i = K-E +K,, (5)

where K; is a constant and K, = G;-i, is also a con-
stant. For an ideal transmitter K, caters for the
“live-zero” component of the output current, which
is commonly 4 mA.

2.2. Circuit Realization of the Functional
Blocks

The circuit diagram of the first block is shown
in Fig. 3. The photocurrent of the LDR, which is a
function of incident illuminance E, flows through
the variable resistor R1 and produces the input volt-
age uy of the amplifier [17]. The resistor R1 should
have a value small in comparison with the resis-
tance of the LDR at the full-scale value of E. For
the supply voltage Vcc = 5 V the value of u, is kept

within 90 mV at full scale. This ensures that the ter-
minal voltage across the LDR is nearly constant.

The amplifier uses one-half of a common LM358
operational amplifier in a non-inverting configura-
tion in [17] and [18]. If there is no resistor R4 the
gain of the amplifier G, = u, /u, is set by

G, = 1+ R2/ R3, (6)
where R2 R3, and R4 are appropriate resistors on
the circuit in Fig. 3.

However if R4 is present in the schema the ex-
pression for u, is modified as follows:

u,= (1 + R2/ R3)-u,— (R2/R4)-V,.

The above expression reduces to the following

U, = G, U + Uy, @)
where
Uy, = —(R2/R4)-V,. (8)
| . 5
vy o
LDR (N Pt | o s I_—T_lTP1
Aelull 3 [ NuA R4
2

1 [u2] J_

R2

ml o .

L e 1——

Fig. 3. llluminance to voltage converter and linear
amplifier
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In our study, we have used values of R2 and R3
as 10 K and 1 K, respectively, so as to get a G,, of
11. A fixed R4 value of 1 MQ produced a fixed out-
put offset of 5 mV, which was good enough for all
transmitters. The value of RV1 the variable part
of R1 was adjusted so that at 40 % of Eg, the full
scale value of E, the value of the output u, becomes
440 mV.

For a typical LDR with ay=0.81 and R (100) =
7.1 KQ, the variation of U, as a function of E is
shown in Fig. 4. It may be observed here that the
function is nonlinear. The maximum deviation of
about 72 mV occurs at 40 % of span. The slope of
E (uy) graph is a monotone decreasing function of
E. The latter observation is true irrespective of the
values of y and R (100).

The circuit realization of the second block is
shown in Fig. 5. The ground terminal shown on the
right side of this figure attains a potential very close
to ground due to reasons explained in the next sec-
tion. Thus, the current in the upper branch i, is set
as follows:

i, = u,/R5 ©)

where R5 is a variable resistance consisting of a se-
ries combination of series resistance of RK5 and
RVS5. Thus, the value of iy, corresponding to any u,
can be adjusted using RV5. Graph i,; as a function
of E, by virtue of Eq. 9, has the same form as Fig. 4.

Since % is a monotonically decreasing function

of E and i,; = u,/R5, the same nature is found in
the function i,; (E). The voltage to current convert-
er VIC2 produces a complementary non-linearity,

‘ i21

RK5 RV5

[u2] —o
1 i22 i
N4148
N — 3 D
i -

D1 RK6 RV6

R6

(Virtual Ground)

Fig. 5. Amplifier output to linear and non-linear current
converter

whose slope is monotone increasing in nature. The
character of the latter complementary function i,
should be such that the sum of the component cur-
rents i,; and i, becomes a linear function of E over
the operating range.

Assuming that D1 to be an ideal diode with a
fixed threshold voltage Vi and a negligible dynamic
resistance, i,, is given as follows:

i, = 0,if u, <V,

i, = (U,— V¢)/R6, if u, = V., (10)
where R6 consists of a fixed part of RK6 and a vari-
able part of RV6 sequentially.

It is easy to graph the characteristics of u, (i,)
given by Eq. 10. It will have a zero slope until the
voltage reaches the value of Vg and a slope of 1/R6
for higher voltages. Such an abrupt change in slope
is not observed when using a physical low-signal
diode e.g. 1N4148 is used. The u, (i) graphs for
three different R6 values, namely 8.2 KQ, 10 KQ,
12 KQ, in series with the 1N4148 are shown in
Fig. 6. It is observed that for a fixed u,, the current
i,, reduces with increasing R6, and for a fixed R6
the slope of the graph monotonically increases with
increasing Us.

The circuit realization of the third block is now
considered. The output stage of the sensor that
works as a current-controlled current sink [19] is
shown in Fig. 7. Of the two output terminals marked
I+ and I-, the former is connected to the positive
side of the loop supply of (8-24) V range, and the
latter is connected to the ground side of the same
supply via a current sensing resistor R (not shown
in the figure). The drop across R is used to mea-
sure the current output of the sensor. The path of the
output current I, is shown by thick lines in the same
figure. Due to the flow of |, a voltage us is generat-
ed across R14
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u,= —i,-R14. (11)

This consequently produces a current ig in the
indicated direction given by

ir = U,/ R13. (12)

Combination of Eq. 11 and Eq. 12 gives
I, =i -G, (13)

where G, is the current gain factor given by
G, = R13/ R14. (14)

The required expression of the output current as
a function of the currents i, and i, can be obtained
by considering the Kirchhoff’s current equation at
node B, which is

since the input current I;, at the non-inverting in-
put of the opamp U1 can be neglected in compari-
son with other terms. Substitution of i from Eq. 13
and the fact that

i, =V,./R7, (15)
therefore, yields that
i, = G, -(i2 + V. / R7). (16)

Eq. 16 indicates that at zero illuminance (E = 0),
since both i,; and iy, have zero values, i, has a zero
value and the output current assumes a value of V. /
R7, which can be adjusted to its nominal value of 4
mA by adjustment the variable part of R7, namely

Fig. 7. Current summer and output current converter

RV7. As will be seen later, this will form a step in
the calibration procedure of the sensor.

3. APPROXIMATE DETERMINATION
OF y AND SELECTION OF A SUITABLE
LDR

Under the condition, that the voltage u; is very
small compared to Vcc. The values of u; at 10 Ix
and 100 Ix are given by

Vcce

u, (10) = R(10)R1’ (17)
u, (100) = R\(/fc?O) R.. (18)

Division of Eq. 18 by Eq. 17 yields
u, (100) R (10) ' (19)
u,(10) R (100)

In the absence of the output offset voltage Uy,
which can be ensured by omitting R4 in Fig. 3, the
left side of Eq. 19 can be replaced by u, (100) / u,
(10), since u; and u, are related by a constant gain
factor Gv. Thus,

u,(100) R (10)
u,(10) R (100)

A combination of Eq. 20 with Eq. 3 therefore
produces

(20)

u, (100)

u,(10)

Eq. 21 gives us a convenient way of determin-

ing the approximate y. Our experience shows that

if the approximate vy lies in the range (0.7—-0.85), the

resulting sensor can give a linearity of better than

1 %. Thus, an LDR with the measured y outside the
range was rejected.

(21)
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Fig. 8. Actual and ideal
output characteristics
(a) and graph of the
sensor error (b)
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4. CALIBRATION OF THE SENSOR

To calibrate the sensor, the sensor head was
placed in close proximity of a calibrated illumi-
nance meter placed in a light tight box. A white
LED light source was placed above the sensor, and
the current values of the LED were selected so that
when two switches with appropriate marking were
turned on, it was possible to obtain illuminances
of 40 Ix and 100 Ix. Turning off both switches cre-
ates a zero illuminance condition on the sensor. The
IN+ and IN- terminals of the sensor are connect-
ed to a 12 VV DC power supply via a milliammeter.
The following steps are then executed to calibrate
the sensor.

1. Create 0 Ix condition. Adjust RV7 (Fig. 7) so
that ip =4 mA.

2. Keep RV6 at its maximum value.

3. Set E = 100 Ix and adjust RV5 (Fig. 5) so that
io becomes 90 % of its full scale value, i.e. 18 mA.

4. Set E = 40 Ix and adjust RV6 (Fig. 5) so that ig
becomes (4+0.4-16), i.e. 10.4 mA.

5. Set E = 100 Ix and adjust RV5 (Fig. 5) so that
io becomes 20 mA.

ADC Output

300~ |-~

100F ~——— —— -

|

I

I

I

I

I
200F----4H---- : 77777

I

|

i

I

I

I

[ ) A

5 40
Sample No.

Fig. 9. Step response of the sensor

llluminance, Ix

Repeat steps (4) and (5) until the sensor is cali-
brated at both 40 Ix and 100 Ix.

The performance of the sensor over the entire
range of (0-100) Ix is described in the next section.

5. EXPERIMENTAL RESULTS

The results given in this section have been ob-
tained for a sensor using an LDR with an approxi-
mate vy of 0.78, as determined by the method in sec-
tion 3.

5.1. Static Performance

The ideal and actual output currents of the sen-
sor are shown in Fig. 8.(a), where the measured val-
ues correspond to E = 0 Ix, 5 Ix, 10 Ix, 25 Ix, 40 Ix,
70 Ix, and 100 Ix. The error is so small that it is im-
possible to accurately measure with the help of the
graph. The graph of the function Error (E) is there-
fore presented in Fig. 8.(b). It is observed that the
maximum error magnitude is less than 1 % of the
span of 16 mA.

5.2. Dynamic Performance

An experiment was performed to evaluate the
time constant of the first-order model of the sen-
sor. The terminal current is made to pass through
a 100 Q resistor. The resulting voltage drop is con-
verted to a number using a 10 bit A-to-D convert-
er. A step increment in E from 0 Ix to 100 Ix is ap-
plied, and the resulting output of the ADC is stored
for 800 ms at 20 ms intervals. A graph of the stored
values is shown in Fig. 9 where the step in E has
been applied at 100 ms. Observing that the steady
state ADC output is about 840, the time constant of
the sensor is approximately 40 ms, which is equal
to the time taken to reach 0.632 times the steady-
state value.
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Fig. 10. Photo of
the typical wall
mounted sensor

6. CONCLUSION

6.1. Hardware Variants of the Sensor

Two different hardware variants of the sensor
were built using the LDR sensor and its associat-
ed circuit. The first one is wall-mounted, and the
second one is for ceiling mounting. A photo of the
wall-mounted version is shown in Fig. 10. The sen-
sor head is placed at the back of the cylinder with a
diameter of 25 mm and length of 30 mm. The cylin-
der makes an angle of 45° with a matte-white hori-
zontal platform. The incident light on the platform
which, is the result of different light sources in a
room, generates the light incident on the sensor. In
a typical lighting control system, the output vari-
able from several sensors can be combined to cal-
culate the illuminances at several points of interests
in the room.

Another version of the sensor, meant for ceiling
mounting, has a simpler construction. The LDR is
placed behind a cylinder with a diameter of 20 mm
and a length of 20 mm long, the open end of which
faces the floor. The results in a conical zone with
a total viewing angle of about 53 °. The output of
such a sensor is a function of the illuminance on the
work surface is included in the viewing area.

6.2. Applications

The sensor described in this study can be used in
applications where the primary requirements are low
cost, two-wire connection, and indirect placement
(on wall or ceiling) [11]. In addition, since the self-
low cost components have been used, the system
specification costs are very low compared to com-
mercially available sensors. The latter requirement is
based on the fact that in most cases the required sen-
sor can not be installed directly on the work surface.

In our study, this type of sensor is used in an in-
tegrated feedback lighting system where daylight is
used to supplement artificial dimmable luminaires
based on LED. This concept of daylight harvesting
control gives significant savings in electrical energy
and uniformity of illuminance at preselected points-
of-control (POC) on the work surface [10, 12]. In
the present scheme, there are six ceiling-mounted
LED luminaires and four wall-mounted sensors in
a (6.2 m x 4.1 m) room with windows on one side.
There are 6 POCs where the illuminances due to the
combined contributions of artificial lighting and
daylighting are to be maintained at set-point values.
The illuminance data available from the four sen-
sors are converted into the six illuminances at the
POCs by using a suitable matrix transformation.
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ABSTRACT

Gender difference has been widely reported in
many research fields. However, in the topic of co-
lour preference of lighting, such an issue has not
aroused much attention. In this study, therefore,
three groups of visual experiments with different il-
luminance (E) levels (50 Ix, 200 Ix, 600 Ix) were
conducted which investigated the preferred cor-
related colour temperature (CCT: 3500 K, 5000 K,
6500 K) for six single-coloured decorative artifi-
cial bird-shaped objects (red, green, yellow, blue,
white and black). Twenty subjects, ten males and
ten females, were invited to respond with their vi-
sual colour preference of the experimental objects.
The aim of this work was to investigate if gender
difference exists when the observers judge objects
with different colours under different E-CCT con-
ditions. The results indicate that there is signifi-
cant difference between males and females for the
200 Ix and 600 Ix conditions, especially for the cas-
es with higher CCTs (5000 K and 6500 K). In ad-
dition, it was found that under certain E-CCT con-
ditions the preference ratings of males and females
for certain colours were obviously different. Simi-
larly, for some scenarios the subjective ratings from
observers of the same gender also varied with ob-
ject colour.

Keywords: gender difference, colour prefer-
ence, correlated colour temperature, illuminance

1. INTRODUCTION

Colour preference of lighting is currently an in-
tensively examined topic in the field of lighting
quality evaluation [1-7]. The aim of those studies
was to investigate under which kind of light sourc-
es subjects prefer the rendered colours of the illu-
minated object [1, 8—10] to explore the influencing
factors of visual colour preference perception [1,
8, 11-16] and to set up an objective metric which
correlates with the subjective responses of the ob-
servers obtained from psychophysical experiments
[17-21]. According to current literature, the colour
preference of lighting is influenced by several fac-
tors including lighting application [13-14], region-
al or cultural difference [6, 16, 22-23], illuminance
[24], familiarity with the experimental object [11],
colour features of illuminated objects [25] as well
as the whiteness of the light sources [1, 8, 26-27].

In our latest work on investigating the optimal
lighting for jeans, significant gender difference was
found in colour preference and colour discrimina-
tion [2]. According to that study, gender difference
in colour preference varies with lighting applica-
tion. Female participants exhibited better colour
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Fig. 1. Experimental scene in the light booth with the red
bird (an artificial decorative bird-shaped object)

discrimination ability than males. In fact, similar
findings have been extensively reported by related
research from multiple subjects, including genetics
[28], neuroscience [29], ophthalmology [30], biolo-
gy [31] as well as colour science [32]. For instance,
genetically speaking, the spectral sensitivities of
many of the photoreceptors in the retina are deter-
mined by genes on the X chromosome [33] and it is
regarded as one possible explanation for the basis of
gender differences in colour perception [34]. More-
over, as reported by Hurlbert et al., such differences
may also be attributed to the gender specific func-
tional specialisations in the evolutionary division of
labour [31].

However, although many studies in related sub-
jects have proved such a difference between men
and women, currently for the topic of colour prefer-
ence of lighting, that issue has not been paid enough
attention. In fact, the unbalanced recruitment of
male and female observers [13,14, 16, 24, 35-46] in
current literature is common and we suspected that
such neglect might to some extent lead to a potential
bias in the overall conclusions.

In this study, therefore, three groups of psycho-
physical experiments were implemented with the
aim of validating the gender difference in colour
preference of lighting. We speculate that such dif-
ferences might be related to specific lighting con-
ditions as well as to the colour attributes of the
experimental objects, so light sources of different
illuminance (E) and correlated colour temperature
(CCT) levels were adopted, together with the dec-
orative artificial bird-shaped objects of different
saturated colours. In addition to this, since the ex-
periments were grouped by E levels (i.e. for each
experiment, the observers rated their colour prefer-
ence for different CCTs with a constant E value), the
results of this work should also provide a deeper un-
derstanding of the preferred CCT under different il-
luminance levels.

2. EXPERIMENTAL METHOD
2.1. Experimental Setup

The visual experiments in this work were con-
ducted in a light booth, as shown in Fig. 1. The size
of the booth was 50 cmx50 cmx60 cm (WxDxH)
and its walls and floor were uniformly painted with
medium-grey matt paint (Munsell N7). A chair was
placed approximately 40 cm in front of the booth,
which resulted in a viewing angle of approximate-
ly 30°. In addition, the height of the chair was ad-
justable such that each observer was unable to see
the lighting module in the roof of the booth during
the test.

Nine light spectra were generated by an LED
cube spectral tuneable smart lighting system pro-
vided by Changzhou Thouslite Ltd. This device
can simulate a wide range of spectral power dis-
tributions in a temporally stable manner by blend-
ing the 11 LED channels fitted inside the lighting
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Table 1. Colorimetric Data of the Experimental Light Sources

ID* 1 2 g 4 5 6 7 8 9

E-level (Ix) 50 200 600 50 200 600 50 200 600
CCT-level (K) 3500 3500 3500 5000 5000 5000 6500 6500 6500

Measured E (Ix) 52 203 603 48 210 600 52 204 602
Measured CCT (K) 3412 3523 3529 4956 5005 5102 6624 6520 6604
Duv 0.0032 | 0.0036 | 0.0012 | 0.0031 | 0.0011 | 0.0014 | 0.0036 | 0.0011 | 0.0012

CRI (Rp) 91 92 92 90 90 90 95 93 93

GAI 59 62 65 88 90 90 101 101 102

Q. (9.0.3) 91 90 91 90 92 92 94 94 93

Qf (9.0.3) 91 90 91 89 92 92 93 93 92

Qg (9.0.3) 92 93 94 99 99 99 102 101 101

Qp (7.4) 90 90 91 91 94 94 96 96 95

CRI2012 92 92 93 91 91 94 97 97 97

MCRI 89 89 89 91 91 91 90 90 90

R¢ 87 87 88 86 86 87 94 94 93

Ry 93 93 94 98 97 97 101 101 101

GVI 80 81 81 91 89 89 92 90 90

*Note to Tablel: Duv is the distance from the test chromaticity coordinates at the Planck’s locus; CRI is the general Colour
Rendering Index [18]; GAl is the Gamut Area Index [19]; CQS (Q,, Qr, Qp, Q) is the Colour Quality Scale [20]; CR12012: An
updated version of CRI [47], MCRI is the Memory Colour Rendering Index [48]; Rs and Ry is the IESNA TM-30 metrics [49];

GVI is the Gamut Volume Index[17].

Fig. 3. Relative spectral
power distributions of

the experimental light
sources
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unit, as shown in Fig. 2. The chosen experimental
light sources had 3 CCT values (3500 K, 5000 K
and 6500 K) at 3 E-levels (50 Ix, 200 Ix and 600 Ix).
An X-Rite il Pro 2 spectrophotometer was used
to measure these spectra. The spectral power dis-
tributions (SPDs) of the light sources are shown in
Fig. 3. The colour parameters of the experimental
light sources were calculated, together with several
typical colour quality measures, see Table 1.

From Table 1, it is clear that the values of the
colour quality metrics of the light sources with a
similar CCT are consistent. Therefore, among dif-
ferent E-level conditions, the difference of the ex-

650 680 710 740 770

perimental results could be attributed to E levels.
Meanwhile, note that the Duv values of the con-
stant-CCT light sources are not completely consis-
tent due to the limitation of the smart lighting de-
vice. That is, when we tuning the lights to make the
colour quality metrics consistent, those Duv val-
ues were the best value our device could achieve.
We believe such smaller errors in Duv (~0.002) are
negligible when compared to the large variations in
CCT (~1500 K). In addition, the CRI values are no
less than 90, which indicates that the gamut shapes
[14] of those lights are normal and consistent as
well.
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2.2. Experimental Design

Six decorative artificial bird-shaped objects (see
Fig. 1) of similar shape and size (approximately 10
cmx37 cmx28 cm) were adopted as the experimen-
tal objects. The birds had the following colours: red,
green, blue, yellow, black and white with moder-
ate saturation. Their spectral reflectances were mea-
sured using a calibrated spectroradiometer (X-Rite
SpectroEye). Figs. 4 and 5 show the spectral reflec-
tance of the matt surface objects and their chroma-
ticity coordinates in CAM16-UCS uniform colour
space [50] respectively. It is worth mentioning that
we did not adopt natural or familiar objects (e.g.
fruit and vegetables) in this study since no such ob-
jects are of consistent shape and size while of dif-
ferent colours. Moreover, the other reason well-
known objects were not used lies in the concern that
the ratings of the observers might be influenced by
their colour memory [51]. For instance, when rat-
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Fig. 5. CAM16-UCS chromaticity coordinates of the
experimental objects (artificial bird shapes) at 50 Ix and
3500 K. The scattered grey points indicate the location of
the Munsell matt colour samples
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ing the colour of an apple, it is possible that a red
apple will be preferred while a blue one will not be
appreciated.

Twenty observers, ten females and ten males,
took part in the visual experiments. These partic-
ipants were students of Wuhan University. Their
age ranged between 17 and 22 years, with a mean
of 19.1 years. All the observers passed the Ishihara
Colour Vision Test. None knew the research intent
before the test.

A 7-point rating scale was used to quantify the
colour preference of the observers. Participants
were asked to respond with -3, -2, -1, 0, 1, 2, 3,
respectively, denoting strongly dislike, moderately
dislike, slightly dislike, neutral, slightly like, mod-
erately like and strongly like. Within an equi-illumi-
nance level, each observer rated a randomly select-
ed E-CCT combination twice; the participants were
unaware which equi-illuminance level they were
viewing. Such a setting aimed to quantify the intra —
observer variability of each participant.

2.3. Experimental Procedure

Upon arrival, the participant was asked to sign
a consent form and carry out the Ishihara Test.
The experimenter then asked the qualified observ-
er to put on a grey coat so that there would be no
coloured light rays reflected from their coloured
clothes onto the test object.

After leading the observer to the booth, the ex-
perimenter asked him/her to adjust the height of the
chair to make sure that the lighting module in the
booth could not be seen. Subsequently, the ambi-
ent lights were switched off so that the experimental
lighting was the only illumination in the otherwise
dark room. The experimenter then read the instruc-
tions to the observer and asked him/her to respond
orally during the test. This protocol was designed in
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Table 2. Standard Deviations of the Colour Preference Ratings for Different E-CCT Combinations
with Different Experimental Objects

. 50 Ix 200 Ix 600 Ix
Object 3500 K | 5000K | 6500 K | 3500 K | 5000K | 6500K | 3500K | 5000K | 6500 K
Bird_K 1.63 1.58 151 1.24 0.94 1.06 1.74 0.92 1.19
Bird_W 1.33 1.18 1.12 1.72 0.98 0.97 1.44 1.05 1.41
Bird_R 1.52 1.16 1.20 1.69 1.09 1.44 1.53 1.36 1.79
Bird_Y 1.39 111 1.16 1.50 1.09 1.28 1.69 1.23 1.53
Bird_B 1.22 1.37 1.30 1.06 0.80 1.02 1.26 0.99 1.37
Bird_G 1.13 1.19 1.34 1.39 1.03 0.99 1.49 1.10 1.44

order to avoid the influence of reflected light on the
observer’s visual adaptation condition which might
be caused if the observer were to write the answers
onto a piece of white paper.

Since it takes a longer time to adapt from a high
to a low illuminance level, in this experiment the
light sources with low E values (50 Ix) were evalu-
ated first and then the middle (200 1x) and the high
(600 Ix) levels. Within a subgroup of constant E val-
ues, the presentation order of CCTs and experimen-
tal objects was randomized and counterbalanced
between observers. At the very beginning, each par-
ticipant was allowed 1 minute to adapt to the initial
light which was randomly selected from the can-
didate lights with an E value of 50 Ix. Afterwards,
with a randomly selected colour bird, a training
section was provided to help the observer get used
to the evaluation process.

After the training session, the formal experiment
began with the subgroup of 50 Ix light sources. Us-
ing a randomly selected CCT, the participant was
first asked to rate his/her visual colour preference
of the empty booth and then the colour preference
of the 6 colour birds (one at a time, with a random
order). When the experimenter changed the light
source, the observer was asked to keep his/her eyes
closed for about 30 seconds to eliminate the short-
term memory effect caused by the former lighting
condition. Such a wash-up time was determined ac-
cording to our previous work on evaluating colour
preference of different CCTs [9, 11]. Subsequent-
ly, the observer was asked to open their eyes and
observe the illuminated environment in the empty
booth for 1 minute. After this chromatic adaptation
step, the experimenter asked the participant to rate
their colour preference of the illuminated booth and
then the colour preference of the coloured birds. For
each judgment, the observer was provided with as
much time as they needed.

When the observer announced that they had fin-
ished their rating (for the last bird) and confirmed
the results, the experimental lighting condition was
changed. Meanwhile, when all the trials for a con-
stant illuminance had been completed, the exper-
imenter gave the participant 1 minute for wash-
up (with eyes closed) and 2 minutes to fully adapt
to the new illuminance level in the empty booth. Af-
terwards, the visual judgment workflow described
above was repeated for every E-CCT combination.
It took about 100 minutes for an observer to finish
the whole experimental session.

3. RESULTS AND DISCUSSION

3.1. Inter — Observer and Intra — Observer
Variability

The inter — observer variability of the partici-
pants responses was quantified by the standard devi-
ations of their ratings, as summarized in Table 2. It
can be seen that these measures are consistent with
regard to each experimental object. These results
also agree well with those of our previous work, in
which similar experimental settings, protocols and
the same 7-point rating approach were used [2, 9,
11-12, 52].

For quantifying the intra — observers variabili-
ty, the absolute-difference method adopted in our
previous work [1-2, 9, 11] was followed. As de-
scribed above, during the test the observers were
asked to rate a randomly selected E-CCT combi-
nation twice (for all the objects) without being in-
formed of this point. If the absolute difference of
the two responses was larger than 2 (e.g. -3 for the
first time while 0 for the second time), that pair
of ratings was classified as abnormal data. Subse-
quently, the intra — observer variability was repre-
sented by the ratio of the number of abnormal data
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points to the total number of data points. The av-
erage value for this experiment was 9 %, which is
within the range of average values from previous
studies (3-17)%.

It was found that the intra — observer variabili-
ty for the objects with lower lightness values (i.e.
black, blue and green, as shown in Fig. 4) was
higher, with values between (15-20)%, while for
high-lightness colours (i.e. white, red and yellow)
the intra — observer variability values were much
lower (0-5)%. This finding prompted us to revis-
it our latest work on colour preference for jeans, in
which the preferred CCT for 7 pairs of jeans with a
colour gradient pattern was discussed [1]. Interest-
ingly, it was found in that study that the jeans with
lower lightness values also exhibited higher intra —
observer variability. This suggests that perhaps the
lightness of the experimental object impacts the in-
tra — observer variability. In addition to this, anoth-
er finding was that the intra — observer variability
was also associated with the degree of familiarity.
For the objects, which the observers were familiar
with, such values were lower (jeans [1-2]: 4.8 %
and 6.2 %, fruit and vegetables [1]: 3.3 %, oil paint-
ing with a seaside scenery [11]: 5.6 %, black and
white object [1]: 6.7 %) while for unfamiliar objects
those values were higher (artificial flowers [11]:
16.6 %, reproduction of ancient mural painting [11]:
15 %). For inter-observer variability, the impact of
the lightness and similarity of the experimental ob-
ject was not observed.

3.2. Overall Analysis

The overall result of this study is summarized
in Fig. 6. From this figure we can conclude that
for some conditions there is indeed a trend for the
ratings of men and women to be different. For in-
stance, for the 200 Ix and 600 Ix scenarios, it is clear
that the ratings of female observers are higher than
those of male observers while for the 50 Ix con-
dition, the results are not so obvious. Meanwhile,
when examining the ratings for 5000 K and 6500 K
we find that female observers prefer 6500 K no mat-
ter under which E-level condition, but such a trend
is not so significant for male observers. Therefore, it
seems that females have stronger demand for high-
er illuminance and whiter illumination, at least for
the condition of this work. In addition, as shown in
Table 1, since the light sources of a similar CCT are
of consistent colour rendition properties, the data in

Fig. 6 also illustrate the impact of illuminance for
preferred CCT.

A multivariate analysis of variance (MANO-
VA) approach was adopted to investigate the in-
fluence of CCT, gender and object colour on the
colour preference ratings for each group of a con-
stant E level. The results show that for the 50 Ix
condition, only the influence of CCT is significant
(F=29.087, p<0.001) while for the cases of 200 Ix
and 600 Ix, both CCT (200 Ix: F=54.697, p<0.001;
600 Ix: F=31.653, p<0.001) and gender (200 Ix,
F=5.276, p<0.05; 600 Ix, F=11.669, p<0.05) im-
pact the preference ratings significantly. In addition
to this, the post hoc comparison test reveals that for
the 50 Ix condition significant difference (p<0.05)
is found between any two of the three CCTs while
for 200 Ix and 600 Ix, only 3500 K is significantly
different (p<0.05) from 5000 K and 6500 K. Those
results agree well with Fig. 6 and strengthen our
former statements. Besides, for this analysis the in-
fluence of object colour is not significant, regard-
less of E level.

Meanwhile, it must be pointed out that some ex-
pressions in this paper like “the preferred CCT” or
“CCT influences colour preference” are not theo-
retically rigorous, since according to colorimetry a
CCT corresponds to numerous SPDs and the colour
renditions properties of light sources (the metrics
shown in Table 1) also impacts colour preference
perception. From this point of view, it is not wise
to conclude that the finding of this study will be val-
id for any situations.

However, please note that from the perspective
of practical application, it is indeed meaningful
to discuss such a topic. The reason is clear: CCT
is one of the most fundamental properties of a light
source and it is quite common that naive users al-
ways have to make choices among light sources of
different CCTs with different colour rendition prop-
erties. In fact, according to recent studies about “the
preferred CCT” [1, 9, 11, 53-55], although the co-
lour quality metrics of the experimental lights in
those studies were different, consistent results were
found that observers generally prefer CCTs around
4500 K to 5500 K while they dislike the colour
rendition of light sources with low CCTs (2500-
3500) K, or high CCTs (higher than 6000 K). Such
consistency indeed validates the research manner of
this work and, as far as we are concerned, it should
be ascribed to the correlation between CCT and co-
lour rendition properties. That is, although CCT
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does not influence colour perception directly, it is
highly correlated with many colour rendition met-
rics [56] so that it has certain, or even significant
“impact” on colour perception.

3.3. Gender Difference for a Certain £-CCT
condition

In Fig. 6, it is quite clear that the gender differ-
ence in ratings varies with E-CCT settings. Thus,
the same MANOVA approach was applied for the
data of each E-CCT scenario. The result shows that
for 200 Ix at the 6500 K, 600 Ix at the 5000 K and
600 Ix at the 6500 K significant gender difference
(p<0.05) could be observed while for other E-CCT
scenarios there is no such significant difference. In
addition, only in the scenario of 200 Ix at the 6500 K
we can observe significant influence (p<0.05) of ob-
ject colour on preference rating and the post hoc
comparison test demonstrates that in this condition
the ratings of the blue bird are significantly differ-
ent (p<0.05) from those of the black, red and green
birds while the ratings of the white and the red birds
are also significantly different (p<0.05). What is
more, although for the 50 Ix at the 6500 K scenar-
io the influence of object is not remarkable accord-
ing to MANOVA, by post hoc significant difference
(p<0.05) is found between the ratings of the black
and blue birds, as well as between the red and blue
birds. Despite of the findings noted above, there are
no other significant factors that influence the colour
preference ratings for each E-CCT scenario.

Fig. 7 illustrates the above findings intuitive-
ly, where gender difference in preference ratings of
different E-CCT combinations and different object
colours is shown. First of all, it is clear that for ev-
ery group of scenarios with a constant E value, the
preference ratings for multiple objects seen under
different CCTs show a similar trend (3500 K is not

female ‘

The error bars are 95 %
confidence intervals

female

600 Ix

male

preferred while 5000 K and 6500 K are relatively
appreciated). Such a result strengthens our former
conclusion that light dominates colour preference
when CCT differs [11].

As can be seen from Fig. 7, for the 200 Ix at
the 6500 K, 600 Ix at the 5000 K, and 600 Ix at the
6500 K conditions the average ratings of male ob-
servers of different coloured birds are relatively
scattered while for female observers the average
ratings are relatively concentrated. This explains
why significant gender difference is found accord-
ing to MANOVA as described previously. Similar-
ly, although it has not been validated by MANOVA
(p>0.05), from Fig. 7 it can also be observed that
for the scenarios of the low CCT (3500 K), the av-
erage ratings of female observers are relatively scat-
tered while for male observers the average ratings
are relatively concentrated. Inspired by the work of
Hurlbert [31] and Palmer [57], we suspect that such
a finding might be ascribed to the biological long-
term adaptations of the human visual system during
evolution. That is, according to the hunter-gather-
er theory, the vision system of males is more adapt-
ed to outdoor behaviour under daylight conditions
with high CCTs, while females are more adapted
to the indoor behaviour with lighting of lower CCTs
(e.g. firelight). Thus, under the higher CCT condi-
tions males are more biologically adapted in vision
so that they could response diversely upon differ-
ent colours while females are more adapted to low-
er CCT conditions and, thus, more sensitive in judg-
ing colours in those situations.

3.4. The Influence of Object Colour

As noted above, for the 50 Ix at the 6500 K con-
dition the ratings of the blue bird are significantly
different from those of the black and the red birds.
For the 200 Ix at the 6500 K condition, similar re-
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sults are also obtained between the blue bird and the
black, red and green birds, as well as between the
white and red birds. From Fig. 7 we can conclude
that those results are largely due to the ratings from
male observers. Such a finding reminds us to con-
sider the impact of object colour when investigating
the gender difference in this study.

When investigating the gender difference for
ratings of a certain coloured bird under a certain
E-CCT condition Student t-test approach was ad-
opted. It was found that for the 50 Ix at the 5000 K
condition, the ratings between males and females on
the blue bird differed significantly (p<0.05) and it
can be seen in Fig. 7 that the ratings of males is ob-
viously higher. Similar result could be found for the
50 Ix at the 6500 K condition (for the blue bird), al-
though it has not been statistically validated by the
t-test (p=0.094). Meanwhile, it was found that un-
der the 200 Ix at the 6500 K condition, there is still
significant gender difference (p<0.05) when judging
the red bird but for this case the ratings of female
observers are higher. In fact, as for 600 Ix at the
6500 K, such a difference could also be observed
in Fig. 7, but was not significant at the 10 % level
(p=0.115). Despite the above noted findings we sus-
pect that there might be a gender difference for oth-
er cases as well (e.g. 200 Ix at the 6500 K — black,

p=0.063; 600 Ix at the 3500 K — yellow, p=0.070;
200 Ix at the 3500 K — green, p=0.086, 200 Ix at the
5000 K —green, p=0.090), which could be observed
in Fig. 7 but denied by the t-test (0.05<p<0.1).
Those assumptions need further validation in future
work with a larger number of observers.

In addition, the rating difference for multiple co-
lours from a single gender is also discussed. Ac-
cording to Fig. 7 and the t-test a very interesting
result was found. That is under the 600 Ix at the
3500 K condition the females’ ratings on the yellow
birds are significantly higher (p<0.01) than those of
the blue and black birds while, symmetrically, un-
der the 50 Ix at the 6500 K condition, the ratings
of males on the blue bird are significantly higher
(p<0.05) than those of all the other birds. Moreover,
male observers also significantly prefer the blue
bird under the 50 Ix at the 5000 K condition (com-
pared to the red and green birds, p<0.05) and for the
200 Ix at the 6500 K condition, their ratings on the
blue and white birds are significant higher (com-
pared to the black, red and green birds, p<0.05) as
well. Obviously, such results demonstrate the im-
pact of the object colour upon the gender differ-
ence in a preferred E-CCT combination. When dis-
cussing relevant topics, such a factor should also be
considered.
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4. CONCLUSION

In this study, three groups of visual experiments
with different illuminance levels were conducted,
which tested the preferred correlated colour tem-
perature for six single-coloured decorative artificial
bird-shaped objects. The main finding of this work
lies in the validation of gender difference for de-
fined E-CCT conditions. Based on the above find-
ings, we recommend that in future studies the num-
ber of female and male observers invited for a visual
test should be equal or at least similar, since an un-
balanced recruitment of male and female observers
may lead to a potential bias in the overall conclu-
sions, especially for some extreme conditions.

Meanwhile, with the aim of drawing safe con-
clusions, it must be acknowledged that this pilot
study only represents a small set of variations in a
big, multi-dimensional world. In future work, many
influencing factors should be taken into account in
order to further investigate this topic. These include
the colour rendition properties of light sources, cul-
tural or regional difference, the illuminance range,
and other possible variations among the objects.
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IN MEMORY OF EUGENE ROZOVSKY
(09.09.1947-26.06.2020)

On June 26, 2020, at the seventy-third year of life, Eugene Isaakovich Rozovsky, a leading re-
searcher of VNISI, senior scientific editor of the Svetotekhnika/ Light & Engineering Journals, a
man of brilliant mind and a selfless worker, suddenly died. He has passed away unexpectedly
and early, striving to live, work, argue, to defend his point of view to the end. The entire lighting
engineering community has lost a remarkable person of amazing inner intelligence and culture, a
highly trained specialist and expert, a beloved friend and comrade, who died from severe covid-19.
This is an irreparable loss for all of us...

Eugene Rozovsky was born in 1947 in Moscow. In 1965 he entered the Moscow Power Engineer-
ing Institute, from which he graduated with honors in 1971 with a degree in Lighting Engineering
and Light Sources, and immediately after graduation he took up the post of an engineer at the All-
Union Scientific Research Institute of Lighting Engineering (VNISI) named after S.I. Vavilov. In 1975
E.l. Rozovsky graduated from the evening department of the Institute of Electronic Engineering
with a degree in Applied Mathematics. In 1983 he defended his thesis for the degree of candidate
of technical sciences on the topic “Research of Applied Processes in Arc Light Sources and the Devel-
opment of a Method for Calculating the Design Parameters of the Cathodes of Ultrahigh-range Xe-
non Lamps”. Eugene Rozovsky's scientific career is inextricably linked with VNISI, in which he worked
all his life, going from an engineer and a junior researcher to a leading researcher at the institute.
For more than 30 years E.I. Rozovsky worked in the laboratory of irradiation devices for photo-tech-
nological processes at VNISI. As a talented scientist and highly qualified specialist, Eugene Rozovsky
played a key role in many important works for the institute. Among the latter are the development
of a series of standards for LED lighting, including for agriculture and museum lighting, the devel-
opment of lighting applications to the TR CU “Requirements and characteristics of energy efficien-
cy, rules for determining these characteristics and forms of confirmation of compliance with the re-
quirements for energy efficiency of light sources”, research work in the fields of plant photo-culture
and museum lighting. It is also important to note the serious contribution of E.l. Rozovsky in the
work of the Russian National Committee of the CIE and expert activities in the projects of the IEC.
On the account of E.I. Rozovsky more than 60 publications in Russian and foreign scientific journals.

The VNISI team and the Editorial Board of the Svetotekhnika/Light & Engineering Journals have
lost a truly irreplaceable employee, researcher, and comrade. Modesty, benevolence and intelli-
gence of E.I. Rozovsky, his outlook and erudition, spreading much wider than professional know!l-
edge, reverent and respectful attitude to relatives and colleagues will forever remain in our mem-
ory and in our hearts...
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DESERT MIRRORS

In the Negev desert (Israel), a tower-type
solar power station reached its design capacity.
The principle of its operation is to obtain water
vapour using solar radiation. In the centre of
the solar power station (SPS) stands a tower, on
top of which there is a reservoir of water.

This solar thermal power plant ASHLIM is
located near a kibbutz of the same name in
the Negev desert. The station is powered by
BRIGHTSOURCE technology developed in Isra-
el. SPS is considered one of the most advanced
and largest facilities of this type in the world.

In an area of 400 football fields (approxi-
mately a million square meters), 55,000 mirrors
are placed that reflect sunlight in the direction
of the tallest solar tower in the world with a
height of 240 meters. Mirrors are controlled by
computers, tracking the movement of the sun.
The tower has an installed capacity of 121 MW
and a capacity of 320 GW of electricity per year,
which allows providing 120,000 private houses
with electricity.

For this station, scientists from Ben-Gurion
University proposed an ingenious and sim-
ple way to clean the solar panels from dust,
which significantly reduces the efficiency of
the panels, especially in the desert. A special
water-repellent coating was created, thanks to
which the water flowing through the panels
captures the bulk of the dust with it. The dis-
covery was made possible by observing lotus
leaves that are not exposed to dust due to the
special surface covered with natural hydropho-
bic tissue.

A desert power station will allow Israel to
move closer to the government's goal: to pro-
vide 10 % of the energy consumed from renew-
able energy sources.
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