ISSN 0236-2945

LIGHT &
ENGINEERING

Volume 25, Number 2, 2017

LLC “Editorial of Journal “Light Technik”, Moscow



LIGHT & ENGINEERING

(Svetotekhnika)

General Editor: Julian B. Aizenberg, Dr. of Sc,, Prof.,, Academician
of AESc.RF

Editor-in-Chief: Vladimir P. Budak, Dr. of Sc., Prof. Moscow Power
University

Deputy Chief Editor: Raisa . Stolyarevskaya, Dr. of Sc., LLC "Editorial

of Journal “Light Technik”
Editorial Board Chairman: George V. Boos, Ph.D., Moscow Power University

Editorial Board:

Sergey G. Ashurkov, Ph.D., LLC “Editorial of Journal “Light Technik”

Vladimir P. Budak, Dr. of Sc., Prof. Moscow Power University

Vladislav E. Bugrov, Dr., Prof., ITMO University rector, S. — Petersburg

Natalya V. Bystryantseva, Ph.D., ITMO University, S.-Petersburg

Alexei A. Korobko, Ph.D., BL Group, Moscow

Leonid G. Novakovsky, Ph.D., Closed Corporation “Faros-Aleph”

Alexander T. Ovcharov, Dr. of Sc., Prof., Tomsk State Arch. — Building University, Tomsk
Leonid B. Prikupets, Ph.D., VNISI named by S.I. Vavilov, Moscow

Vladimir M. Pyatigorsky, Ph.D., VNISI named by S.I. Vavilov, Moscow

Anna G. Shakhparunyants, Ph.D., General Director of VNISI named by S.I. Vavilov, Moscow
Nikolay 1. Shchepetkov, Dr. of Arch., prof. of SA MARchi, Moscow

Alexei K. Solovyov, Dr. of Sc,, Prof,, State Building University, Moscow

Konstantin A. Tomsky, Dr. of Sc,, Prof., St.-Petersburg State University of Film and Television
Leonid P. Varfolomeev, Ph.D., Moscow

Pavel P. Zak, Dr. of Biol. Sc,, Prof., Emanuel Institute of Biochemical Physics of Russian Academy
of Science (IBCP RAS)

International Editorial Advisory Board:

Lou Bedocs, Thorn Lighting Limited, United Kingdom

Tony Bergen, Technical Director of Photometric Solutions International, Australia
Wout van Bommel, Philips Lighting, the Netherlands

Peter R. Boyce, Lighting Research Center, the USA

Lars Bylund, Bergen's School of Architecture, Norway

Stanislav Darula, Academy Institute of Construction and Architecture, Bratislava, Slovakia
Peter Dehoff, Zumtobel Lighting, Dornbirn, Austria

Marc Fontoynont, Ecole Nationale des Travaux Publics de I'Etat (ENTPE), France

Franz Hengstberger, National Metrology Institute of South Africa

Warren G. Julian, University of Sydney, Australia

Zeya Krasko, OSRAM Sylvania, USA

Evan Mills, Lawrence Berkeley Laboratory, the USA

Yoshi Ohno, NIST Fellow, (CIE President 2015-2019), USA

Lucia R. Ronchi, Higher School of Specialization for Optics, University of Florence, Italy
Eino Tetri, Dr. of Tech.Sc., Lighting Expert, Finland

Nicolay Vassilev, Sofia Technical University, Bulgaria

Jennifer Veitch, National Research Council of Canada

C8eT0

TEXFAKA
Moscow, 2017



Editorial Office:

VNISI, Rooms 327 and 334

106 Prospekt Mira, Moscow 129626,
Russia

Tel: +7.495.682.26.54

Tel./Fax: +7.495.682.58.46

E-mail: lights-nr@inbox.ru
http://www.sveto-tekhnika.ru

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,
established in 1932.

Establishing the English edition “Light

and Engineering” in 1993 allowed Russian
illumination science to be presented

the colleagues abroad. It attracted

the attention of experts and a new
generation of scientists from different
countries to Russian domestic achievements
in light and engineering 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
research in the field of illumination science.
This includes theoretical bases of light

© Svetotekhnika

Scientific Editors:
Sergey G. Ashurkov
Evgeny I. Rozovsky
Raisa I. Stolyarevskaya
Style Editor

Marsha Vinogradova
Art and CAD Editor
Andrei M. Bogdanov

source development, physiological optics,
lighting technology, photometry, colorimetry,
radiometry and metrology, visual perception,
health and hazard, energy efficiency,
semiconductor 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,
standards, 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 four
issues, with about 80-140 pages per issue.
Each paper is reviewed by recognized world
experts.

To promote the work of the Journal, the
editorial staff is in active communication with
Thomson Scientific (Citation index) and other
international publishing houses and agencies,
such as Elsevier and EBSCO Publishing.



CONTENTS

VOLUME 25 NUMBER 2 2017

LIGHT & ENGINEERING

Leonid P. Varfolomeev

Lighting Equipment for Manned SPacCeCraft..............oooiiiiiiiiiiiiiiiiicieeeeeee e e e 4
Sergei 1. Lishik, Valery S. Posedko, Yuri V. Trofimov, and Vitally I. Tsvirko

Current State, Trends and Prospectives of the Development of Light Emitting Diode Technology................... 13
Alexander V. Sibrikov and Andrei I. Kirichyok

Application of Light Emitting Diodes for [llumination of Moscow and Operational Challenges....................... 25

Lale Erdem Atilgan and Mustafa BerkerYurtseven
Thermal Design of an LED System: A Special Lantern for Turkish Historical Mosques............ccccccvvveeeeeeenennnnn. 30

Banu Tabak Erginoz and Cenk Yavuz
A Survey and Measurement Based Study on Dimmable Lighting to Evaluate
Visual Performance and Lighting ENergy SAVINGS .........ouuuuiiiiiiiiiiiiieiieee et 42

Musa Demirbas, Tiirker Fedai Cavus, Ceyda Aksoy Tirmikg¢i, and Cenk Yavuz
Investigation of Energy Saving Performance and Other Related Parameters

of a Daylighting Scenario for an Industrial BUuilding ...............ceeiiiiiiiiiiiiiiiiiiiiecccccceeereee e 51
Mustafa Zeytin and Nazim IMAL

Lighting Quality Supported by Software and Application of Increasing the Efficiency............cccccovvveivninnennn.n. 56
Nikolai L. Pavlov

A Chromatic Conceptualisation of Natural Life .............ouuiiiiiiiiiiiii e 62
Maria Ferencikova and Stanislav Darula

Availability of Daylighting in SChool Operating Time .........ccooeeiiiiiiiiiiiiiiicieieee e 71
Natalya A. Saprykina

Sunlight as an Arranging Factor of Forming Dynamic ArchiteCture.............uvvviiieeeieiiieieieieccccirveeeee e, 79
Alexei K. Solovyov

Reflective Facades and their Influence on Illumination of Nearby Buildings..........cccoeeeeeeiiiiiiiiiiiiiiiiiieeeeeeeenenn, 88
Mikhail V. Osikov, Oksana A. Gizinger, Olga I. Ogneva, Olga R. Bokova, and Victoria G. Chudinova

A Comparative Analysis of the Influence Artificial Illumination on Behaviour of Laboratory Animals.............. 94
Guy Durinck, Frédéric B. Leloup, Jan Audenaert, and Peter Hanselaer

Modeling the Spectrum of a Luminaire Including a Dichroic Filter By Spectral Ray Tracing......................... 103
Viktor S. Zheltov and Vladimir P. Budak

Mathematical Simulation of Lighting Installations Using @ COMPULET..............uvvvrieiiriieeeeeeeeeeeeeeeeeeeeieeeeennnnns 113

Sergey V. Alkov, Mikhail L. Belov, and Viktor A. Gorodnichev

An Approximation Formula for Angular Distribution of Irradiance From

an Irregular Surface with CompleX INAICALTIX ......uueeeiiiiiiiiiiiiiiiiieee e e e e e e eeeeeeeeeeeeeeens 121
Leihong Zhang, Bei Li, Haojun Zhang, Yi Kang, Wenjie Zhan, Wenjuan Yi, and Zhiwen Chen

Study on the Comparison of Two Spectral Reflectance Reconstruction Methods Based

on Agile Spectrum Imaging and Liquid Crystal Modulation ................ooeiviiiiiiiiiiereiieieeeeccieee e 128

Kadirvel Sindhubala and BabaVijayalakshmi
Design and Implementation of Optical Receiver for Visible Light Communication
t0 Reduce AmDIient LGNt INOISE .....coeeiiiiiiiieiiiiiceee ettt e e e e e e e e e e e e e e et eeeeeeeeeeeeeeeraseannns 139

000 1113 1 1A= L PPN 147



Light & Engineering
Vol. 25, No. 2, pp. 4-12, 2017

Svetotekhnika
No. 2, 2017, pp. 6-12
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ABSTRACT

The article presents a retrospective of the
achievements in Russian domestic scientific, de-
sign and manufacturing efforts, headed by the
VNISI, on the creation of illumination and irradi-
ation devices for manned spacecraft.

Keywords: space, manned spacecraft, lumi-
naire, irradiator, VNISI

All materials connected with space explora-
tion were considered secret for many years in the
USSR, and the first open access publication con-
cerning «space lighting engineering» was article
[1]. In order to publish it, it was necessary to in-
volve astronaut Yu.P. Artyukhin who completed
a 15 day flight mission at the Salyut-3 station.
In the article, the main problems of illuminating
space craft intended for long flights were formu-
lated in the most general terms.

The Salyut stations (beginning from Salyut-3)
were the first space objects for which illumina-
tion equipment was completely developed and
manufactured at the VNISI. Before, for illumina-
tion of manned space craft, incandescent lamps
(IL) and SI-3 luminaires with fluorescent lamps
(FL) of JIb4—2BY type were developed in the ex-
perimental design bureau (EDB) of the Flight-
test Institute of M.M. Gromov. In the luminaire,
two FLs were used of 4 W each with luminous flux
0of 90 Im, and the both lamps could simultaneous-
ly work no more than 3 h a day. It is clear that il-
luminance of operational surfaces was at the level
of utility rooms (not higher than 30 Ix).

The first scientific progress in the determi-
nation of optimal illumination conditions for

manned spacecraft was represented by the work
of S.M. Zalkind, who worked at the Scientific Re-
search Institute of Civil Air Fleet, and made it the
subject of her dissertation defended in 1972. This
dissertation became the basis of industrial stan-
dards of the Ministry of General Mechanical En-
gineering coordinated with the Ministry of Health
of the USSR, and the standards were implemen-
ted for the first time at Salyut station. Compared
to Building regulations and other regulating doc-
uments, these standards did not meet the require-
ments for normal working and functioning con-
ditions, especially in the context of arduous long
space flights. Illuminance on operational surfaces
and in resting places should reach 100 Ix, and illu-
minance of auxiliary rooms should be 30 Ix. The
light source type was regulated as FLs of white
light. Irregularity of luminance distribution in the
field of vision and other illumination parameters
were not regulated in any way.

Such low requirements for illumination con-
ditions were primarily a result of a very high price
of electric energy on manned spacecraft and due
to payload limitation for placement into orbit. Ac-
cording to American sources for 1970, the cost
of lifting 1 kg of payload into orbit was $2200, cost
of 1 kW power from solar batteries was $25000 [2].
During the design stage of the Salyut-5 station, all
system of inner illumination were assigned 250 W
of average daily power and 14 kg of total mass. It
should be said that the first part of these require-
ments was met, and the second was not (the total
mass of the inner illumination system was equal
to about 24 kg).

An important feature of manned spacecraft
illumination is that their only source of electric
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energy is solar powered rechargeable batteries.
The total area of solar batteries at the Interna-
tional Space Station (ISS) is about 2000 m2, and
their power is 110 kW. In the Russian segment,
the voltage is 28 V, in the American — 124 V, and
in the Japanese — 28, 50 and 124 V is traditionally
used. The presence of direct voltage only compli-
cates the use of FLs as in order to avoid catapho-
resis, they can only operate with an alternating
current. Therefore, a critical element of FL lumi-
naires is the converter of direct voltage into alter-
nating. ILs can successfully work both with di-
rect, and with alternating current but they require
a stable voltage. The challenge is that onboard
voltage can vary widely (from plus 7 to minus 4
V while rating value is 27 V). IL parameters, pri-
marily lifetime and luminous flux, strongly de-
pend on voltage, and therefore an indispensable
unit of all IL luminaires is a voltage stabilizer.

The first manned spacecraft with acceptable il-
lumination conditions was Soyuz —19 created for
the ASTP Soviet-American space programme
(the Apollo-Soyuz Test Project). CII1—5M and
CI1—6 luminaires for operational and local il-
lumination were specifically developed for this
craft in a short time frame. For illuminating TV
reporting in space, the CI'2—9 luminaire was de-
veloped. The first two luminaires were equipped
with U-type amalgam FLs of 8 W, and the third
had a halogen incandescent lamp (HIL) of 27 W.
By their structure, the FL luminaires were iden-
tical but CII1—6 was the world’s first «space» lu-
minaire with controlled luminous flux (axial lu-
minous intensity was varied from 1 to 40 cd). By
request of the All-Russian Research Institute
of Television responsible for telecasting from the
orbit, in these luminaires, FLs of improved colour
rendition (“JIOIL”) were used providing a better
colour rendition quality in comparison with the
“JIb” (white light lamp) FLs.

Illuminance of working spaces on the
Soyuz —19 was about 200 1x and could be dimmed
by the astronauts to 2—5 1x depending on the na-
ture of the work undertaken. Illuminance for
black-and-white TV reports reached 300 Ix, at co-
lour — of about 100 Ix and provided TV reports
and camera recording of acceptable quality. When
they arrived at the Zvyozdny Gorodok training
facility, the American astronauts were shocked
by the quality of the Soyuz illumination, as Apol-
lo illumination at that time was much worse, and

the American astronauts had not even considered
the possibility adjustable FL luminaires.

CI1-5M and C1—6 luminaires (Fig. 1) con-
sisted of two units: a power supply unit, which was
stably installed onboard and a detachable light
unit. The light unit was manufactured from poly-
carbonate as the most shock-resistant plastic.
Electrical junction of the units was a PC 10b con-
nector, and clamping of the light unit on the pow-
er supply unit used thrown-over locks.

This luminaire structure was also used in sub-
sequent developments. It provided a high degree
of reliability and operational convenience on nu-
merous flights and during long-term missions at
the Salyut and Mir stations and at the ISS.

Due to obviously insufficient illumina-
tion levels according to the standards in place
at that time, the VNISI together with speci-
alists from the Institute of Medical and Biologi-
cal Problems (IMBP), the State Optical Institute
(SOI), the Design Bureau of General Machinery
Industry of V.P. Barmin, with the Institute of Air-
craft and Space Medicine (IASM) and with the
Scientific Research Institute of Industrial Aes-
thetics, in 1977—80 a large-scale study was under-
taken («Study of creating ways of rational illumi-
nation installation for closed ecological objects»),
the results of which were partly published [3—9].

For long-term experiments, two unique il-
lumination installations were developed and
manufactured.

In an isolation vacuum chamber of the IASM,
four luminaires with six FLs of 18 W power each
were mounted. Power supply of the lamps was
implemented using a high frequency current
(20kHz), with a possibility of independent ad-
justment of luminous flux from two places: from
within and outside of the chamber. Luminaires
JIb (white lamp) FLs were used for two of them
and improved colour rendition FLs were used for
the other two. The experiment participants work-
ing in the chambers could set a desirable illumi-
nance level for working spaces within an inter-
val of 0—350 Ix, as well as a desirable spectrum
of the lamps. There were no limitations by power
consumption. The experimental team performed
a continuous three-day project of work very close
to the real activity of astronauts in space flights.
To imitate zero gravity conditions, the operators
were in the orthostatic position (lying on the back
with body axis tilt of 6° and head down). Physio-
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Fig. 1. CA1-5M (C[1-6) luminaire:
a —assembled; b — light unit from the back; ¢ — power supply unit

logical parameters of all participants were measu-
red: blood pressure and heart rate. Visual working
capacity and state of visual analyzer were deter-
mined by correction tasks, achromatic adispa-
rometry, contrast sensitivity and critical flicker fu-
sion frequency. Without a certain periodicity, se-
veral times a day, adjustors outside the chamber
set illuminance levels different from those selec-
ted by the participants inside the chamber so that
they would set a desired level again.

In another experimental installation, a desired
illuminance for recreational spaces was deter-
mined (level, irregularity of luminance distribu-
tion, room saturation with light, radiation chro-
maticity, colour finish of rooms). For this pur-
pose, in full-scale models of the real rooms,
installations of cornice illumination with stan-
dard FLs of different types were mounted, as well
as of coloured FLs (red, green and blue) develo-
ped especially of 36 W each. As well as in the lu-
minaires for the isolation vacuum chamber, FLs
were supplied with a high frequency current and
could be adjusted.

The participants voluntarily installed illumi-
nance levels and radiation spectrum for diffe-
rent colours of walls, providing the most com-
fortable conditions for rest.

The results of these experiments, which formed
the basis of O.I. Okara’s (1980) and T.S. Leono-
va’s theses (1982)), found that:

* The iilluminance level, which provides
comfortable conditions for work during a long
stay in closed spaces, is about 200 Ix for “JIJIL1”
FLs and about 270 Ix for “JIb” FLs.

* In terms of visual working capacity and fa-
tigue “JIJIII” FLs were no worse than JIb FLs
(apparently, due to an absence of luminous flux
pulses at a high-frequency power supply of the
lamps).

* To create comfortable working conditions,
the illumination system should allow the user
to adjust illuminance levels, and for rest condi-
tions — to adjust the spectrum.

* To decrease the unpleasant impacts of long
term operations in a small closed spaces in the
recreational areas, it is desirable to create light-
and-colour dynamics.

To meet these requirements, in the All-Russian
Research and Design Institute of Light Sourc-
es (RDILS) responsing to a task set by the VNI-
SI, developed a series of 8 W FLs, steady against
high mechanical loads and climate conditions:
JIb, JIE and JI/ILI FLs of red, green and blue FLs,
as well as of erythemal and bactericidal mercury
LP lamps. The VNISI created luminaires based
on these lamps, which have functioned success-
fully in space for more than thirty years and con-
tinue to equip illumination facilities of the Rus-
sian ISS modules.

The listed special FLs created at the beginning
of the 1980s still remain the leading world speci-
mens; the luminous efficacy of red and green FLs
is 75 Im/W, of JIb FLs is 55 Im/W, their guaran-
teed lifetime (with 0.95 probability of no-failure
operation) is 5000 h.

JIb8—4 and JIIII-8 FLs remain the basic light
sources for the Russian ISS modules, and C/11-7,
CITP-1 and CP-2 luminaires (Figs. 2—4) are de-
veloped to be used within them.

The CJI1—7 luminaire was the main illumina-
tion device at the Mir station [10]. Seventeen such
stationary luminaires were installed there with two
JIb8—4 or JIALI8 FLs each. The lamps were ope-
rated using one voltage converter and could be
switched on separately. Output voltage frequency
was 20 kHz, which completely excluded lamp lu-
minous flux pulsations and acoustic noises from
the luminaire. The luminaire’s structure was si-
milar to the above listed CA1—-5M and CJ1-6
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Fig. 2. CA1-8 (CA1-7) luminaire

luminaires: the power supply unit was rigidly fixed
onboard, and the detachable light unit of poly-
carbonate was clamped by thrown-over locks. No
smooth adjustment of luminous flux was provi-
ded for. Later on, the CJI1—8 luminaire was de-
veloped, the structure of which completely co-
incided with CI1—7 but its luminous flux was
adjustable within (100—1)%. However, for the
reasons listed below, development of this lumi-
naire was stopped at the prototype stage, and they
did not participate in real space flights.

The CIIP-1 luminaire (Fig. 3) was develo-
ped for illumination during TV reports and film-
ing, as well as still photographies at the Mir sta-
tion. It was made as a monoblock with six 8 W
FLs, and to protect them, the luminaire outlet
was covered with a plate of especially strong ma-
terial PMMA — CO 140 of 4 mm thickness. For
convenient carrying and operation, there were two
handles on end face sides of the case. There were
four such luminaires at the station. They could
by easily fastened in any place on the station using
arms attached to the back of the case with captive
screws but also using Velcro stickers. The CITP-1
luminaires were widely used by astronauts for not
only TV reports and filming but also whenever an
increased illuminance was required.

One more «space» luminaire, the CP-2
(Fig. 4), is similar to the CITP-1 luminaire by the
electric circuit and parameters but it has a station-
ary fastening. CP-2 luminaires successfully work
in Russian ISS modules today as well.

Finally, an additional version of the univer-
sal luminaire was developed suitable both for illu-
mination of reports and filming, and for working
light: CP-3 (Fig. 5). The luminaire contains three
detachable light units unified with the main lu-
minaire of working illumination CIO1—7, which
is fastened to the general power supply unit using
thrown-over locks. Each unit can be turned on se-
parately, which makes the illumination installa-
tion quite flexible. As well as portable CITP-1 re-

Fig. 3. CITP-1 luminaire (portable for reports)

porting luminaire, the CP-3 luminaire is designed
for different methods of its fastening and carrying.

Unfortunately, the collapse of the USSR and
destruction of the uniform space-rocket indu-
stry which followed, did not allow for a complete
implementation of a comfortable light environ-
ment in manned spacecraft. Nevertheless, since
July 1997, GOST [11] standard came into ope-
ration regulating some illumination parameters
obtained from the 1977—80 study. It was created
without participation of the VNISI (the illumi-
nation section was developed by the IMBP by the
results of the above mentioned study) and there-
fore from the lighting point of view it is not quite
correct. In Table 1, the illumination requirements
normalised by the standard are presented.

They are as follows:

— In inhabited compartments, the following
illumination types should be provided for: ge-
neral (working); standby; emergency; to provide
TV reports, video filming and still photographies;
portable for repair work; portable with autono-
mous power supply;

— In technologically reasonable cases, combin-
ing different types of illumination. When switch-
ing off standby illumination, emergency illumi-

Fig. 4. CP-2 luminaire
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Table 1. Requirements to illuminance for operational surfaces of manned spacecraft inhabited
compartments [11, Table 13]

Illumination place Optimum iflumi- Notes
nance, Ix, not less
1.Desktop 150 White light lamps are used
Illumination uniformity, not less than:
1:3 — for control panels and work places
1:5 — for separate inscriptions and designations on
2.Control panel (dash board) 200 panels
1:10 — for panels in central and peripheral part of the vi-
sion field
3. Astronaut rest places 100
4. Installation places of radio 40
and special equipment
. In the ACS, washing cabin, and shower areas, a reduc-
5. Auxiliary compartments 50 tion to 30 Ix is permitted
6. Astronaut sleep stations 10 Constant emergency illuminatin using blue filters
7. Indication facilities with need For indication facilities of especially important para-
of detail distinction of the size: meters, luminance increase relative to basic elements
to 1 mm 200 by 40 % takes place (including control panels and sys-
to 10 mm 75-100 tems for physical trainings)

nation should automatically switch on. Local il-
lumination, switching on working illumination at
astronaut bunks and a possibility of full illumi-
nation switching off including standby should be
provided for;

— In the inhabited compartment, forma-
tion of flares on the reflecting surfaces of devi-
ces, windows, control panels, astronaut dazzle,
shading of the working equipment when carrying
out working operations by the astronauts and ex-
posure of direct solar rays on the astronaut eyes
should be excluded;

— Illuminance in case of emergency illumi-
nation should be not less than 20 % of the values
specified in Table 1 but not less than 20 1x;

— To provide optimum conditions of informa-
tion perception from devices, illumination control
of indication facilities should be provided for. 11-
Iumination facilities of inhabited compartments
should provide a smooth illuminance adjustment
from 300 to 50 Ix.

When carrying out the Buran space pro-
gramme, (an analogue of the American Space
Shuttle programme), the CI'2—12 luminaire with
HILs was developed to illuminate the untight
loading and unloading site (Fig. 6). This choice
of light source was motivated by the impossibi-

lity of discharge lamp operation, including FLs
in a preset temperature interval, and light emitting
diodes then did not exist in practice. As the on-
board voltage had a wide dispersion, the luminaire
was turned on via a voltage stabilizer (in Fig. 6 at
the left). As it is known, the Soviet orbital Bu-
ran ship made the only pilotless space flight, and
its model is now shown at the Exhibition of Eco-
nomic Achievements (EEA).

According to the Customer requirements, TV
report illumination from the descent of manned
spacecraft, in which astronauts are present dur-
ing placing the ship into orbit and during descent,
should be implemented using ILs only. In accor-

Fig. 5. CP-3 luminaire
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Fig. 6. CI'2-12 luminaire

dance with the ASTP programme, CI'2—9 lumi-
naire with KI'M27—27 HILs was developed for
this purpose. Later on it was modified, and as
the CI'2—14 luminaire (Fig. 7) was used on many
Soviet and Russian Soyuz crafts. Due to a spe-
cially computed aluminium reflector with elec-
trochemical polishing of the surface, the lumi-
naire forms a uniform illuminance of about 300 Ix
within a circle of 1 m diameter from 1 m distance,
which fully provides for high quality of TV reports.
Four such luminaires work with one general pow-
er supply unit stabilising onboard voltage.

Besides illumination devices, the VNISI to-
gether with the IMBP developed and delivered
onto the Salyut-7 UV BUF irradiator intended
to compensate UV insufficiency, and to be ex-
act, to prevent disturbances of the calcic ex-
change! [12]. The irradiator contained six erythe-
mal JID8 FLs developed by the RDILS. Selec-
tion of a material to close the outlet appeared to be
a big problem, because neither polycarbonate,
nor polymethyl methacrylate (PMMA), nor oth-
er shock-resistant plastics pass through UV radi-
ation of a necessary interval. As a result of stud-
ying material spectral transmission characteris-
tics, polytrifluorochlorethylene (ftoroplast-3) was
selected as a film of 0.4 mm thickness. Protec-
tion of the lamps and film closing was provided
by a metal lattice (Fig. 8).

1 Astronauts faced the “solar deprivation” problem, when
flight duration continued for several months. It is known that
vitamin Dj regulating calcic exchange of an organism is not
practically assimilated from food and is formed when skin radi-
ating by UV radiation of about 365 nm wave length. A shortage
of this vitamin leads to washing away of calcium from the bones
and associated negative consequences (thinning and brittleness
of bones, osteoporosis, etc.).

Fig. 7. CI'2-14 luminaire

The IMBP has developed methodological in-
structions for astronauts concerning the BUF ir-
radiator. To meet the instructions, the irradiator
had a built-in timer with a preset radiation time:
from 5 to 45 min. The irradiator was installed over
the race track training device. The same irradiator
operated at the Mir station as well.

Further, the illumination of the ISS Ameri-
can segment modules was implemented accor-
ding to document [13]. The correspondent re-
quirements for this illumination are presented
in Table 2, from which it is seen that they are sig-
nificantly higher than in accordance with GOST
[11], and mainly meet the recommendations ob-
tained from the research work of 1977—80.

For illumination of the American ISS mod-
ules, FLs are also used but it is already known
that NASA intends to change to light emitting
diodes (Fig. 9) [14]. One of the reasons for this
is the disturbance of circadian rhythms and as-
tronauts’ chronic lack of sleep. It is known that
during flights, the astronauts are short of approx-
imately two hours of sleep daily. As light emitting
diodes can practically radiate light of any chro-
maticity and can be easily adjusted, it is possi-

Fig. 8. BUF irradiator
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Table 2. Requirements to illumination of ISS
American segment module interiors

ISS area Illuminance, Ix
or activity type not less

Servicing 100
Passages 50
Hatches 100
Hand-rails 100
Ladders 100
Working place 320
Maintenance 270
Control devices 200
Assembly 320
Recordings 540
Filling of tables 540
Repair 320
Panels 50
Reading 540
Night-time

illumination 20

ble to simulate circadian change of light environ-
ment not only by illuminance, but also by radia-
tion chromaticity, which facilitates maintenance
of normal daily rthythms of the astronauts?2. It was
planned to replace FLs with light emitting diodes
in 2016.

One more important objects of lighting en-
gineering manned spacecraft are «space green-
houses». Plant growing experiments in zero grav-
ity conditions began at the Salyut station (1971),
onboard which there was a small greenhouse —
«Qasis». To illuminate the plants, C/11—4 lu-
minaire with two FLs of 4 W each was used
on the station. According to astronaut Yu.P. Ar-
tyukhin working on the station, the Oasis was
the lightest place on the station, and astronauts
spent considerable time near it. Incidentally, the
C/11—4 luminaire was the first device develo-

2 The problem of disturbance of circadian rhythms and
of the possibility to control them using light was studied in the
USSR already in the 1970s (VNISI, IMBP, IKM), hovewer
technical facilities of that time did not allow to implement the
results.
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Fig. 9. Luminaire with light emitting diodes for replace-
ment of FL luminaires in the American ISS modules [14]

ped by the VNISI, which went to space. Lat-
er on, the Malachite greenhouses and others ap-
peared, which showed a possibility of growing
taller plants in manned spacecraft through a full
cycle (from seed to seed).

Since 1996, a completely automatic green-
house Svet (Light) developed at the IMBP, has
worked on the Mir station. Its luminaire has two
FLs of 8 W each and was developed in Bulgaria.
In the greenhouse, wheat, leaf vegetables and gar-
den radish were grown up. The astronauts gathe-
red the harvest at a certain development stage,
fixed it in special solutions, and then biologists
on Earth studied the anatomy and morphology
of the selected material.

On the ISS, experiments with growing taller
plants are carried out both in the Russian and
in the American segments. In the Russian seg-
ment the Lada greenhouse was operated, in which
leaf salad, dwarf tomatoes, dwarf peas, barley, gar-
den radish and wheat were grown (Fig. 10).

To illuminate, more precisely — to radiate,
plants, FLs were used. The Lada greenhouse

Fig. 10. Lada space greenhouse
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failed in 2010. In December 2016 the Lada-2 au-
tomatic greenhouse, which used light emitting di-
odes (white, red and blue in a combination opti-
mum for growth of plants) should have replaced
it. However, on the 15t of December, the Progress
supply ship, which was to deliver the greenhouse
to the ISS, did not enter orbit and was lost.

In the American segment of the ISS since April
2014 the Veggie (Vegetable) dismountable green-
house is in operation. By planting area (30%36
cm) it is now the largest greenhouse, and a unit
of red, blue and green light emitting diodes is used
inside it. In this greenhouse, salad and other ve-
getable crops are grown, as well as for the first
time zinnia flowers are grown under space flight
conditions.

There is no information available on illumina-
tion of the Japanese, Canadian and European ISS
segments.

For warning light systems, Russian manned
spacecraft only use ILs. On unmanned craft
search beacons with pulse xenon lamps are ap-
plied. The VNISI has developed and manufactu-
red several types of external and signal lights for
manned spacecraft [15, 16].

Searchlights for illumination of docking units
should be mentioned separately. Searchlights are
installed on all manned spacecraft models of the
Soyuz type. They are used when manually cou-
pling manned spacecraft with the space station.
For this purpose the CMW3—3 searchlight with
KI'M27—-100 HIL type was developed. Its lumi-
nous efficacy of 33 Im/W was a record for HILs.
However, because of a wide dispersion of on-
board voltage and of a considerable wire voltage
difference (up to 5 V) the lamps often operated
at a voltage lower than the rated, which result-
ed in a noticeable deterioration of the searchlight
lighting parameters.

To eliminate this disadvantage, in the late
1980t a new illumination unit CMM-4 was de-
veloped (Fig. 11). In the unit searchlights, new
KI'M12-100 halogen incandescent lamps (HIL)
developed in the RDILS were used. A pulse vol-
tage stabilizer was assembled according to an ori-
ginal circuit. It was located near the lamps and
had an efficiency of more than 92 %. Therefore,
at any oscillations of the onboard voltage, the
lamps were supplied with exactly 12 V. Dimen-
sions of the lamp filament were 2X3 mm only,
which allowed obtaining a radiation angle 4° and
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Fig. 11. Set of CMU-4 searchlights

axial luminous intensity more than 10000 cd with
rather small dimensions of the reflectors. The
CMMU-4 unit contained three searchlights: two
with radiation angle 4° to illuminate the docking
unit directly and one with radiation angle of 20°
for general illumination and overlook of the sta-
tion. When coupling, one of the «four-degree»
searchlights operates, and another serves as a re-
serve and automatically switches if the first one
fails. This provides a very high reliability of the
searchlights. However, it should be noted that
throughouth their long history there were no fail-
ures of the main searchlight. Attempts to use
MHL instead of HILs were not successful be-
cause of a very wide interval of surrounding tem-
peratures (from — 150 to + 100 ©).

* K *

Obviously, light emitting diodes open up com-
pletely new opportunities for both inner illumina-
tion of manned spacecraft and in the light warn-
ing system and illumination of the docking units.
Using LEDs can easily provide for a light- and
colour-dynamic environment and meet all re-
commended illumination parameters with a lower
energy consumption and with more suitable pay-
loads and dimensions.

Meanwhile, «for reasons beyond our con-
trol», the space lighting engineering work in the
VNISI was stopped a few years ago. According
to unofficial figures, the work today is carried out
in Zelenograd.
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ABSTRACT

The current state of research and development
of LED hardware components, LED lamps of di-
rect replacement, street and industrial luminaires
with light emitting diodes, irradiating devices with
light emitting diodes for hothouse crop produc-
tion, etc. are considered. Some examples of pro-
spective directions for LED engineering deve-
lopment, such as medical equipment, UV dis-
infection and mobile facilities are mentioned.
Conclusions and forecasts are made on the further
development of lighting and irradiating equipment
with light emitting diodes.

Keywords: LED hardware components, energy
efficiency, luminaires with light emitting diodes,
LED lamps of direct replacement, lighting cha-
racteristics, hothouse crop production, prospec-
tive directions

Many articles, reviews and monographs are
accumulating around the world on the subject
of light emitting diodes. This has significantly
complicated the objective of this article: to pro-
vide readers with new and useful information. As
a result, the authors formed the article based pri-
marily on their own research. In doing so, we have
collected many materials, because our research
into LEDs began in 1977 [1, 2].
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Our analysis of the modern level of develop-
ment of light emitting diode (LED) equipment
is based on results of tests performed in the ac-
credited Test laboratory of the Centre of light
emitting diode and optoelectronic technologies
of the National Academy of Sciences of Belarus
(TL), which was established in 2010 and accred-
ited in 2012 (accreditation certificate ISO 17025 #
BY/11202.1.0.1714 of 8/13/2012). The TL is out-
fitted with modern test equipment and measuring
instruments, experienced and trained personnel.
Its purpose is the measurement of lighting and
thermal characteristics of LEDs and of products
with LEDs: luminaires, lamps, modules, displays,
devices for back illumination, light-signal equip-
ment, traffic lights and indicators.

The scope of work performed by the TL grows
constantly. In 2015, about 300 luminaires and 100
lamps were tested, and for January and November
of 2016, 280 luminaires and 80 lamps were test-
ed. Many of these tests was carried out by request
of the Lumen& ExpertUnion journal. The results
of these tests are open access on the journal web-
site under the TESTED heading [3]. They were
used during the competition for the Euroasian
lighting prize in 2015.

In 2016, the TL also performed measurements
of thermal characteristics of LEDs and of lamps
by request of the Lumen& ExpertUnion journal us-
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=220 Im/W

Fig. 1. Luminous efficacy of light emitting diodes #,: fore-
cast and reality

ing Flir A325 TV camera. The test results are pre-
sented on the same website.

In some cases customers ask to estimate and
to analyse engineering and technologocal levels
of development and production of LED products:
therefore we have accumulated information both
on separate structural units and on technologo-
cal operations, as well as on products as a whole.

Let us consider some factors of hardware com-
ponent development. It is known that LED light
efficacy (1,) mainly determines the #, of the LED
luminaire as a whole.

Fig. 1 shows a forecast of LED #, growth dy-
namics by data [4] and a correspondent real pic-
ture [5, 6].

It should be also noted that the presented 7,
data in articles and advertising materials until 2012
correspond to lowered operation currents (1/3
of the rated) and to a working temperature 25°C.
At present, for complete consumer satisfaction, 7,
of LEDs as a rule corresponds to normal opera-
tion currents and to a temperature of 85°C.

Looking at the dependencies in the presented
graph, it is clear that the actual level of #, for white
LEDs is higher than that predicted for 2016 by 70
Im/W (47 %). Let us try to establish the reason for
such an abrupt growth in #,.

At the beginning of the 2000s the world mar-
ket portion of hyper-luminous white LEDs was
worth $1.2 billion for total volume, manufactur-
ing such LED products as billboards, signboards
and LCD panels with back illumination, which
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Traditional light emitting diodes

Gold wire Phosphor Paste

Frame
Chip

CSP light emitting diodes

Substrate (ceramics) Phosphor  Paste
Chip
WICOP light emitting diodes
Phosphor

Chip

Fig. 2. Development of LED crystal manufacturing and en-
capsulation technology

amounted to 56 % of the total number fo LEDs,
and the demand for them grew constantly (their
portion of the general illumination segment was
only 4 %) [7, 8]. This situation became a catalyst
for the fast development of white LEDs, which
were the main hardware components for creat-
ing the devices for back illumination. Challen-
ges around household appliance energy efficien-
cy, image quality of LCD television panels and
of computer monitors, were mainly addressed
by improving the quality of LEDs. These proces-
ses are still onging.

At the same time, requirements to LED de-
sign and to technological effectiveness of their use
when assembling LCD panels, have risen.

Fig. 2 shows the stages of SMD-LFEDs deve-
lopment: traditional LEDs, CSP-and WICOP-/
WICOP2-LEDs [9].

WICOP-and WICOP2-LEDs have the follow-
ing advantages: minimisation of dimensions of the
correspondent lighting devices (decrease of their
material consumption and miniaturisation);
improved heat removal (reduction of degrada-
tion speed, increased reliability). Their disadvan-
tages are high requirements of the assembly equip-
ment (vacuum manipulators, positioning accura-
cy), as well as the selection of printed circuit board
materials and their flatness, giving them reflecting
properties and selection of materials with the clos-
est values of thermal expansion coefficients.

The need for such LED’s to be airtight (mois-
ture- and gas- impermeable) is not addressed very
well. For this reason, they can be referred to LEDs
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Mid-Power High-Power Chip-on-Board

Fig. 3. Most widespread types of light emitting diodes

for «domestic use» (for example, inside LCD TV
cases), though there have been attempts to use
them in street luminaires.

Further, let us assess the economic and prac-
tical feasibility of LED type selection when cre-
ating street luminaires. Let us consider the most
widespread LED types used for this task and pre-
sented in Fig. 3, as well as data concerning quan-
tity of kilolumen of luminous flux, which can
be bought for $1 (kim/$) at the following LED
parametres: correlated colour temperature 7, =
5000 K, general colour rendering index R, > 80
and #, > 135 Im/W at operation temperature equal
to +85 °C.

According to our information, when using
Mid-Power LEDs (with case 3030, of about 1 W
power and of about $0.06 cost!') when purchas-
ing batches up to 500,000 pieces). Hence one can
buy 2.25 klm luminous flux for §1. And when us-
ing High-Power LEDs (with 3535 housing, about
2.1W power and about $0.45 cost) when purchas-
ing them up to 100,000 pieces, or LED matri-
ces of Chip-on-Board (COB) (of about 90 W pow-
er and about $19 cost) when purchasing them up

1 The prices are given approximately for LED leading
brands available in the market of the Customs union, as
of the IlIrd quarter 2016.

Street
Industrial

Luminous efficacy, Im/W

Luminous flux, Im

Luminous efficacy, Im/W

to 200 pieces, one can buy 0.6 klm luminous flux
for $1.

It is known that an LED module’s thermal
properties determine the degradation of light cha-
racteristics and the reliability of a LED luminaire
as a whole. In this case, total thermal resistance
levels of the LED array providing luminous flux
of 12 klm (typical for most street luminaires with
LED:s), for Mid- Power and High-Power LEDs and
for LED matrices of Chip-on-Board (COB), are
equal to 0.087, 0.095 and 0.14 K/W respectively.

Analyzing these results, one can assume that
low-power Mid-Power LEDs during the next se-
veral years will dominate by their price factor
and reliability on the LED consumption mar-
ket of hardware components for creation of LED
street luminaires.

Further, we will consider the state of deve-
lopment and introduction of street and indus-
trial luminaires, looking at measurement results
of their specimens in the Test laboratory of the
Centre of light emitting diode and optoelectronic
technologies of the National Academy of Scienc-
es of Belarus. During 2015, for the researh tests,
21 LED street luminaires and 55 industrial LED
luminaires were presented, and in 2016, 40 and
46 pieces respectively were selected. All of the
studied specimens were the latest developments
of known companies presented at the Customs
union market.

In Fig. 4, total #, and luminous flux values
of the LED equipment specimens studied and
their weighted average value are presented.

Best 5, results among LED street luminaires
are close to 145 Im/W and average #, values for
2015 and 2016 did not change, however average 7,
values of industrial LED luminaires significantly
increased: from 90 to 114 Im/W.

Street
Industrial

Luminous flux, Im

Fig. 4. Luminous efficacy and luminous flux values of the studied specimens of LED devices
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Fig. 5. In national park Tsianfoshan, Tsinan, China

This situation can be explained as follows.
In 2015, a miminum five-year warranty peri-
od was fixed for tendered procurement of LED
equipment. In addition, the number of luminaires
sharply increased, which did not correspond
to the warranty period requirements (no less than
three years), mainly because of failure of the con-
trol units («drivers») and because of insufficient
air tightness of the light-optic parts. The problem
is so acute that many companies are now close
to bankruptcy.

It should be stated that at present the
main problems of LED and LED module degra-
dation are caused not only by electric and ther-
mal phenomena but also by chemical and elec-
trochemical processes connected with the in-
teraction of LED equipment components with
corrosive gases (HCI, CO,, SO,, etc.), moisture,
salt vapours and solutions.

At the same time, a niche opens for industrial
luminaires operated in rooms, which significant-
ly reduces requirements for air tightness of these
devices due the absence of adverse environmen-
tal factors.

Based on the analysis of the obtained data, we
assume that target indices for the development
of LED street luminaires, for example of 100 W
power, will reach the following values by 2020:
average value of luminous efficacy will be 180
Im/W, mass will be no more than 5 kg, operatio-
nal warranty period will be 8 years.

Besides, the luminaires should have the follow-
ing features: smart functions (remote and automa-
tic control), thermal regulation, self-cleaning sur-
face of the case.

Moving on to LED lamps of direct replace-
ment (LDR), in Tsianfoshan national park

in China, LED lamps are being sold, which lie
in bulk unpacked and without labels. And they are
transported and stored in bags (Fig. 5). According
to the cardboard price tags, these are lamps of 3
to 12W power, and price of a 12-watt bulb is about
$0.30.

What does this mean and what are the risks?
Under certain conditions, such products can ap-
pear in our shops decently packed and bearing any
label. This is the underbelly of the market. Fortu-
nately, in China, there also exist LED products
of much better quality.

When consider the state of LED lamp deve-
lopment in more detail, it can be stated that there
are two approaches used for the creation of these
products:

1. A traditional composition method, when
a bulb is close to the norm by its appearance and
the main components are assembled in layers,
which significantly facilitates automation of the
assembly processes (Fig. 6) [10, 11];

2. Production as an analogue of a normal IL
by replacement of tungsten wires with multiele-
ment linear radiators (filaments) [12].

To analyse the situation, we will use the rating
information on ten of the best normal LED lamps
[13, 14] and of controlled smart lamps present-
ed on a consumer website [15]. Website informa-
tion [13—15] is topical from both engineering and
economic viewpoints. So website [13] contains

Translucent
acrylic
envelope

Light emitting diode
printed circuit board

Heat-dissipated
aluminium basis

Control unit

Plastic radiator with
aluminium filler

Laser printing

Socle

Fig. 6. Main components of direct replacement LED lamp
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Fig. 7. Lamp light sources

Filament lamp

12,5W
800 Im

?

Incandescent lamp Compact fluorescent Direct replacement
lamp lamp
60 W 14 W 125W
800 Im 800 Im 800 Im
1200 h 10 000 h 25000 h

more than 2000 detailed protocols of LED lamp
research, and at website [15], price indices of the
LED lamps sold via the Amazon retail network are
given, which allows assessing the price-to-quali-
ty ratio of the presented light sources. Despite the
high cost ($159.9), products of Philips Hue Con-
nected Bulb have some advantages in this category.
They are supplied as sets of three controlled LED
lamps, which additionally include a control panel.

We will consider approach 2 i.e. so-called
«filament lamps» in more detail. We will reduce
known lamp light sources to one luminous flux va-

Iue of 800 Im (lamps with such luminous flux are
mostcommonly used in everyday life). As can be
seen from Fig. 7, the presented lamps significant-
ly differ by power consumption and lifetime. LED
lamps of different types are identical by energy ef-
ficiency but vary by lifetime. Wherein:

* A prototype of a filament lamp was first de-
veloped in 2008 by the Japanese company Ush-
io Lighting. In 2011, a lamp produced by Panaso-
nic won the Good Design Gold Award [16]. These
lamps were introduced into mass distribution from
2012—2013, and their market portion has gradual-

Lamp Ne1 Lamp Ne2 Lamp Ne3 Lamp Ned4
CLED-A60 PLED A60 OMNI LED lamp A60 ASD LED-LIAP MNP
5W/E27/2700K 8W/E27/2700K 6W/E27/warm light 5W/E27/3000K
Lamp Ne5 Lamp Neé Lamp Ne7 Lamp Ne8
ASD LED-A60 NP ASD LED-A60 NP ASD LED-A60 NP Ambrelia light LED
6W/E27/3000K 8W/E27/3000K 10W/E27/3000K 6W/E27/2700K
Lamp Ne9 Lamp Ne10 Lamp Ne11 Lamp Ne12
Unief Sky Feron LED Feron LED Feron LED
TW/E27/3000K TW/E27/2700K TW/E27/4000K 5W/E27/4000K

Fig. 8. The studied lamps specimens
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Lamp Ne1
Lamp Ne2, 8 633 h
Lamp Ne3, 9 531 h
Lamp Ne4, 7 399 h
Lamp Ne5, 7 304 h
Lamp Ne6, 8 173 h

,12733 h

Fig. 9. Time dependence
of luminous flux and lifetime

Luminous flux, rel. units

Lamp Ne7, 1 666 h
Lamp Ne8, 1 667 h
Lamp Ne9, 11 246 h
Lamp Ne10, 5 256 h
Lamp Ne11,4 999 h
Lamp Ne12, 9 800 h

of the tested lamp specimens

Operating time, h

ly grown since then. Test results of filament lamps
in comparison with the reference lamps are pre-
sented in the Table.

* The measured specimens of filament lamps
were obtained through the retail network of the
Customs Union, and their appearance is given
in Fig. 8.

* The lighting characteristics of the fila-
ment lamps declared by producers, in most cas-
es considerably differ from those obtained during
measurement. In particular, the measured value
of power consumption appeared on average to be
15 % lower than the declared value, and the me-
asured value of luminous flux is 18 % lower than
the declared value. These results unambiguous-
ly show that consumer rights are being infringed,
and demand response measures from the state
authorities.

Fig. 9 and the Table show the lamp test results
concerning dynamics of luminous flux decrease.
The lamp specimen lifetime was assessed using

the IES TM-21—11 technique «Projecting Long
Term Lumen Maintenance of LED Light Sourc-
es» by decrease of luminous flux level to 70 %
from the initial value. For the calculations, the
data of the last 3000—4000 h of the service hours
were used as they give the most reliable assessment
of the lifetime according to this technique. The
general service hours of most specimens amount-
ed to 7239 h. For four lamp specimens, decrease
of luminous flux exceeded 30 % during operating
time of less than 6000 h. Lamps #7 and 8 were re-
moved from tests after 4000 h as they degraded
by luminous flux more than by 50 %. Lamp #12
failed after 5352 h work: therefore, the assessment
of its lifetime was overestimated in our opinion,
because for the calculations, operating time of an
earlier period was used. Lifetime values of the test-
ed lamp specimens are also given in Fig. 9, and so
lifetime of the filament lamps changes from 1680
to 12700 h, and over the tested specimen sample,
the average value amounts to about 7200 h.

Fig. 10. The Green Creative BR30 Cloud LED lamp
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Table. Comparison of the declared and measured values of the studied lamp
specimen main characteristics

Power Luminous flux
# Product type -"g i g i -g - -"g TE; g TE)“ _é c\;
[N S 5 2 A s > 5

1 | CLED-A605W/E27/2700K 5 5.2 4 800 819 2
2 | PLED A60 OMNI 8W/E27/2700K 8 7.3 -9 720 741 3
3 h;?t Filament Lamp A60 6W/E27/warm 6 59 1 3 642 B
4 | ASD LED-IIIAP IIP 5Bm/E27/3000K 5 4.0 -20 450 350 22
5 | ASD LED-A60 I1P 6Bm/E27/3000K 6 45 -25 540 457 -15
6 | ASD LED-A60 IIP 8Bm/E27/3000K 8 5.8 =27 720 582 -19
7 | ASD LED-A60 IIP 10Bm/E27/3000K 10 7.4 -26 900 850 -6
8 | Ambrella light LED6W/E27/2700K 6 2.6 =56 510 227 =56
9 | Uniel Sky 7W/E27/3000K 7 5.0 -28 - 642 -
10 | Feron LED7W/E27/2700K 7 5.9 -16 740 618 -16
11 | Feron LED7W/E27/4000K 7 6.1 -13 760 695 -9
12 | Feron LEDSW/E27/4000K 5 3.8 25 550 394 28

The next characteristic studied is 7, time
change. The test results showed a significant
change in this parameter for some specimens
of filament lamps: to 100 K and more. Summa-
rising the results, it should be noted that the use
of LED filaments and placing them into a glass
envelope without solving the problems of heat re-
moval and vibration resistance gives rise to serious
doubts as to the future of this direction. The same
doubts arise when considering production tech-
nology of these lamps. The use of glass envelopes,
installation of filaments in operation positions,
pumping-out, subsequent filling with a special gas
mixture and soldering of the envelope are poor
objects to automation and demand considerable
time unlike LED lamps of «traditional» structure.

The above listed problems can be solved
by means of carrying out some scientific and tech-
nical research with additional time.

To conclude this section, it is worth mak-
ing a few comments about some of the sample
LED lamps. In 2016 the Chinese company Well-
max, which is growing intensively, presented LED
lamps with a power consumption of 65 W and with
a luminous flux of 4500 Im manufactured in a case
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of heat-conducting plastic with local alumini-
um deposition [17]. It is supposed that this lamp
is a substitute of 125-watt HPSLs. The lamp has
a passive cooling system with channels of special
configuration for effective heat removal due to air
convection.

The second sample LED lamp, which differs
by the novelty of its solution, is the Green Crea-
tive BR30 Cloud LED lamp [18], inside which the
LED radiator card placed in the light emitting unit
is separated from the case part, where the con-
trol device and socle are located. This significant-
ly improves the thermal properties of the product
as a whole (Fig. 10).

Further we will compare some new prospects
and directions for the development of LED equip-
ment. One such direction is the radiation of plants
in greenhouses: «the sweet cherry on top of the fi-
nancial pie» of the irradiation facilities market.
The presented schematic image of the plant grow-
ing process (Fig. 11) allows drawing some conclu-
sions and identifying problems. A plant is a com-
plex multiple-factor system, and light is only one
of many factors influencing the plant growth pro-
cesses. Different plants at different stages of their
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Fig. 11. A schematic image of plant growing process

growth cycle require different radiation intensi-
ties and intervals, as well as different growing pro-
cedures. The existing crop variety dependence
adds ambiguity to the interpretation of the re-
sults. Experiments on the choice of LED illumi-
nation technologocal parametres are rather long
and expensive. Confirmation of the results un-
der different geographical conditions in green-
houses of different design is required. All compo-
nents and units of LED irradiators should be re-
sistant to high air humidity and temperature, as
well as to all types of chemical treatment typical
for greenhouse operation.

Lately, along with traditional hothouse sys-
tems, an interest in LED radiation (illumination)
appears in industrial greenhouses [19], where
multi-level storage racks (14—18 levels) are used.

a)
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There green cultures (salad, basil, parsley, etc.)
are grown using hydroponic systems. This type
of venture has launched into large-scale produc-
tion, and information appears [20] that using
these methods Spread company in Japan grows
and supplies retailers (restaurants, pizzerias, etc.)
with up to 30000 heads of salad a day.

There is also another direction, which ap-
peared and develops vehemently beginning from
creation of the installations sometimes called
«food computers» or «kitchen gardens» for house-
hold use to provide a family with fresh produce.

For the all the mentioned technologies
(Fig.12), high levels of luminous efficacy and re-
liability are necessary, as well as a special radia-
tion range.

A marketing method is rather widespread,
when the developer and the producer release LED
irradiators with a set of different radiation inter-
vals and different luminous fluxes, thereby trans-
ferring responsibility for the results of the LED
crop-growing irradiator use to the consumer. The
Finnish company Valoya proposes an entire irra-
diator range of different power with different inter-
vals (Fig. 13) [21] accompanying them with a ge-
neral recommendation: «for strengthening gener-
ative development», «for strengthening vegetative
growth», «for research purposes», etc. A similar
approach is taken by lllumitex, a leading US com-
pany [22], except LED irradiators with a wide in-
terval set, in addition proposes irradiators with
a monochromatic radiation of 450, 525, 624, 660
and 730 nm wavelengths (i.e. they offer many

Fig. 12. Directions of light
emitting diode hothouse
radiation use:

a) Minsk vegetable factory
(2015): hothouse radiation
(Test laboratory of the
Centre of light emitting
diode and optoelectronic
technologies of the National
Academy of Sciences

of Belarus); b) many-storey
systems; C) a device for
house use (Test laborato-

ry of the Centre of light
emitting diode and opto-
electronic technologies

of the National Academy
of Sciences of Belarus)

b)

c)
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Fig. 13. Radiation spectra of LED irradiators (Valoya company)

«tools» but customers should know, how to use
them).

Other prospective applications of LED tech-
nologies can be mentioned briefly. Lately, LED
equipment has enjoyed a serious development
boost due to the increase of LED light quality re-
quirements, which allows expanding the LED
Iuminaire sphere to such fields as the illumina-
tion of museums, film and photo studios, cosme-
tology consulting rooms, etc. After studying the
consumer requirements, the Test laboratory of the
Centre of light emitting diode and optoelectronic
technologies of the National Academy of Scienc-
es of Belarus has created an experimental lumi-
naire specimen for photographic studios (Fig. 14),
which confirms this. By lighting characteristics,
this luminaire is an analogue of an FL standard
luminaire but with an ability to adjust 7. and lu-
minous flux and with a low dimensional glare. Its
main technical parametres are as follows: Ra > 90;
T.. is adjustable value within 2700—6500 K range
with the pace 50 K; luminous flux is 4500 Im ad-
justed within 0—100 % interval; power consump-
tion < 60 W.

Similar requirements need to be met when cre-
ating LED equipment of medical purposes. After
LED light quality needs were met (correct human
tissue colour transmission), surgical and dental
LED luminaires have been developed and ap-
plied widely. LED light sources for special medi-
cal tasks are used more widely (Fig. 15) [23]. Ac-
cording to our assessments, this direction will be
intensively developed in the near future.

The questions rose when considering LED
light quality and applying LED luminaires
in medicine, have something in common with the
issue of photobiological safety. Photobiological
safety is sometimes considered an unsubstantiated
problem, because there are obvious ways to solve
it: to shift peak wave length 4,,,, of blue LED crys-
tals applied in phosphor white LEDs from 455 nm
to 405 nm or, for example to install light filters
weakening the blue range. Hovewer, the latter re-
duces 7, of the white LEDs.
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One more way to provide photobiological safe-
ty is the correct design of luminaires with LEDs,
which takes into consideration requirements
of the regulatory basis by dimensional luminance
and glare. In this case, the presence of a strict me-
trological support for the production and control
of access of these products to the market is very
important.

The introduction of LED facilities into the UV
disinfection field (Fig. 16) has begun. Two proto-
types of UV disinfection devices are known. They
consist of a reactor for radiation of flowing water
and of a LED module with 150 mW radiation flux
in spectral range of 250—300 nm (A,,x = 275 nm).
The device effectively neutralises bacteria in the
water including E. coli, R. Terrigena and P. aerug-
inosa, as well as MS2 phage and fr phage virus-
es with water consumption of 0.5—2.0 1/min. Use
of UV diodes makes the device compact. Other
information is not known.

A prototype of the device for UV disin-
fection and water purification is also known,

Fig. 14. A luminaire for photographic studios (Test labo-

ratory of the Centre of light emitting diode and optoelec-

tronic technologies of the National Academy of Sciences
of Belarus)
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Fig. 15. LED light sources for search
and visualisation of veins

in which UV disinfection and a photocatalysis ef-
fect by means of titanium dioxide 770, are used.
A consortium headed by the Cork Technology In-
stitute (Ireland) is actively developing this direc-
tion [24]. The process in essence consists of water
flowing through a helicoid channel filled with tiny
balls with 770, coating. Under the influence of UV
radiation, in the subsurface layer of this coating,
polluting organic compounds are split into ele-
mentary hydrocarbons and minerals. It is expect-
ed that these prototypes will appear in real prac-
tice within the next 3—5 years.

As discussed above, display technologies at
the beginning of the 215 century were the driving
motive of the development of white LEDs in or-
der to create LCD panels with effective back il-
lumination. At present, another ambitious task
has appeared: to create a mobile gadget (smart-
phone) with the function of video projection. The
first specimens have been created and are already
available (Fig. 17) [25].
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The Moto Zmobile phone and Moto Insta-Share
projector, have resolution 480 (854x480), contrast
1:400, luminous flux 50 Im, screen size up to 70
inches (178 cm) and duration of autonomous work
to 1 h. According to some information, Samsung
S&will be supplied with a built-in projector. Simi-
lar developments are carried out by Huawei Com-
pany as well. For a further development in this di-
rection, LEDs with #,, > 250 Im/W and with Ra >
90 are needed. Besides, problems of cooling such
LEDs, increase of rechargeable battery capacity
and decrease of light losses in the image forma-
tion channel need to be addressed. These prob-
lems are likely to be solved in the short term (5—8
years), and each user will have a cinema in his/
her pocket.

Lighting companies increasingly interact with
IT companies and together address smart illumi-
nation to gain income of additional opportunities
given by illumination. They want to make light
an integral part of the “the Internet of things”,
in which inanimate objects could interact with
each other automatically and perform co-ordinat-
ed actions based on the transmitted data increa-
sing efficiency of energy use and facilitating every-
day life.

It is suggested that street illumination will also
transition to smart illumination, and many com-
panies invest considerable funds to upgrade street
illumination by means of empowering it with ad-
ditional functions [26, 27]. Addition of sensors,
cameras and even loudspeakers make the illumi-
nation system more expensive but its expanded
possibilities help various services to operate re-
placing multiple highly specialised sensor systems.
Such combinations allow not only controlling il-
lumination switch on and off but also at the same

Fig. 16. Main units and ap-
pearance of devices with UV
diodes for UV disinfection
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Fig. 17. Mobile phone of the Moto Z series and projector
of the Moto Insta-Share Projector series

time monitoring air quality, road traffic and park-
ing load, notifying municipal services of snowfall
and providing sound messages on emergency Si-
tuations. The novelty of these functions is relative
but they are seldom used in practice in their tota-
lity. Fig. 18 shows a schematic image of an LED
street luminaire with a universal set of functions
[28].

Lately a new «inner» function of luminaires
appeared. This is so-called Li-Fi function, which
has some advantages and disadvantages. Some
examples of its possible use are given in [29].
The provided information allows drawing some
conclusions.

LED illumination equipment will devel-
op in many directions, and it is difficult right
now to foresee the end results of improving its
main characteristics. The possibilities of imple-
menting highly reliable LED luminaires of low
and middle power have already been demonstra-

Video monitoring

Sound notification

Adaptive illumination

Meteorological sensors

ted in practice. Due to further increases in LED
energy efficacy, which will lead to decreased heat
loss and improved environmental resistance, high-
ly reliable lighting devices of large and superlage
power with a high quality of light and adaptive
functions will be implemented. These directions
should be supported by the development of me-
trological assurances, test equipment and a sound
regulatory basis for LED lighting equipment. With
all this in mind, let us lighting engineers work to-
wards a better LED future!
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ABSTRACT

The problems inherent in a great number
of lighting installations with light emitting diodes
and ways of solving them are considered.

Keywords: luminaires with light emitting di-
odes, control system, architectural-art illumina-
tion, design and operation, start-up current lim-
it switches

1. INTRODUCTION

Publications concerning the practical applica-
tion of light emitting diodes (LED) as light sour-
ces for external illumination installations (utili-
tarian, architectural, landscape and decorative)
appear regularly in specialist scientific and engi-
neering journals, as well as publications intended
for the lay reader. In the latter case, the questions
of LED application tend to be of a commercial
character, directed to promote products by speci-
fic manufacturers. Less attention, or none at all,
is given to aspects of operational reliability of in-
stallations with light emitting diodes and their ap-
plication problems. The experience of working
with LED luminaires and their control systems
is insufficiently described.

Back in 2013, the Svetotekhnika Journal pub-
lished an article [1] in which the state and trends
of Moscow’s functional illumination and its de-
velopment were considered. The necessity for in-
terconnected application of external illumina-
tion all types and facilities, in order to create
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harmonious light-and-colour city spaces was not-
ed. It was specially designated in the Concept
of a uniform light-and-colour environment for
Moscow, which was confirmed by order Ne 1037-
I1I1 of the 11th November, 2008 by the Moscow
government. Even at that time, the authors noted
“that there should be a certain line beyond which
gains in energy efficiency should not be sought at
the expense of illumination quality”.

There is a need to explore in this journal the
theme of LED lighting device selection and their
operation in architectural and functional illumi-
nation. It is not proposed that rules of applica-
tion of static and dynamic light emitting diode il-
lumination installations should be sought, but in-
stead that a platform for experience exchange can
be developed, especially in terms of operational
challenges and methods overcoming them.

2. Development of Moscow city illumination
from 2011 till today

In 2011, two orders of the Moscow govern-
ment Ne 98-I1I1 of 31.03.2011 were approved:
“On the development of external illumination,
architectural-art local illumination and festive
light decoration of Moscow city for 2011” and
No 451-I1IT of 27.09.2011 “On confirmation of the
State programme of Moscow city “Development
of municipal-and-engineering infrastructure”.
These orders were the beginning of a new stage
in the development of the city’s light and colour
medium.
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Max. current = 74.4A

Peak current, A

Min. current = -10.2A

T =0.0125s, time sweep = 3s
a)

Peak current, A

Max. current = 9A

Min. current = —16.7A

T = 0.004s, time sweep = 1s
b)

Fig. 1. A diagram of architectural illumination current installation of a building located in Sadovaya-Ttriumfalnaya street:
a) without SCL, b) after SCL installation

Implementation of these programmes was car-
ried out stage by stage with financial funds increa-
sing. Object commissioning was carried out from
the city centre to the periphery.

During 2011-2015, the following was achieved:

— Architectural illumination installations
were mounted on more than 900 buildings and
constructions;

— 74,000 lighting devices with LEDs were
installed;

— More than 500,000 new functional illumi-
nation luminaires were installed or replaced (in-
cluding 20,000 with LEDs);

— Decorative illumination installations were
mounted in 80 streets, boulevards and squares.

2. EXPERIENCE

Within a relatively short period the number
of operational lighting devices of domestic and
foreign production in Moscow increased rapidly.
And this trend will continue.

In order to understand, how to work with LED
luminaires in such a situation and to determine
a systematic approach to design, equipment se-
lection, construction and subsequent operation,
as well as saving budgetary funds, it is important
to analyze the existing operational experience and
to determine the practical questions at the start,
which will require attention at later stages.

There are many companies in today’s mar-
ket, which provide design, installation, adjust-
ment and operation services for lighting installa-
tions using illumination equipment with LEDs.
In external, and especially in architectural illumi-
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nation, most problems appeared at the early sta-
ges of LED luminaires use, are already solved.
But questions of a management and technologi-
cal nature remain, which need addressing. This
is especially important due to the rapid growth
in the number of LED light sources, and with the
sudden expansion of their product range. Solving
these issues will ensure progressing to a higher le-
vel of production and application of the lighting
equipment.

3. DISADVANTAGES OF THE PROJECTS

Most projects do not take into account the
processes in electric installations working with
LED luminaires, especially with high concentra-
tions of LEDs, as for example in architectural il-
lumination. Automatic switches of many light-
ing switchboard objects installed both on input,
and on group lines, disconnect the circuit at the
start-up moment. As an example, one can men-
tion lighting installations in the New Arbat street,
Tverskaya street, Sadovoye Koltso (Garden ring),
which were installed in the period from 2011
to 2015.

During operation, the objects often were com-
pletely or partly disconnected, which caused
a great deal of discontent. Therefore, switching
mode change was required at most objects of ar-
chitectural illumination installations, for exam-
ple of New Arbat street buildings. A similar si-
tuation occurred in Sadovoye Koltso and Tver-
skaya streets. According to the dispatch service,
for the 2014—2015 period of time, 610 cases of pro-
tection device response took place. And according
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Max. current = 89.3A

Peak current, A

Min. current = —36.4A

T =0.004s, time sweep = 1s

a)

Max. current = 20.8A

Peak current, A

Min. current = —-18.4A

T = 0.004s, time sweep = 1s
b)

Fig. 2. A diagram of architectural illumination current installation of a building located in Tverskaya street:
a) without SCL, b) after SCL installation

to the design specifications, preset values of auto-
matic switches were selected with due regard for
start-up currents according to the Electrical in-
stallation code 6.1.33 requirements.

With the aid of the operating company’s labo-
ratory, measurements of start-up currents of some
installations in operation were made. The mea-
surement results are given in Figs. 1 and 2. The
measurements were performed for each phase se-
parately. Figs. 1 and 2 show “A” phase lighting
installation current diagrams. The installations
are located in Sadovaya-Triumfalnaya and Tver-
skaya streets. As it can be seen from Fig. 1a, at 5SA
average value of working current, the start-up cur-
rent is equal to 74.4 A. In other words, the start-
up current exceeds the rated by a factor of 15.

A similar situation is displayed in Fig. 2.a,
where start-up current exceeds the rated by a fac-
tor of 6.

According to GOST P 50345-2010, automa-
tic switches are divided into the following types
(classes) by instant disconnection current:

— B type: more than 3:In to 5:In inclusive,

— C type: more than 5-In to 10-In inclusive,

— D type: more than 10-In to 20-In inclusive.

Type C is used most often. If in the second ex-
ample, there is nothing that can be done, in the
first example, a choice is available: to replace the
circuit breakers with D class devices, or to in-
stall protection devices of a greater specific pow-
er. In both cases, it is needed to conduct inspec-
tion and current measurement, and acquisi-
tion of new protection devices is required. And
this means an increase in operating costs.
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The cost increase can be estimated by with
simple calculations. Each architectural illumi-
nation installation usually includes from 4 to 8
three-phase outgoing lines, and general number
of the lighting installations with LEDs is about
900 pieces.

Each one of them needs to be measured, and
a decision should be made concerning protec-
tion device specific power or current class change.
This means that from 10,800 to 21,600 measu-
rements need to be made, and a similar num-
ber of decisions should be made about the selec-
tion and replacement of the protection devices.

One of the simplest methods to deal with start-
up currents without considerable financial costs
is, for example, the installation of start-up current
limit switches (SCL). Start-up current diagrams
after SCL installation are presented in Figs. 1b,
and 2b. An appearance of OPT3—16 limiter is gi-
ven in Fig. 3.

Production of the OIIT3—16 limit switches
is arranged at MOSZ TM Open Company (Mos-
cow experimental telemechanics factory). These
limit switches can be manufactured both in three-
and in single-phase versions. The rated current
can be equal to 16 A, or to 32 A for one phase.

Unfortunately, this and many other aspects
are rarely taken into consideration when develo-
ping design specifications because of a low level
of qualification amongst designers. Such design
defects are being corrected while in service. This
work is carried out by emergency teams in the
process of eliminating disconnections of lighting
installations.
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Fig. 3. Appearance of the OPT3-16 limit switch

To eliminate these defects, typical solutions
should be developed and regular seminars ar-
ranged to teach specialists from the design com-
panies, customer representatives and experts.

4. PROBLEMS AND ERRORS
IN SELECTING LUMINAIRES

1. Product range of the LED luminaires is ex-
tensive and varied. Luminaires of domestic and
of imported production are available. Each ma-
nufacturer presents equipment characteristics
in their own way. The main characteristics, such
as power, power line voltage, luminous intensity
curves etc., are provided by all manufacturers. But
characteristics like power factor, consumed cur-
rent (especially at the moment of switching) are
rarely specified by anybody, and these characte-
ristics are not taken into consideration in the de-
sign process. All design errors and defects are be-
ing corrected while already in service. But ma-
nufacturers and light equipment dealers have little
interest in this issue.

2. Modern luminaires are not dismountable and
frequently cannot be repaired under operating
conditions. Therefore, in case of their total failure
and after warranty period termination, it becomes
necessary to buy new luminaires. Due to the ex-
tensive product range of the installed luminaires,
lighting installation can be made simpler by hav-
ing a reserve of many different luminaires and
of their accessories.

It is easy to compute that if according to the ef-
fective regulations and specifications, one should
have a 10 % reserve of the all operated equipment,
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then with the availability of 74000 luminaires
on 900 buildings and constructions, the reserve
must have 7400 lighting devices of different types.

3. Modern luminaires, especially working
in dynamic illumination are complex devices re-
quiring a highly qualified approach and individu-
al programming. There is a need to train a consi-
derable number of specialists to do this. And as
the product line is constantly upgraded, this pro-
cess will be constant and inevitable. Unfortu-
nately, the operating companies cannot affect
the process of luminaire selection during designs.
But they can provide an objective analysis based
on operational experience. This type of analy-
sis should be performed for each lighting device
type, and the developers should be made aware
of the results.

5. ERRORS DUE TO CONTROL SYSTEM
OPERATION

1. Design companies often do not fully meet
the specifications requirements regarding climate
version of control system components. During the
last five years, there have been many such systems
in the market. Operation of the commissioned ar-
chitectural illumination installations shows that
when selecting a control system, designers and
frequently builders, use cheap, single-use solu-
tions. For example, equipment, which uses hard-
ware components of control units or modules, not
intended to be operated under —40 °C or above +
70 °C conditions. It leads to the device as a whole
being unable to operate within the set tempera-
ture interval. Specifically for products of foreign
manufacturers, especially those from China, even
the recognised brands do not provide working
capacity warranty within the declared interval.
Equipment is bought, which besides appears to be
«grey», uses non-standard elements.

2. There are cases when equipment manufac-
turers try to adapt modules developed previous-
ly and not intended for illumination system work,
to illumination tasks. One example is devices in-
tended for automated information and measuring
systems of commercial energy metering systems,
where work algorithms are used, which are abso-
lutely not suited for illumination.

3. One more problem is control equip-
ment, which operates using utilitarian protocols
of data exchange between actuators and con-
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trol points. To avoid single supplier dependence,
a comprehensive system of Moscow architectur-
al-art illumination control was developed in 2013
and is successfully operated now by a contract
organisation. The system is constructed using
data transmission open protocols, a confirmed
signal list and typical solutions approved by expert
evaluations. Building companies often ignore the
requirement of joining with this system specified
in the technical requirement, which leads to loss
of controllability and information by the operating
company and by the customer, and further to cost
increase. Sooner or later such control equipment
needs to be replaced, even if its life time has not
expired, and this causes additional expenditure.

6. PROPOSALS

Based on the problems described and errors
in luminaire and control system selection, and
in order to avoid problems and additional expen-
diture during future project, the authors propose
the following:

* The operating companies together with the
customers should analyse the control system work
over the last five years.

* Equipment manufacturers and construc-
tion companies should be advised to test light-
ing equipment together with the control system
in an accredited reputable laboratory, for example
in VNISI Open Company.

* Based on test reports, the customer should
form a restricted list of permitted illumina-
tion control systems and pass it on to the design
companies together with other specifications.

7. CONCLUSION

The success of implementing utilitarian and
architectural illumination projects requires not
only sufficient allocated funds but also the close
interaction of the design, assembly and operating
companies during the implementation process, as
well as of the manufacturers and suppliers of the
lighting equipment and control systems.
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ABSTRACT

In this study, LEDs are used to design a mo-
dern lantern for the interior lighting of Turkish
historical mosques, aiming at achieving substan-
tial energy savings and preserving the histori-
cal texture of the mosque at the same time. One
of the most important methodologies in designing
a lighting system with LEDs is the thermal design
aspect. For the application of the system, the ther-
mal design process of the modern mosque lantern
is elaborated in detail; photometric measurements
of selected LEDs are made, thermal simulations
are carried out, the design approach is amelio-
rated according to the results of the simulations,
a prototype is produced and verification measu-
rements are performed. The resulting system pro-
vides a satisfactory thermal performance which
translates into a long lifetime and sustainabili-
ty. Thus, the study forms an important example
of how an ancient system can be turned into an
LED lighting system to be used in the lighting
of a historical place of worship.

Keywords: light emitting diodes (LEDs); ther-
mal design; lighting

1. INTRODUCTION

Mosques are religious buildings Muslims
use for worship. The Turkish Republic has in-
herited an enormous cultural heritage from the
Turkish-Islamic civilizations that were estab-
lished on the same lands and one of the touch-
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stones of this heritage is the historical mosque.
According to the IES Lighting Handbook, elec-
tric lighting approximately corresponds to 28 %
of the electricity used in places of worship [1]. The
statistics published by the Turkish Directorate
of Religious Affairs showed that there were 86.101
mosques in Turkey in 2014, the number rising
1.1 % every year, pointing to a number of 88.000
mosques at the end of 2016 [2]. According to an-
other survey by the Directorate made in 2004,
the average monthly electricity bill for a mosque
is 43 Turkish Liras, corresponding to roughly
390 kWh of energy consumption per month [3,
4]. For 88.000 mosques, this number adds up
to a monthly average consumption of 34.3 GW-h,
which is higher than the monthly energy pro-
duction of Hirfanli, an important Hydroelectric
Power Plant founded on Kizilirmak River, Tur-
key [3].

Energy consumption is not the only prob-
lem with the current lighting systems in Turkish
historical mosques. Incandescent lamps (ILs),
which constitute the majority of the lighting solu-
tion in historical mosques, create major main-
tenance problems due to their short lifetimes.
As a candidate for European Union member-
ship, Turkey is directly affected by the phase-out
of ILs in the EU and this means that ILs will
not be available in the market in the following
years. An investigation of historical mosques show
that most failed lamps have either been left in-
side the lanterns or the lamps have been turned
off to maintain energy savings. Some mosques
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have exchanged the failed ILs with compact flu-
orescent lamps (CFLs), however as most CFLs
are aesthetically not compatible with the lanterns,
due to the fact that the glass lanterns are too small
for the CFLs to fit inside, this utilization destroys
the aesthetic view of the lighting system. In addi-
tion to this, as the purchasers of these lamps lack
the necessary technical knowledge, the chosen
lamps end up not meeting the warm colour tem-
perature values of the ILs. These problems result
in lower and non-uniform illuminance levels and
in the same time aesthetical failures. While some
highly touristic mosques have adopted LED (light
emitting diode) retrofits instead of ILs, the num-
ber of these mosques are unsatisfactory, most-
ly due to the high initial purchase price of LEDs.
In addition, similar to the problem with CFLs, as
the lower priced LED retrofit lamps in the Turkish
market are usually with high colour temperature
values, the light colour of the preferred low priced
/ low quality lamps do not comply with the ambi-
ance of the mosques.

In this study, LEDs are used to design a mo-
dern mosque lantern to overcome the problems
of the interior lighting of Turkish historical
mosques. However, with high power LEDs, the
majority of the input power is turned into heat,
which should continuously be removed from the
LED. The operating temperature of an LED is the
most important indicator of LED reliability and
durability. Continuous operation of LEDs at high
temperatures accelerates the deterioration of lu-
minous flux and shortens the lifetime [6]. In addi-
tion to these, the luminous efficacy of LED chips
is reduced with the additions of thermal, opti-
cal and driver losses. Considering these inputs,
the thermal design of LED lighting systems is ex-

a)

tremely important. For the application of the pro-
posed modern mosque lantern, the thermal de-
sign process of the system is elaborated in detail,
forming an example of how an ancient system can
be turned into an energy efficient LED lighting
system through careful design, sensitive measure-
ments and thorough simulations.

2. INTERIOR LIGHTING OF TURKISH
HISTORICAL MOSQUES

The lighting system inside a mosque enables
religious acts, creates the visual comfort for wor-
shippers and emphasizes the architectural pro-
perty. For artificial lighting, light sources fixed
on chandeliers or circular concentric iron ele-
ments suspended from the ceiling are utilized [7].
The general approach is to use 60 or 40 W, 2700 K
incandescent lamps placed inside glass lanterns.
In the ancient times, these lanterns were filled
with olive oil and lit using a wick, sending their
light directly to the dome of the mosques. To-
day, however, due to electric cabling and the form
of the lanterns, most of the light is sent to the
mosque floor, rather than the dome as the lamp
socket blocks an important amount of light going
to the dome. This poses an important problem;
the dome, which is designed to serve as a diffuser
and reflector, does not receive enough light. Fig.1
(a) and (b) show the lanterns used in the interior
lighting of the world renowned Architect Sinan’s
Semsi Ahmed Pasha Mosque and the previous
lighting system, of the famous Hagia Sophia serv-
ing as a church, a mosque and a museum through-
out its history, which was replaced by classic LED
retrofits in the recent years.

b)

Fig. 1. Lanterns used in the interior lighting of (a) Semsi Ahmed Pasha Mosque, (b) Hagia Sophia Museum
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Table 1. Properties of the chosen LEDs

Properties
Luminous Flux 93.9 Im
Maximum Drive Current 1000 mA
Thermal Resistance 6° C/W
Maximum Junction Temperature 150°
Viewing Angle 120°
Colour Temperature 2600-3700 K
Colour Rendering Index 80

3. PHOTOMETRIC APPROACH AND THE
CHOICE OF LEDS

The photometric approach in designing the
new LED lantern is to incorporate all positive
characteristics of the current lantern and the his-
torical system. The historical system sends most
of the light to the dome of the mosque while
the current system sends most of the light to the
mosque floor. The novel design aims at sending
light to all directions.

As the designed system will be used in histo-
rical places of worship and may also penetrate
into all historical buildings using lanterns as light
sources, colour temperature, colour rendering
index and the spectral distribution of the LEDs
are very important. Turkish historical mosques
are embellished with antique carpets, ornamen-
tal works, painted tiles and many other delicate
items, the colours of which should be meticulous-
ly showcased and protected. The interior lighting
of a mosque is identified with warm colours. Thus
the chosen LEDs should have high colour render-
ing values and should refrain from including infra-
red and ultraviolet components. Table 1 gives de-
tails of the LEDs chosen for the study [8].

The catalogue values of the chosen LEDs are
given for a 350 mA of constant drive current, at
a junction temperature of 25 °C. However, in prac-
tice, it is not possible to keep the junction tempe-
rature at 25 °C. For luminous flux values at actu-
al operating temperatures, it is necessary to con-
sult the lifetime values obtained according to IES
LM 80—08 (Illuminating Engineering Society
Approved Method for Measuring Lumen Main-
tenance of LED Light Sources) as well as IES
TM-21—11 (Lumen Depreciation Lifetime Esti-
mation Method for LED Light Sources) [9, 10].
The values obtained by these two methods can
be seen in Table 2 for a drive current of 350 mA,
for the selected temperatures of 85 and 105 °C for
these specific LEDs [11].

Here T is case temperature, T, is ambient
temperature and I is drive current.

Comparing the predicted lifetime values for
temperatures of 85 °C and 105 °C, it is clearly seen
that in a design with these specific LEDs, it would
be highly preferable to keep the case temperature
below or equal to 85 °C to provide a valuable use-
ful lifetime with 80 % lumen maintenance of over
60,500 hours. A rise of 20 °C in case temperature
results in losing approximately half the predicted

Table 2. IES LM80—-2008 test results for the chosen LEDs

Te,’C | Ta°C | LmA

Average lumen
maintenance at
6000 hours, %

Reported TM-21
Lifetimes, h

L90(10k)=32,800

85 85 350 99.8 L80(10k)>60,500
L70(10k)>60,500
L90(6k)=15,600
105 105 350 95.7 L80(6k)=34,100
L70(6k)>36,300
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Table 3. Change of LED Properties with Temperature
5 Luminous Flux, Im Efficacy, Im/W
e LED1 LED?2 LED3 Average LED1 LED?2 LED3 Average
25 92.24 93.81 92.75 92.93 88.79 88.22 88.54 88.52
35 89.61 91.82 89.90 90.44 87.23 87.33 86.93 87.16
45 87.12 89.80 87.38 88.10 85.66 86.32 85.46 85.81
55 84.70 87.59 84.96 85.75 84.04 85.04 83.96 84.34
65 82.27 85.44 82.61 83.44 82.31 83.75 82.38 82.81
75 79.95 83.32 80.34 81.20 80.61 82.39 80.81 81.27
85 77.73 81.12 78.04 78.96 78.94 80.96 79.11 79.67
5 Luminous Efficiency, % Power, W
e LED1 LED?2 LED3 Average LED1 LED2 LED3 Average
25 28.25 28.33 28.55 28.38 1.04 1.06 1.05 1.05
35 27.85 28.22 28.18 28.09 1.03 1.05 1.03 1.04
45 27.44 28.00 27.84 27.76 1.02 1.04 1.02 1.03
55 27.05 27.67 27.52 27.41 1.01 1.03 1.01 1.02
65 26.62 27.39 27.04 27.02 1.00 1.02 1.00 1.01
75 26.19 27.04 26.64 26.62 0.99 1.01 0.99 1.00
85 25.71 26.66 26.08 26.15 0.98 1.00 0.99 0.99
T oC Correlated Colour Temperature, K Colour Rendering Index
LED1 LED?2 LED3 Average LED1 LED?2 LED3 Average
25 3003 3039 3036 3026 81.96 83.03 83.35 82.78
35 2999 3033 3031 3021 82.04 83.17 83.40 82.87
45 2995 3031 3029 3018 82.22 83.30 83.53 83.02
55 2993 3029 3025 3016 82.33 83.37 83.66 83.12
65 2991 3026 3025 3014 82.49 83.49 83.77 83.25
75 2992 3027 3027 3015 82.67 83.66 84.00 83.44
85 2992 3031 3031 3018 82.83 83.83 84.15 83.60

lifetime for this specific LED. Therefore, in the
thermal design of the mosque lantern the initial
target for the maximum case temperature has been
chosen as 85 °C.

4. MEASUREMENTS

The influence of temperature on the chosen
LEDs’ luminous flux, efficacy, luminous efficien-
cy, voltage, power, correlated colour tempera-
ture, colour rendering index and spectral distri-
bution have been measured using a temperature
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controlled Ulbricht sphere of 1 m diameter at the
Energy Efficiency and Lighting Technique Labo-
ratory of Istanbul Technical University’s Energy
Institute. 3 samples of LEDs, separately moun-
ted on round metal core printed circuit boards
(MCPCB) have been positioned on a thermoelec-
tric plate. While the LED was driven at a constant
current of 350 mA, the temperature at the lower
face of the MCPCB has been raised from 25 °C
to 85 °C at intervals of 10 degrees and the charac-
teristic values have been measured using a spec-
troradiometer in the 2m configuration of the Ul-
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Luminous Flux, Im

Temperature, °C

Efficacy, Im/W

Temperature, °C

Luminous Efficiency, %

Temperature, °C

bricht sphere. The obtained values can be seen
in Table 3.

The measurement results show that with the
increase of temperature, luminous flux, effica-
cy, luminous efficiency and power values of the
LEDs decrease, as expected. From 25 °Cto 85 °C,
there’s an average of 15 % luminous flux drop.
The colour temperature of the LEDs stays more
or less constant and the colour rendering index
increases with temperature, a satisfactory out-
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LED 1

LED 2 Fig. 2. Luminous Flux vs.
LED 3 Temperature

Average

LED 1

LED 2 Fig. 3. Efficacy vs.

LED 3 Temperature

Average

LED 1

LED 2 Fig. 4. Luminous Efficiency
LED3 vs. Temperature

Average

come for the lighting of a historical place of wor-
ship. The measurement results have been plotted
in Figs. 2—7.

As the changes in luminous flux and effica-
cy are fundamental to this study, to efficiently see
the effect of temperature on these two important
properties, the following formulas were obtained
through line fitting, describing the relationship
between luminous flux and temperature (1) and
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Power, W

Temperature, °C

Colour Rendering Index

Temperature, °C

Correlated Colour Temperature, K

Temperature, °C

efficacy and temperature (2) for these specific
LEDs in the measured configuration.

¢, =—0.2323-T+98.61.

(1)

n, =-0.1476-T +92.34. (2)

The obtained luminous efficiency values will
be used to determine the thermal power of the
LEDs for the thermal simulations and the equa-
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LED 1

LED 2 Fig. 5. Power vs.

LED 3 Temperature

Average

LED 1

LED 2 Fig. 6. Colour Rendering

LED 3 Index vs. Temperature

Average

LED1 Fig. 7. Correlated

LED 2

LED 3 Colour Temperature vs.
Temperature

Average

tions obtained through line fitting will be used
to determine the luminous flux and the efficacy
values of the end product.

5. HEAT SINK DESIGN

The main approach in the design phase of the
heat sink has been to create the most suitable form
that is capable of providing the necessary cooling
while in the same time can be fitted into the glass
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mosque lantern; be light weight as to not cause
any harm to the historical structure; and send its
light to the whole space. Thus the design com-
prised of three major constraints: size, weight and
photometric distribution. The size of the glass
lantern posed several constraints on the dimen-
sions and the form of the new system; the dimen-
sions had to be small enough to fit into the lantern
and comply with the shape of the lantern as well.
As the second constraint, keeping the total weight
of the lighting system equal to the current system
was of upmost importance, due to the fact that ex-
ertion of extra weight on the lantern holder may
in the long run ruin the holder and the dome, re-
sulting in a collapse of the lighting system causing
not only harm to the historical building but also
to the users of the mosque. The photometric dis-
tribution created by the lantern proved to be the
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Fig. 8. Shape and dimen-
sions of the designed heat
sink

Fig. 9. Exploded view of the
designed lighting system

third constraint. The positioning of the LEDs as
well as the physical design of the system was based
on this third constraint.

The investigations showed that using 1x4 LEDs
on the side faces of the heat sink along with 2x1
LEDs on the top and the bottom faces of the heat
sink has proved to provide sufficient luminous
flux values as well as the targeted luminous in-
tensity distribution. Originating from the number
and configuration of LEDs and taking the con-
straints brought by the shape of the lantern as well
as manufacturing constraints all into considera-
tion, a special heat sink has been designed in Solid
works. Fig. 8 demonstrates the shape and dimen-
sions of the designed heat sink and Fig. 9 shows an
exploded view of the lighting system with the heat
sink; the adhesive thermal tape used for connect-
ing the base of the MCPCB on which the LEDs
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Table 4. Material properties used in the thermal simulation

Material Thickness, mm CondlI:?i?;g?{/V/mK
LED 0.65 11.62
Solder 0.075 58
Copper 0.07 390
Dielectric 0.10 2.2
Aluminium 1.43 170
Adhesive Tape 0.13 0.17
Heat Sink (Aluminium) 58 218

are mounted to the heat sink, the MCPCB, the
LED and finally the glass lids to protect the LED
from dust, dirt and exterior impacts.

5.1. Thermal analysis

In order to evaluate the thermal performance
of the designed system, the computational flu-
id dynamics software, Solid works Flow Simu-
lation was used. For accurate results, the pro-
perties of each different part of the system, given
in Table 4, have been introduced to the program.
The material properties have been selected accor-
ding to the catalogue values of the materials that
will be used in the production of the proposed
system.

For the construction of the simulation, the lu-
minous efficiency values previously measured and
given in Table 4 were utilized. The values show the
amount of energy that turns into light; using these
values and Equation (3), the amount of energy
that turns into heat was calculated.
(1 - )

B, =F,-

e

3)

Here,

P, Thermal power

P,: Electrical power

n;: Luminous efficiency

According to the measurements and the ini-
tial target temperature value of 85 °C, the thermal
power per LED has been designated as 0.74 W. The
computational domain has been defined to pro-
vide enough space to enable air motion around the
lantern. The laboratory conditions in which the
measurements will be held for the validation of the
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system provide an average ambient temperature
of 21 °C, therefore the simulations were made for
this ambient temperature value. In the simulation,
a mesh was constructed using 1,499,402 cells in-
cluding fluid, solid and partial cells. The simula-
tion converged after 229 iterations. The tempera-
ture distribution obtained from the simulation can
be seen in the cross section of the system given
in Fig. 10. The figure shows that the LED model-
led as a whole package reaches a maximum tem-
perature value of 88.73 °C. The solder point tem-
perature is 84.61 °C, and the temperature on the
top of the heat sink is 79.18 °C.

The simulation results showed that the mo-
delled system falls shortly above the target case
temperature value of 85 °C. The maximum al-
lowed junction temperature of the chosen LEDs

Temperature

Temperature
(Solid), 79,18 °C p

(Solid), 88,73 °C

Temperature
(Solid), 84,61 °C Temperature

(Solid), °C

Fig. 10. Thermal simulation results for the designed lantern
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Fig. 11. The new lantern design with a cut-off bottom

Temperature

(Solid), 79,18°C Temperature

(Solid), 88,73 °C

Temperature
(Solid), 84,61 °C Temperature

(Solid), °C

Fig. 12. Temperature distribution of the initial approach

Temperature
(Solid), 68,96 °C
Temperature
(Solid), 65,84 °C

Temperature

Te t
(Solid), 59,20 °C emperature

(Solid), °C

Fig. 13. Temperature distribution of the final approach

38

are 150 °C. The long term testing results given
in Table 3 for 85 °C and 105 °C of case tempera-
tures show that the lumen maintenance and life-
time predictions for 10,000 hours in between these
two temperatures provide efficient results. How-
ever, using formulas (1) and (2) obtained from
the integrating sphere measurements, showing
the relationship between case temperature, lumi-
nous flux and efficacy, a case temperature of 85 °C
translates into a 15 % luminous flux drop and
a 10 % efficacy drop compared to 25 °C values.

In order to decrease the drops in luminous
flux and efficacy, ways to remove more heat from
the LEDs have been investigated. As a radical ap-
proach, the bottom part of the lantern was cut off,
creating a circular opening right below the heat
sink and providing much better air movement, as
can be seen in Fig. 11.

In order to test the improvement achieved
by cutting the bottom off, a new simulation was
performed. The simulation resulted in 227 ite-
rations, using a grid made up of 1,455,288 cells.
The temperature distributions for both the origi-
nal and the cut off lantern are given in Figs. 12 and
13. To compare the results objectively, the colour
scale has been kept constant. The results show
that the maximum package temperature has been
lowered down from 88.73 °C to 68.96 °C through
the new lantern, which enables a much more effi-
cient cooling due to the ameliorated air motion.
The flow of air through both systems can be seen
in Figs. 14 and 15. Introducing the new case tem-
perature value into equations (1) and (2) the lumi-
nous flux and efficacy values for one LED are cal-
culated as 82.59 Im, and 82.16 Im/W respectively.
In addition to the increase of luminous flux, the
predicted lifetimes according to TM 21—11 mea-
surements for 32,800 hours of L90 and more than
60,500 hours of L80 and L70 at 85 °C have defi-
nitely been guaranteed with a case temperature
much lower than 85 °C.

5.2. Measurements and model verification

As the simulation results confirmed that the
new system established the desired temperature
values effectively, a prototype of the system was
produced to see actual results and verify the mo-
del. The produced prototype lantern can be seen
in Fig. 16.
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Temperature
(Fluid), °C

Flow Trajectories 1

Fig. 14. Air flow in and around the lantern, initial approach

Temperature measurements on the solder point
of the topmost LEDs were taken to compare the
results to the simulation and to validate the pro-
totype. The prototype posed a difficulty in terms
of measurement; the LEDs were covered by glass
lids to prevent dust and dirt entering the Iumi-
naire, however, the glass lids prevented the inser-
tion of thermal probes to the system. Therefore,
the measurements were made without the glass
lids and to validate the simulation model effec-
tively, the simulations were repeated for the sys-
tem without the glass lids. For the measurements,
the system was operated for 6 hours, and the tem-
perature values at the solder point where the LED
is mounted on the MCPCB were measured. In or-
der to calculate the temperature value at the junc-
tion, the closest point that is available for mea-

Fig. 16. The prototype of the novel LED Mosque Lantern
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Temperature
(Fluid), °C

Flow Trajectories 2

Fig. 15. Air flow in and around the lantern, final approach

surement, which is the solder point, can be used
[12].The temperature value at the junction point
can be calculated using this measurement value,
using formula (4).

P

e

T, =Tgp+0py - “)

Here,

T}: Junction temperature in °C

Tsp: Solder point temperature in °C

O7y: Thermal resistance of the LED in *C/W

P,: LED electrical power in W

The measurements were taken at an ambient
temperature of 21.7 °C, the temperature stabiliz-
ing at a value of 66.3 °C on the solder point. The
simulation was repeated for the ambient tempera-
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Temperature
(Solid), 67,35 °C
Temperature
(Solid), 64,44 °C
/

Temperature
(Solid), °C

Fig. 17.Temperature distribution for the new lantern with-
out the glass lids

ture of 21.7 °C and resulted in 225 iterations, using
a grid made up of 1,422,605 cells. The obtained
temperature distribution can be seen in Fig. 17.
The results of the simulation show that the case
temperature is equal to 67.35 °C and the solder
point temperature is 64.44 °C. Thus the absolute
difference between the measurement and the si-
mulation is 1.86 °C, and the relative difference
is 2.8 %, showing that the simulation model has
been verified with an error range of less than 5 %.

As the simulation model has been verified with
a small margin of error, it is possible to say that
the package temperature for the proposed LED
lantern is approximately equal to 69 °C, as ob-
tained from the second set of simulations. Intro-
ducing this value into formulas (1) and (2), the lu-
minous flux and efficacy of each LED is calculat-
ed as 82.6 Im and 82.1 Im/W, respectively. For the
most preferred lighting systems in Turkish histo-
rical mosques, incandescent lamps of 40 or 60 W,
the efficacy values are approximately 10—12 Im/W.
Thus with the proposed system, the luminous ef-
ficacy of the light source used in the lantern has
been ameliorated nearly to a value 8 times better
compared to the incandescent lamp.

6. CONCLUSION

The main reasons behind this study were the
lack of energy efficient and sustainable light sour-
ces in most Turkish historical mosques as well as
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anaesthetic and non-uniform photometric condi-
tions in terms of illuminances and colour proper-
ties. While some mosques are trying to adopt ener-
gy efficient alternatives such as CFLs or LED ret-
rofits, these lamps are not as suitable as a custom
designed lighting system due to the shape of the
lanterns, the created luminous intensity distribu-
tions and the texture of the historical interiors.

In this study, an LED lighting system which
can be adapted to the original lighting systems
of Turkish historical mosques was meticulous-
ly designed. One of the most important method-
ologies in designing a lighting system with LEDs
is no doubt the thermal design aspect. Without
a proper thermal design, the end product could
prove to be extremely unsatisfactory in terms
of performance. In this study, for the thermal
analysis, two different approaches have been eval-
uated in the finalization of the designed LED
lighting system. The initial approach uses the de-
signed heat sink directly with the available glass
lantern. The final approach aims at a lower case
temperature and proposes to cut a circular hole
in the bottom part of the glass lantern to enable
a more efficient natural ventilation, which will
definitely aid in the cooling process. The ther-
mal analysis of the system was started with the
photometric measurements of the selected LEDs
and carried out through simulations; a proto-
type originating from the results of the simula-
tions were produced and verification measure-
ments were performed. With the final system, cool
air can easily enter the lantern through the open-
ing on the bottom, flow through the fins of the
heat sink and provide a much more efficient cool-
ing. For the initial simulation, the case tempera-
ture stabilizes at 88.73 °C, while for the second si-
mulation the case temperature is lowered down
to 68.96 °C with the enhanced air flow due to the
hole at the bottom of the glass lantern. Inserting
the temperature values obtained from the simula-
tion into equations (1) and (2) the luminous flux
of one LED used in the lighting system is calcu-
lated as 82.6 Im and the efficacy of the LED is cal-
culated as 82.1 Im/W. In addition to the luminous
flux values, 32,800 hours of L90 as well as more
than 60,500 hours of L80 and L70 lifetime valu-
es predicted by the TM 21—11 measurements can
be guaranteed through achieving much lower case
temperature values than 85 °C.
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ABSTRACT

Energy saving has been one of the most im-
portant issues discussed in lighting systems lately.
One of the most common applications to provide
energy savings in lighting are scenarios involving
the utilization of dimmable gears. Although ap-
plying dimming provides good results in energy
savings, its negative effects on the power network
should not be ignored. Among the main nega-
tive effects are values such as harmonic distor-
tion and power factor. These measurable mag-
nitudes have been the most strongly emphasized
parameters in scientific studies that have been
carried out lately. When it comes to energy ef-
ficiency, parameters such as the visual percep-
tion, visual comfort, and the associated working
performances of users should also be considered.
These parameters cannot be as easily measured
as the current, voltage, and harmonic distortions
parameters. In this study, the disturbing effects
of dimmable systems, which have an important
value with regards to energy savings and efficien-
cy on the power network, were investigated, while
the negative effects experienced by users were also
emphasized.

Keywords: lighting energy savings, energy qua-
lity, current harmonics, light spectrum

1 On basis of report at the 15t International Conference on
Green Technologies and Energy Efficiency”. Sakarya, Turkey,
28 September — 01 October.
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INTRODUCTION

Given the ever growing energy demand both
in our country and the world, great emphasis
should be put on the issue of energy savings. Con-
sidering that lighting systems have a 20 % share
in energy consumption, it can be clearly under-
stood that making improvements in these systems
is crucial for the country’s economy.

In their study, M. Chiogna et al. analyzed per-
formances in different scenarios in order to im-
prove energy efficiencies in environments illumi-
nated either with lighting control or with conven-
tional methods and showed that energy saving up
to 65 % can be achieved in an environment where
lighting control is applied [1]. In a study carried
out by CA. Majithia, AV. Desai, and AK. Panchal,
the current and voltage waveforms, total harmo-
nic distortions, displacement power factors, and
the net power factors of some commonly used
light sources such as fluorescent and LED lamps
were measured. It was determined that among the
lighting appliances that were analyzed harmon-
ically, the incandescent and halogen lamps had
the lowest total harmonic distortion value, while
the compact fluorescent and LED lamps had the
highest total harmonic distortion value [2].

In order to determine the power quality and
luminous characteristics of different light sources
suitable for office use at different light levels, HC.
Albu et al. carried out a simulation study on Jan-
uary 21, 2010 at 17:00 o’clock, in a 60 m? room
that had 4 equally distanced rooms on its northern
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wall. The study revealed that the illumination ef-
fectiveness values and the total harmonic distor-
tion values of the LED luminaires were higher
than the other lighting appliances [3].

In the studies of C. Yavuz, E. Yanikoglu, and
O. Giiler, dated 2010 and 2012, which investi-
gated energy savings and energy quality parame-
ters of daylight responsive lighting control sys-
tems, important findings on dimmable electroni-
cally addressable ballasts were revealed. According
to the results of this study, these systems provided
considerable energy savings and efficiency, while
especially with respect to current harmonics they
also led to a disturbing effect that was much hig-
her than the international standards and also sig-
nificantly reduced the energy quality of the power
network [4,5].

A. Logadottir et al. carried a study in two sepa-
rate rooms of 18 m? area, where they investigated
user preferences for different illuminance levels.
They determined that the intermediate illuminan-
ce level was preferred more than the low and high
illuminance level [6].

George et al. compared the economic advan-
tages of LED lamps and CFL’s and investigat-
ed the power quality problems caused by these
in the power system network. They determined
that LED lamps, which had lower thermal losses
and higher power factor values, were much more
economically advantageous compared to com-
pact fluorescent lamps, the THD values of which
may reach 100 %. The team suggested and de-
signed a passive filter in order to eliminate the
negative effects of both lamps on the power net-
work and they concluded that the greatest advan-
tage of this filter circuit was the reduction in costs
and the 3™ harmonic, while the greatest disad-
vantage was that it did not reduce higher har-
monics and its design was very difficult [7]. In or-
der to analyze the characteristics of 12 LED and
2 CFL lamps from various brands that have diffe-
rent power levels, S. Uddin et al. performed a test
using a power quality analyzer and analyzed all
combinations of the lamps from different brands
at different power levels. At the end of the expe-
riment, the purpose of which was to identify the
combination with the lowest THD value, it was
revealed that the combined use of LED and CFL
lamps resulted in lower harmonic generation com-
pared to lighting systems with only LED or only
CFL lamps [8].
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S. Uddin et al. investigated the harmonics ge-
neration from dimmable LED appliances. They
carried out tests with various LED lamps in a la-
boratory environment and observed the load cur-
rent behaviour at different conditions. Then, they
analyzed the generated harmonics in the frequen-
cy domain. They evaluated and compared expe-
rimentally the harmonic levels of dimmable and
non-dimmable LED lamps and dimmable com-
pact fluorescent lamps from different brands that
had different wattages. The experimental results
showed that during the dimming operation LED
lamps generated very high harmonics, at a le-
vel that could affect the power quality of the AC
mains [9].

Distortions that take place in the power net-
work when applying methods of energy saving
in lighting are important and have been lately em-
phasized by researchers, and research on this sub-
ject has intensified. The problems created by these
distortion effects for users are similarly very im-
portant and are another subject that has to be
investigated.

A. Sivaji stated in their study that light co-
lour and colour temperature have significant ef-
fects on office workers and that office workers who
work especially under warm white coloured artifi-
cial lighting devices have greater alertness and per-
ception levels [10].

In a survey based study carried out by Wei et al.
on the satisfaction level of office workers, it was
observed that visual comfort in offices illuminated
with high colour temperature artificial lighting de-
vices was lower than offices illuminated with low
colour temperatures even when the brightness le-
vel was high. As a result, luminaires with colour
temperatures of 3500 K were preferred when se-
lecting the light colour [11].

M. Islam et al. investigated, which of the two
luminaire types -those with fluorescent or LED
lamps- having the same illuminance level, made
office workers feel more comfortable and in-
creased their visual perception. It was revealed
that luminaires with LED lamps, which have low-
er colour temperatures, were preferred by the
workers [12].

In their studies, Charness and Dijkstra de-
termined experimentally that young adults had
increased perception levels at lower illuminan-
ce levels compared older adults [13]. As a result
of a wide scale experimental field study, Chung
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and Burnett determined that office users preferred
working at high illuminance levels [14]. In a field
study by Philips Company, investigating the pro-
ductivity performance as well as worker psycho-
logy and biology, illuminance levels required
by workers at different sectors were determined
and it was observed that under working condi-
tions with higher illuminance levels, the working
performance increased considerably. In addition,
the increase in the production of sleep hormones
at low illuminance levels was also addressed [15].

In the study carried out by Karin Tetlow, it was
revealed that the illuminance level needs varied
according to age groups. It was found that the il-
luminance level needed between the ages of 60—
70 was 250 % higher compared to that need at the
ages of 20’s [16].

In the experimental study carried out by B.M. T
Shamsul et al. with students from University Pu-
tra Malaysia, Faculty of Medicine and Health
Sciences, the effects of natural day light, cold
white lighting, and warm white lighting on the
working performance and visual comfort were in-
vestigated. The experimental results showed that
the best visual comfort was experienced under
daylight conditions where a high illuminance le-
vel could be achieved [17]. In a study by Sanaz
Ahmadpoor Samani, it was claimed that adequate
lighting increased the learning performance and
thus there was a direct relationship between light-
ing and learning. It was also pointed out in the
same study that there was a direct relationship be-
tween age and the need to work in an environment
with a higher illuminance level [18].

In his study, Ates Bayazit Hayta addressed
problems such as occupational accidents and
worker health and examined the close relation-
ship between working environment conditions
and labour productivity. In the study it was sta-
ted that adequate lighting is a key factor for pro-
ductivity increase as well as the health, safety, and
effectiveness of workers, while in an insufficient-
ly illuminated environment; visual impairments,
accidents, and material loses take place and the
productivity decreases. It was stressed that inad-
equate lighting especially decreased the efficien-
cy of workers in jobs that required precision. The
light level standard values required for an efficient
working environment were presented and the im-
portance of the light source colours was empha-
sized [19].
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In a study carried out by Linhart and Scartez-
zini in Switzerland, 2 different test rooms with
lighting devices of the same luminous colour tem-
perature were constructed. The room that was il-
luminated with a lighting device of a higher effec-
tiveness demonstrated a higher illuminance level.
However, this test room had a higher probabili-
ty of producing discomfort glare. In the study, it
was revealed that in the test room, that was illumi-
nated with devices having higher energy efficien-
cies, the visual comfort was higher and the par-
ticipants preferred working in this room despite
the higher probability of experiencing a discom-
fort glare [20].

In the thesis study carried out by Siti Mard-
hiah Binti Jamian, it was claimed that dim light-
ing reduced worker productivity and also resulted
in negative consequences such as eye strain and
headache. In the same study, it was experimental-
ly shown that a normal lighting without dimming
increased worker motivation and was more appro-
priate with respect to eye comfort and health [21].

A limited number of studies similar to those
mentioned above revealed that visual performance
decreased at low illuminance levels and the need-
ed level of brightness increased; the working per-
formance was associated with light colours; the
colour temperature was important with respect
to visual comfort and perception and was an im-
portant element of environment visibility.

When the issues of energy efficiency and sav-
ings in lighting are being investigated, all of the
effects that take place during these should be ad-
dressed as a whole. Considering these, this study
concentrates on the measurement of the percep-
tions of users who work in similar or the same
working environments, under different light levels,
different light colours, and different energy con-
sumption levels, and the relationship of these with
electrical distortions.

EXPERIMENTAL DESIGN

Sakarya University, Department of Electri-
cal and Electronics Engineering allocated 3 test-
ing and experimenting rooms for this study and
experiment Figs. 1—3. The rooms were located
on the M-6, 3" floor of the 4-storey Engineer-
ing Department building. The exact coordinates
of the rooms were 40° 74" north latitude and 30 ©
33’ east longitude. The surface area of the rooms
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Fig. 1. Test and experiment room 1 (fluorescent)

was 24 m? and each room had 1 window on their
northwest wall. A thin film layer was applied to the
windows in order to eliminate daylight glows. As
a result, the inflow of 100 % direct daylight from
the windows was prevented. The light transmit-
tance of the windows was measured as 67 %. The
dimensions of the window on the northwest di-
rection were 1.5 m X 1.2 m and its total area was
1.8 m2. According to section 21 of the IEA re-
port, the effective window surface area was 1.2 m?
and similarly the effective window height was 1.5
m. The Lighting Laboratory (TR4), which was
used to check reliability of the results, was locat-
ed on the 40° 74" North latitude and 30 © 33" East
longitude, on the ground floor of the M-4 En-
gineering Department. The room faced the west
and northwest direction and although it had an
actual ceiling height of 3.80 m, the apparent ceil-
ing height was 2.85 m because of an installed sus-
pended ceiling. The window dimensions in the
room were 2.45 m X 1.75 m and the total window
area was 4.29 m2.

The old artificial lighting system (6 units of 4 x
18 fluorescent lamps, with double parabolic mir-
ror louver) of test and experiment room 3 (TR3),
which was the most important test and experiment
room of the thesis study, was replaced with a LED
system equipped with 1 X 41W middle class LED
panels (6 units of 60 cm X 60 cm LED panels).
The ballasts of the old system in test room 1 (TR1)
were replaced with dimmable electronic DALI
ballasts. Both rooms had systems with a dim-
ming feature. Philips LED drivers with DALI fea-
ture (92 % efficiency, PF=0.95) were used in TR3
and OSRAM DALI RC BASIC lighting automa-
tion system was used in TR1. TR2 was designed as
a hybrid room; the conventional ballasts of a lumi-
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Fig. 2. Test and experiment room 2 (hybrid)

Fig. 3. Test and experiment room 3 (LED)

naire that had 3 fluorescent lamps were replaced
with DALI ballasts, while 3 luminaires were re-
placed with LED luminaires that had DALI bal-
last and were used in TR3. The fluorescent lumi-
naires that were used in TR2 and TR1 were 4 %
18 W luminaires. With a switch level of 100 %, the
following illuminance levels were obtained in the
rooms, respectively: 510 Ix with the artificial light-
ing system in TR3, 275 Ix with the system in TR1,
and 400 Ix with the hybrid system in TR2.

Electrical parameters such as the voltage, lamp
currents, active/reactive powers, total harmonic
distortion (THD, THD;) were measured individ-
ually several times in periods of 1 second, 10 sec-
onds, 15 seconds, 30 seconds, 1 minute, and 5
minutes with an electrical energy analyzer (Jan-
itza UMG 503) that was connected at the input
point of the systems.

While dimming in TR2 and TR3 was carried
out manually using a system remote control, man-
ual switch, and software provided by the luminaire
provider Arlight Company; in TR1 and TR4, this
was carried out via DALI RC BASIC.
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Table 1. THD; ratios in TR1 and TR3 according to the dimming levels

Level Dimming Lighting TR3 LED TR3 LED TR1FL TR1FL
Levels, % levels, % THD,, % PF THD,, % PF

DL1 0 100 21.7 0.94 24.6 0.98

DL2 25 75 24.92 0.89 30.99 0.91

DL3 50 50 29.02 0.84 36.35 0.83

DL4 75 25 33.21 0.79 42.73 0.77

DL5 95 5 37.60 0.75 49.05 0.68

The total energy consumption for an opera-
tion at a switch level of 100 % was measured as
250.2 W-h for TR3, 444 W-h for TR1, 346 W-h for
TR2, and 1030 W-h for TR4, respectively. 5 diffe-
rent dimming levels were applied for each of the
four lighting systems in two different buildings
of Engineering Faculty.

THD values measured at different dimming le-
vels are given in the Table 1. The harmonic distor-
tion values obtained at different dimming levels
for the hybrid room are given in the Table 2.

Considering the electronic circuits used in the
dimming gears, the high values measured for har-
monic distortion are a well expected result.

Another purpose of our study was determin-
ing how these disturbing effects affected the more
difficult-to-measure parameters such as visual
comfort and working performance. Before com-
menting on weather a specific lighting design
is economic and energy efficient, first, user satis-
faction and visual comfort should be investigat-
ed [22]. For this purpose, a study based on a sur-
vey evaluation was carried out with a group of 40
participants in the test rooms where we had car-
ried out our measurements. In this study, after re-
viewing previous studies and evaluating different
attitude scales, the Likert Scale was chosen as the
survey attitude scale to determine user satisfac-
tion and visual comfort at the lighting conditions
applied in the constructed experiment rooms.
The Likert Scale is a 5-point scale. In the Likert
scale, answers include statements such as “strong-
ly agree, agree, don’t know, disagree, and strongly
disagree” or an attitude scale ranging between pa-
rameters equivalent to these. Every answer is as-
signed with a numerical value. The Likert scale
is highly recognized worldwide and is a scale with
high reliability.
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The constructed survey consists of 2 parts. Part
lare questions of “Personal Information”, which
consists of demographic questions, and the Part
2 is measuring user reactions on “visual comfort
and visual perception in the Experiment Room”.
The survey was carried out with 40 volunteering
participants and the survey results were analyzed
using the SPSS16.0 statistical data analysis soft-
ware package [23].

The survey was applied to the participants
in the 3 different experiment rooms. The first
room was an experiment room that had a total
of 6 conventional type fluorescent luminaires with
4 x18 W and a luminous correlated colour tempe-
rature (CCT) of 4000 K. In the second experiment
room, there were 3 double parabolic fluorescent
luminaires with 4 X18 W and a CCT of 3000 K
and 3 LED luminaires each of 41 W and a CCT
of 3000 K. In the third room there were 6 LED lu-
minaires, each of 41 W and a CCT of 3000 K.

The survey participants spent 20 minutes
in Room 1 and approximately 30 minutes in the
other rooms. The participants were asked to evalu-
ate the visual conditions and the different lighting

Table 2. THD; ratios in TR2 according
to the dimming levels

Level name Dimming TR2 THD,
Levels, % Levels, %
DL1 0 23.40
DL2 25 28.07
DL3 50 34.14
DL4 75 38.87
DL5 95 44.46
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conditions in rooms 2 and 3 when the switching
levels of lighting systems were at 100 % and 50 %.

Before performing the survey, the partici-
pants were allowed 15 minutes in order to adapt
to the conditions of the room and they were asked
to answer the survey questionnaire after this peri-
od. The participants were told that during these
15 minutes they could use the computers allo-
cated for their use as they like, while they were
only asked to select and read any 2 pages from the
books that were placed before them.

At the end of the 15 minute period, the users
were asked to look at previously specified points
in the experiment rooms and then open specific
documents on the desktop of the computes allo-
cated for their use and read the text in that docu-
ment. Then after carrying out these procedures,
the participants were asked to adjust the switch
level of the lighting systems to 50 % using the re-
mote controls that they were handed and repeat
the same procedures 2 minutes later.

The survey was comparative and contained de-
termining questions regarding the personal satis-
faction and visual comfort at the applied lighting
conditions.

The survey questions that were asked to the
participants were based on the following:

* The visual comfort experienced in the room;

* The distribution of light in the room;

* The light colour in the room;

« Evaluation of the effect of the lighting con-
ditions in the room on the working performances
of the participants;
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Fig.4. The lighting conditions that were preferred by the
survey/experiment participants
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« Evaluation of the ability of participants
to discriminate the colours and patterns of the
door cases;

+ Participant evaluations regarding the ability
to read the document in the computer;

« Evaluations by participants who experi-
enced reading difficulties.

In addition, the light spectrum in the rooms
was measured with the UPRTEK MK350S instru-
ment and was compared with the survey results.

ASSESSMENT AND COMPARISON OF
THE SURVEY RESULTS

When the answers obtained from the survey
were assessed, it was revealed that the experi-
ment room with the cold white light colour was
the room that the users were least satisfied with
and evaluated its visual comfort as the lowest. Ex-
periment Room 2, which can be defined as a hy-
brid room, was ranked second in terms of satisfac-
tion and visual comfort, while the highest visual
comfort and user satisfaction was reported for Ex-
periment Room 3. These results were obtained
for a lighting switch level of 100 %. In the second
case, when the switch level was reduced to 50 %, it
was observed that the visual comfort level was hig-
her in Experiment Room 3. Generally, the light-
ing type preferred by the participants was the sys-
tem that combined artificial and daylight, Fig. 4.

The survey participants reported that general-
Iy when the lighting systems performed at their
full capacity their visual comfort was high and
their perception levels were higher. In the sec-
ond case, when the illumination capacity was de-
creased by 50 %, the survey results obtained from
both Experiment Room 2 and 3 indicated that
some colours were difficult to distinguish and the
perception level and visual comfort were reduced.
However, the most important and distinctive out-
come of this study was proving that both low-
er illuminance levels and dimming of fluorescent
and LED luminaires with DALI ballasts result-
ed in energy loss in the light spectrums of the lu-
minaires, Figs.5, 6. It is surprising that this sub-
ject has not been empathized previously in the lit-
erature. Actually, in the presence of energy losses
in its light spectrum, the colour rendering index
of a light source decreases with respect to some
specific colours. In this study, the reduction of the
illuminance level to 50 % in order to represent
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a lower power lamp was carried out using a control
system with the DALI ballast.

The survey participants reported that they had
difficulty in reading and discriminating the co-
lours when dimming was applied and emphasized
that they especially had difficulty in perceiving the
purple, blue, and green colours. The participants
observed that the best working conditions were
those in Experiment Room 3 (LED).

The measurements revealed that the colour
rendering index (CRI) of the room with the fluo-
rescent gears decreased from 83.2 % to 81.9 % af-
ter dimming by 50 %. When the same measure-
ments were carried out in the room with the LED
luminaires, the initial CRI value was initially 80 %
and it decreased to 78.9 % after dimming.

In the results obtained for the fluorescent lu-
minaire in Experiment Room 2, i.e. the hybrid
room, it can be seen that considerable energy loss-
es occurred in the purple, blue, and green colour
regions of the light spectrum. The results showed
that dimming achieved using a DALI ballast sys-
tem damaged visual comfort and visual percep-
tion and this was also supported by the survey re-
sults. It was observed that the participants who
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Fig. 5. Light spectrum ener-
gy losses in the fluorescent
lamp after 50 % dimming

had difficulties discriminating colours in Exper-
iment Room 2 had problems in discriminating
especially the purple and blue colours. In order
to obtain the most reliable results, the measure-
ments were carried out after the lighting system
operated for at least 30 minutes, and the same re-
sults were obtained in the measurements that were
repeated for several times.

The CRI was measured as 83.2 % for the fluo-
rescent luminaire at a switch level of 100 %, while
this value decreased to 81.9 % when the switch le-
vel was reduced to 50 %. While there were ener-
gy losses in the spectral region of specific colours,
considerable loss was also determined in the visi-
bility of all colours.

When Experiment Room 3 was analyzed, as
can be clearly seen from the spectrum graphs, it
was observed that again there were energy loss-
es in the spectral region of the purple, blue, and
green colours of the LED Luminaire light spec-
trum. The loss was minimal at the spectral re-
gion of the yellow, orange, and red colours. The
fact that the survey participants who experienced
difficulties in seeing and reading in Experiment
Room 3 had problems in discriminating the blue,

Fig. 6. Light spectrum ener-
gy losses in the LED lamp
after 50 % dimming
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green, and yellow colours was a proof that this
spectral energy loss affected the visual percep-
tion. Another proof, which supported the obser-
vation that the energy loss in the spectrum made
seeing difficult, was the fact that the colour ren-
dering index (CRI), which was measured as 80 at
an illuminance level of 100 %, was reduced to 78.9
at an illuminance level of 50 %.

CONCLUSIONS AND
RECOMMENDATIONS

Although visual performance and associated
parameters after dimming were investigated in sci-
entific studies up until now, the light spectrum
emitted by dimmed lighting devices were not in-
vestigated in detail. The comparison of electrical
data obtained from the experiment rooms con-
structed within the scope of this study with the
results of the survey that was conducted with 40
participants produced important results. In terms
of savings, while the energy consumption, cur-
rent and active power drawn to decrease, the har-
monics is increasing and the power factor values
are decreasing too. When the visual performanc-
es of the individuals present together in the office
are analyzed, observations such as inability to dis-
criminate colours and difficulty in reading suggest
that electrical distortions that unavoidably arise as
a result of dimming lead to visual problems.

On the other hand, one of the most important
problems, which are ignored when transforming
to LED systems, is the disturbing effect of LED
lighting devices on the power quality of the pow-
er network. It is compulsory to apply filter systems
in order to minimize the damage that will be cre-
ated by LED luminaires, which have the highest
harmonic distortion value (up to 159 %), when
these are integrated to the power network sys-
tem as a whole. Instead of applying filters for each
LED luminaire, LED luminaires can be grouped
and a filter system can be applied for each group.

When the overall findings, test and experiment
results, user feedbacks, and electrical parameters
that were obtained in this study were assessed, the
following conclusions were reached:

* Although energy consumption can be re-
duced by using dimmed lighting systems, distor-
tions arise in other electrical parameters;

* The maximum total harmonic distortion in-
creases as a result of dimming;

49

Harmonic distortions that arise as a re-
sult of dimming lead to energy loss in the light
spectrum;

* The CRI decreases to a certain degree as
a result of dimming;

* The visual performance declines as a result
of dimming;

* The decline in the visual performance re-
duces the perception level;

* Dimming can result in performance and
alertness reduction in older workers;

* In order to eliminate harmonic distortions,
the active filtering method can be applied. How-
ever, this method is expensive in today’s techno-
logical conditions;

* With increase in the number of electronic
components used with the purpose of providing
dimming, harmonic distortions and thus energy
losses in the spectrum increase as well;

+ Utilization of LED lamps, which are more
energy efficient, have higher saving rate, and pro-
vide higher brightness level compared to conven-
tional lamps- without dimming is an option that
can prevent electrical distortions;

* While designing the lighting system of a vol-
ume, the use of unnecessary quantities of light
as well as the application of unnecessary light
controlling and, thus, the formation of electri-
cal distortions can be prevented by paying atten-
tion to the visual perception level required for
a certain job, instead of applying dimming.
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ABSTRACT

Field measurement method is used in this pa-
per to analyze the energy saving potential of an in-
dustrial building. A daylight responsive automated
lighting control system application is implemen-
ted and the energy consumption of the build-
ing is observed for a year. Daylight trespass ena-
bled by using two holes at the roof of the building
which have spherical lenses. In conclusion ener-
gy savings of the building is related to the sunshine
duration parameter.

Keywords: light automation, daylighting, ener-
gy efficiency, lighting energy savings

INTRODUCTION

Worldwide energy consumption has been
growing rapidly. However, the ways that the ener-
gy is produced are not sustainable in most of the
countries. It is not easy to switch these ways to al-
ternative clean technologies in a very short time.
Thus improving energy savings are essential to re-
duce the environmental effects of energy produc-
tion [1].

The buildings have a large share in energy con-
sumption, 30 % of global total final energy con-

* On basis of report at the 15 International Conference on
Green Technologies and Energy Efficiency”. Sakarya, Turkey,
28 September — 01 October.
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sumption [2]. A considerable portion of this share,
more than 25 %, is used for lighting [3]. Studies
have shown that daylight responsive lighting con-
trol systems can significantly reduce this share [4—
6]. Different methods have been used for estimat-
ing the energy saving potential of these systems:
field measurement, software simulation and ma-
nually calculation [7].

Literature shows that lighting energy savings
vary between 20 % and 68 % with field measure-
ment [8—11], 25 % and 87 % with software simu-
lation [12—14], 30 % and 95 % with manually cal-
culation [15—17]. Software simulation and manu-
ally calculation are easy, economic, and effective
methods. However, field measurement method,
is more accurate since a real measurement is per-
formed including all the design parameters.

In this paper lighting energy savings of an in-
dustrial building in Turkey are obtained by field
measurement method in a 1-year period.

EXPERIMENTAL SET-UP

The industrial building investigated in this pa-
per has a surface of 180 m? (Fig. 1). The building
is lightened by means of 8 fluorescent luminaires
at all hours of the day and night. The luminaires
have an electric power of 58 W and provide an il-
Iuminance level of 150 Ix for the related area con-
sisted of a walking route and stocking zones. The
building is lack of daylight since there is no win-
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Fig. 1. Experiment area

Fig. 2. The daylight sources implemented in the ceiling
of the building

dow (Fig. 1). Thus two holes are constituted in the
ceiling to perform the application of daylighting il-
lumination (Fig. 2).

The current illuminance level of the building
is determined via image processing methods. Im-
ages of the buildings are captured by a camera mo-
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nitoring system simultaneously. Then the greyness
level of the images obtained by the camera is cor-
related to the illuminance level of the building
and transformed into an electrical signal by NI
USB-6221 1/0.

The control of the automated system is car-
ried out by a PLC. The electric signals by NI
USB-6221 1/0 are evaluated in PLC to adjust the
illumination level requirements of the building,
150 Ix, by switching the luminaries on and off.

EXPERIMENT RESULTS

1. Lighting Energy Savings and Sunshine
Duration

Energy consumption of the system is observed
by PAC3200 analyser. Table 1 presents the month-
ly consumption, the monthly saving and month-
ly saving percentages in the experimental period
(January 2015-December 2015).

Fig. 3 presents the monthly average daily sun-
shine hours of Kocaeli during the experimen-
tal period. According to the figure, the sunshine
hours increase from January to July. In this pe-
riod, monthly saving percentage increases as well
(Table 1). The longest sunshine hours are re-
corded in July (Fig. 3). In this month, maximum
of energy savings is provided (Table 1). After July,
the sunshine hours start to decrease and month-
ly lighting energy saving percentage starts to de-
crease as well.

Fig. 4 presents the comparison of the season-
al average daily lighting energy consumption be-
fore and after automated lighting system. Here the
warm period of the year (April-September) is con-
sidered as summer and the cold period of the

Fig. 3Monthly average of
daily sunshine duration for
Kocaeli
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Table 1. Monthly energy consumption of the automated lighting system

Month o | o . | Montnly Saving, %
January 437,26 217,78 33,25
February 394,98 197,87 33,40
March 409,94 240,97 37,02
April 370,27 265,48 41,76
May 384,61 273,83 41,89
June 343,82 295,38 46,21
July 325,92 326,42 65,23
August 327,52 330,39 50,22
September 341,82 295,70 46,38
October 408,4 241,44 37,15
November 396,72 234,00 37,10
December 435,36 223,09 33,88

Table 2. Annual energy consumption of the
building before and after the experiment

Annual energy consumption before

the experiment, kWh 718,47
Annugl energy consumption after the 4576.62
experiment, kWh

Difference after the automated sys- 3141.85
tem loaded

year (October-March) is considered as winter.
From the figure it is observed that the monthly
consumption dramatically decreases in summer
months due to the longer sunshine hours.

The results obtained from Table 1, Fig. 3 and
Fig. 4 are indicate that there is a strong rela-
tion between the lighting energy consumption and
sunshine hours in a daylight responsive lighting
control system.

11. Lighting Energy Savings and CO, emission

Table 2 presents the annual energy consump-
tion of the building before and after the experi-
ment. From the table it is observed that 3141,85
kWh of energy saving is provided with a daylight
responsive automated lighting control system
in a year. This saving equals to prevention of 2.042
tons CO, emission by the building.

Boxplot of Average daily consumption
Afger Beflore
. Summer Winter
—_— ==
20
18- Fig. 4. Seasonal average
< daily lighting energy con-
g 169 sumption before and after
14- = automated lighting system
=
10- i .
After Before
Situation
Panel variable: Season
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CONCLUSION

The behaviour of a daylight responsive auto-
mated lighting control system is observed for
a year in this study. The results indicate that ener-
gy savings is strongly related to the sunshine dura-
tion of the experimental area. On a monthly basis,
energy savings increases up to 65.23 % in summer
and decreases to 33.25 % in winter.

Comparing to previous similar studies held
with continuous dimming systems in same climate
conditions [18] this study indicates that no matter,
which system is used for light automation, there
is always a high probability for a big ratio of ener-
gy savings. Whether on-off systems or continuous
dimming systems are equipped in working zones
up to 45 % of lighting energy saving is possible.

Saving electric energy is also saving the world
from greenhouse gas emissions. More than 2 tons
of CO, emission is prevented by this system just for
a 180 m? area. Expanding this result to the whole
building or even to the all Industrial area along
Kocaeli city would be great addition and help
to environmental pollution prevention.
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ABSTRACT

The quality of lighting made by daylight or
other light sources is as important as the physi-
cal size. It is known that, people are affected psy-
chologically from the illuminance and correlat-
ed colour temperature of the place where they
live, and the people who are in places with diffe-
rent colour and design could react different to the
same stimulants. Qualitative and quantitative pro-
perties of lighting are so important for visualiza-
tion. Quantitative properties are luminous flux,
intensity and illuminance. Likewise the quali-
tative properties are correlated colour tempera-
ture and colour rendering index of the light. At
this work, the value of correlated colour tempe-
rature and illuminance for a sample medium are
optimized by using colour sensor and software.
In optimization, the approach to the ideal light-
ing which is productive and economic is aimed
by making data groups with measured data. These
data groups are used by PIC microprocessor and
PLC compound system so as to make the illumi-
nance approach to demanded values. Measures
were done with different dots to see the changing
in lighting quality and productivity by determin-
ing the best sensor position. The sensor produ-
ces some base data with daylight. Energy posses-
sion is made in case the daylight data are enough

1 On basis of report at the 1st International Conference on
Green Technologies and Energy Efficiency”. Sakarya, Turkey,
28 September — 01 October.
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and no extra lighting source is needed, so measur-
able possession data are gathered.

Keywords: light, colour, illuminance, colour
rendering, set value, PIC, PLC

1. INTRODUCTION

Lighting, which could be made with lots
of waste despite insufficient light flux with flam-
ing lighting devices in the past, became an im-
portant concept, which was handled together with
its quality since the time of the end of 19t! centu-
ry, especially when the electricity began to use as
commercial. For the electrical lighting which the
quantitative property is more important in the first
half of the 20th century, qualitative properties be-
gan to be important in the second half of the 20th
century.

For a lighted surface, quantitative property
is described as illuminance (E: 1x), qualitative
properties are described as colour rendering in-
dex (CRI) and luminance (cd/m?). Therefore,
beside a light flux, which comes from a lighting
device, specification in colour gets important as
much as the flux. For instance, although the pro-
ductivity of light flux is so much high, the sodium
steam discharge lamps are not preferred in indoor
lighting.

Colour is called as a physical effect, which can
be sensed by a persons’ eye and reflected by not
being sucked according to the matter that the light
crashed and being in wavelengths which makes
the light. Colour effect constitutes the fundamen-
tal of lighting together with illuminance concept.
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That is why the lighting and colour quality are
the main effective factors directly, optimum solu-
tions must be gathered by evaluating lighting with
colour, colour rendering index and illuminance
parameters.

In this study, how the lighting and colour le-
vels, which belong to their mediums, can be opti-
mum and how the optimum level gets stable with
which parameters were investigated. An appli-
cation method was developed by making some
labours convenient with the aim of implement-
ing of this stability. At the application method
developed:

* Determining the best colour and illumi-
nance;

* Assigning the value to the parametric varia-
bles according the criteria determined;

* Implementing the algorithmic operations
by software according to the values assigned;

+ Getting the highest level of productivity;

* Energy possession was done by the daylight
effect which was included.

2. LIGHTING QUALITY
AND PRODUCTIVITY

With this study, quality lighting which is com-
manded automatically convenient with the light
sources selected with compatible properties (co-
lour rendering index, correlated colour tempera-
ture, energy consuming and function) and their
logical diagrams and flow charts is aimed. Be-
sides, that is why the daylight effect was included;
the productivity in lighting design was increased.

It was implemented that the light was sensed
and transformed to a digital data, which was com-
pared with the desired data and the most conve-
nient light sources were turned on according to re-
sult of this comparison. A special sensor was used
for sensing the light. Colour light sensor, a kind
of special sensor, has a structure to able to trans-
form a colour full light to an analogue signal and
produces a voltage in DC form on its output. Its
working principle is based on sensing the three
fundamental colours, which are called as Red,
Green, Blue (RGB). It can resolve the voltage
output of any colour of RGB, in case that one
of them is sensed. Besides, this sensor can divert
the output voltage according to the light flux level
and produce a total output value according to light
flux and colour in the medium.

S7

Placement location of the sensor is critical
to the parameters obtained. Therefore, in out-
door lighting applications, sensors must be placed
in accordance with the calculated vector coor-
dinates. In this study, since the basis of interi-
or lighting applications, the sensor was placed
in a point on the ground, where is received an
average horizontal illuminance. If a colour filter-
ing is desired, it will sense the colour of the light
which is filtered, and give an output when it sen-
ses that colour.

DC voltage, which is gathered from the sen-
sor output, is transformed to 10 bit of data by an
electronic analogue-digital transforming card
of 10 bits. Thus, sensor bits are made for inputs
of PLC (10.00-10.09). Analogue-digital circuits,
used in application, were implemented with PIC
microprocessors. One of the circuits transforms
the analogue voltage, which is gathered from the
sensor, and the other transforms that of which
is gathered from potentiometer to 10 bit of digital
data. On Fig. 1, the position of the sensor in ap-
plication model; on Fig. 2, the scheme of ADC
set circuit; on Fig. 3, the working situation of the
light sources mounted to the roof of the model are
presented.

3. CONTROL CIRCUIT

PIC was used as the main microprocessor
in control circuit. Two reference voltages were de-
scribed for the microprocessor. Reference voltag-
es determine that of in which reference range the
analogue voltage would be transformed.

Digital data, which are gathered after trans-
forming, remain in reference range entered.

Fig. 1. The position of the sensor in model



Light & Engineering

Vol. 25, No. 2

Fig.2. ADC circuit [2]

Fig.3. Light sources in different colours

On setting circuit, setting voltage is added by po-
tentiometer according to the medium conditions.

On set circuit, there is a potentiometer so as
to put the desired set value into effect. The digital
transforming of this set value is made implemen-
ted by microprocessor owing to the potentiometer.

Table I. Symbolic equality of light sources

Colour PLC Output Representa-
of Light Q(100.0n)... P
_ tive Symbol

Sources n=queue number
Blue Q(100.00) a
Green-2 Q(100.01) b
Green-1 Q(100.02) c
Red-2 Q(100.03) d
White Q(100.04) e
Red-1 Q(100.05) f
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Reference voltages were determined as 0 and 5
Volts. Because the total voltage of the light sour-
ces on the roof of model was about 5V, it was im-
plemented that the microprocessor would work
in the range of 0—5 V. Because the low line refe-
rence voltage which is one of the reference volt-
ages to be sent to microprocessor as input, 0 V,
the mentioned input was connected to ground.
The outputs, which are “logic 1 (analogue 5 V)”
were transformed to 24 V of DC value by an in-
tegrated circuit called as “ULN2803”. “Com-
mon” or “com” voltage of “ULN2803” was en-
ergized with 24 V DC and owing to this, the log-
ic 1 bits on the output of microprocessor were sent
to input of PLC as 24 V DC. Crystal oscillator fre-
quency was kept in the range of between 10 MHz
and 20 MHz.

The outputs of PLC were symbolized as letters
so as to be understood easily. Therefore, all com-
binations were symbolized by letters and there
was no need to write the output colour for every
combination. On Table 1, it was seen which light
source was symbolized with which letter.

All possibilities of light sources were exposed
and the voltage data, which are the equity of these
possibilities, were measured and saved for PLC
program. These were loaded to virtual registers in-
dependently in PLC program. These data loaded
to registers are the values which the sensor always
measure and ones which could divert in any time.
These values were compared with the set voltage
value desired or arranged in set circuit in PLC.
The difference occurred at the result of compari-
son was compared for second time again with the
database in registers.
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3.1. PLC programming circuit

PLC programming was done for Om-
ron CQM1-H PLC type. All programs were
gathered in “STL” form after being written in lad-
der diagram. While the data bits, which came from
set circuit, were being connected to an input card
the bits, which came from sensing circuit, were
sent to the other input card of PLC. These digital
data which came to every input card, were saved
to intern (virtual) PLC relays. All voltage valu-
es were gathered one by one and a database was
formed by being saved to PLC registers.

PLC calculates what input value is bigger than
the other after making a comparison between the
data, which come from set and sensing circuits
by evaluating the difference between them. It de-
cides what light source or sources will be turned
on or off at the amount of the difference.

PLC implements a lighting regulation by us-
ing the daylight at this working style. But, while
this application is being implemented, the posi-
tion of the light sources selected and their voltage
capacities are too much important. Because PLC
works so sensitive, it senses even a little change
that comes from the sensor. To minimize the in-
stability some regulations were made with the pre-
sent sensor but they don’t work. So, by making
some changes in the program (software), a de-
scription for the interval between the voltage valu-
es those the sensor produced as a wide range of in-
terval and a more stable working was done.

4. WORKING PROCESS OF THE
SYSTEM

Measured data done to work the system are
shown on the tables below. The data measured
on these tables were gathered while the daylight
was getting down. On Table 2, the daylight voltage
was read 0,70 V DC in sensing and at 0,50 V DC
voltage, it was seen that some light sources were
turned on.

At this table, because the colour rendering in-
dex was done, PLC program did not turn on any
light source. As long as the data measured from
the daylight is bigger than the set value, no light
source is turned on. When the set value gets big-
ger than the data from the daylight, PLC program
begins to scan the most convenient light sources.
System compensation is being done by turning
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Table 2. Results of the test of set voltage-1

Set Voltage, Sensing Turned on Light
Volt DC Voltage, Sources
Volt DC
0,7 _
0,50 (Daylight:
0,7V) B

Table 3. Results of the test of set voltage-2

Set Voltage, | Sensing Voltage, Turned on
VvV DC VDC Light Sources
a
b
1,00 1,04 -

(Daylight: 0,7 V)

on the most suitable light sources so as to mini-
mize the difference of voltages between set value
and the daylight data.

On the Table 3, the light sources, which are
turned on for 1 V of set value while the colour ren-
dering index is getting down, is shown. The set
voltage desired here is 0,30 V bigger than the vol-
tage which the sensor read. So, PLC turned on the
light source called as “c” and “b” and decreased
the difference to 0,04 V. Owing to this, set vol-
tage was done as 1 V of value. The set value was
gathered by the daylight (0,70 V) and light sources
(0,30 V) turned on.

Similar applications were tested by taking the
application module to different mediums. Just
as the applications are seen with only one light
source, according to the level of lighting and co-
lour sensing some applications with a few light
sources even all sources were implemented.

5. LIGHT EFFICIENCY

Nowadays, energy possession became an in-
dispensable element of lighting projects. In this
paper, the working integration of light sources
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and daylight was implemented and measurable
energy possession was done by turning off some
light sources. It was seen that the mentioned pos-
session differed according to the ratio of getting
daylight. On Fig. 4, a changing graph of posses-
sion and light sources using ratios according to the
daylight usage. As it is seen on the graph, this
possession ratio could be 100 percent depending
on using ratio of daylight. With the increased use
of daylight, decrease in the use of LED structures
will improve energy efficiency. In this case, LEDs
used in the circuit, are aimed to regulate the co-
lour for perceived the light of day.

CONCLUSION

Lighting and colour level in the mediums
where people live effect not only human psycholo-
gy but also increase working productivity of them.
Thus, the thing of keeping the desired lighting and
colour level in mediums gets fast and easy means
getting possession in energy and personal. In ap-
plication a model medium was done. The total
lighting and colour levels in the model medium
was measured by a sensor and with these measures
a comparison between the desired coloured illu-
minance and the coloured lighting in the present
medium was made. By this comparison, increa-
sing of colour rendering index by compensating
the deficient colours is aimed. By increasing the
colour rendering index, owing to turning on the
less lighting source, an increasing in lighting ef-
ficiency was made as well. As it is seen in appli-
cation, a comparison between the desired and set
colour rendering index and illuminances is made
and fast convergence to set value is determined.

For different illuminances and colour returns,
at measuring data in different dots, it was seen
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Fig. 4. The relation between
possession and the using
ratio of light sources.

that, the voltage values increased when the sensor
got nearer to light sources and compensated the
system by turning on the less light sources. Thus,
the voltage value which is gathered by accumu-
lating the voltage values of more than one sensor
in different dots and calculating the average value
is admitted as the based fundamental voltage va-
lue. After an analysis with multi doses to deter-
mine the best sensor position, it was thought that
a dot, which the light sources were all seen and the
daylight was used the most, would be the most ef-
ficient dot. In addition, it was seen that the sta-
bility of the sensor used is too much important
in these kinds of applications. It was determined
that the stability of PLC in controlling its outputs
changed depending on being stable of the sensor
used completely. And it was observed that it would
be so important to get care about the sensor used
for being sensitive and too stable.
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ABSTRACT

The article considers the difference between
Newton and Goethe’s understandings of light
spectral composition. Elaborating on the subject,
it is suggested that in many cultural traditions cer-
tain colours and their combinations represent and
symbolise evident origins of natural life and as-
pects of the structure of the Universe. It can be
seen that these colours, apparently, are exactly
caused by specific properties of human sight and
have a clear priority in the perception system and,
accordingly, within the composition of language.

Keywords: colour, nature, physiology, culture

Isaac Newton performed light decomposi-
tion experiments using a prism, and discovered
a spectral scale of seven primary colours. We still
use this scale today. Before Newton, such scales
existed in different variations since Antiquity: they
usually consisted of three or five primary colours.

A feature of Newton’s chromatic scale is that
it was easily and naturally integrated into natu-
ral numerical series and stimulated the emergence
of a cultural numerical series. The seven-day
phase of the Moon — the natural lunar cycle —
when transposed into the cultural context led
to the determination of the seven day week, and
hence the lunar month consisting of four weeks.

This basic natural cycle can be traced in many
systems of concepts about completeness of life and
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and cultural processes is still in its infancy.
Edward O. Wilson

about a full life cycle. In Ancient Egypt, temple
colonnades which represent the generation of life,
for example the temple in Luxor (Ipet Resyt)
(Fig. 1), are formed of rows of seven columns
to symbolize the full life cycle of a person. Com-
pleteness of life is reflected in numerous folklore
texts from different cultural traditions connected
primarily with ideas of a comprehensive family
with seven children. For example, in the Russian
tradition: seven from one pod, seven Simeons,
seven on benches, seven don’t wait for one, etc.
Goethe, in his Theory of Colours retorted
heatedly against Newton’s scale. Based on the va-
riety he observed, he described a dialectics of co-
lour interaction. In doing so, Goethe conside-

Fig. 1. Temple of Luxor
(Ipet Resyt). Colonnade
of two rows of seven
columns embodying com-
pleteness of the human
life cycle
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a) b)

f) 9)

c) d) e)

h) i) /]

Fig. 2. Gold of yellow colour, colour of the sun, colour of a deity:

a —Moscow. The Kremlin. Blagoveshchensky cathedral. Gold domes; b — Moscow. Ascension church in Kolomenskoe.
The temple is projected from a gold orb-sun; ¢ — St Peterburg. The Admiralty building. Gold spike being sun ray is pro-
jected from a gold ball-sun; d — Germany. Zost. Church of St Patroclus, the Tent is projected from a gold orb-sun;

e — Myanmar. Shwedagon Pagoda. The huge mortar is projected from a gold bud-sun; f — Byzantium. Fatih Jami. The
Pantocrator with a gold nimbus in the dome lunette; g — Vologda. An icon. A gold nimbus over the head of the sacred; h —
India. Ajanta. Painting of a cave monastery. Gold nimbus over the head of Buddha; i — Persia. A huge gold nimbus over
head of the divinified Khosrow II; j — Nepal. Kathmandu. Kala Bhairava — all-devouring time deity in a gold aura

red colours both in themselves and colour ratios
to be inseparably connected with their percep-
tion by human eyes [1, p. 21— 62].

Developing this subject, it can be noted that
in many cultural traditions chromatic realities and
their perception by humans have formed entire
systems, in which colours represent natural ori-
gins of life.

In this way yellow is naturally associated with
the sun and with sunlight; the solar colour of gold
representing an eternal metal. This idea is reflec-
ted in language as well. For example, in the In-

do-European language family, colour of the gold-
sun is connected with the radical “cr — chr”.
In Sanskrit gold is named chiranya, in Greek it
is chrysos! (xpvodc). Accordingly, names of yel-
low pigments are ochre and crown.

Historically, the time of day was determined
by the sun. Therefore, the ancient god of time was
Cronos, derivative Kronos, who the Time devour-

1 Accordingly, in Buddhism, as well as in many other tra-
ditions, the higher, unshakable celestial stronghold is gold, in
Sanskrit it is charmya.

Fig. 3. Ancient Greece. Blue is the
colour of the sky and the colour
of water (celestial ocean).

Blue in triglyphs and in drops
under taenias and mutules repre-
sents a vertical outflow of celestial
waters. On the pediment field,
blue is the background for statues
of gods, representing the colour
of the sky
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a) b)

Fig. 4. Ancient Egypt:
a — a pyramid with gilt vertex is projected from the sun; b —
the pyramid hieroglyph outside and inside is edged with
green colour: sunlight gives life the all vegetation

ing his own children. A chromatic sacral sun shade
of gold is apparently present in the name of the
God-Man: the Christ and accordingly also in the
term meaning the place of God’s presence: Khram
(temple) (Rus.), kirche (Ge.), church (Eng.).

In iconography this subject is expressed
by gold, solar nimbuses of God and the charac-
ters accompanying Him: angels, evangelists, holy

men. In architecture this subject is directly ex-
pressed using golden domes, spires and their gold
ball-sun tops, from which as from the sun, the
whole temple is projected [2 p. 140 — 161] (Fig. 2).

Time has the colour of the sun, which itself
is used to determine time.

The colour blue naturally corresponds with the
colour of water and of the sky; the heavenly ocean,
from which celestial God’s grace arrives as rain ar-
rives to earth: water is a source of life. In daily an-
tique traditions, time appeared in two ways: as so-
lar time (sun dials) and as the outflow of celestial
waters (water clock).

In the tradition of antique temples, the descent
of this celestial holy grace was connected with
the colour blue within an entire system of archi-
tectural elements. A pediment field, against the
background of which antique gods were present-
ed in the “celestial world”, was painted in blue,
as the colour of the sky and the colour of waters
of the celestial ocean. Vertical details of the order
representing the outflow of celestial holy grace,

a)

b) c) d

e f) 9) h)

Fig. 5. Red is the colour of blood, colour of animal and human life:

a — Ancient Greece. Parthenon. Metope boom under the temple cornice on the red background expresses the heroic history
of the Greeks. Reconstruction; b — Paleolithic Spain. Altamira cave. A chain of bull images on the walls of the primeval cave.
Red ochre; ¢ — Neolithic Cyprus. Lempa. A residential building is encircled with red ochre under the cornice and along the
socle; d — Ancient Rome. Pompeii. The house is encircled with a red socle. Reconstruction; € — Ancient Rome. Pompeii.
The fresco on a villa wall is surrounded by a red frame; f — Renaissance Italy. Milan. Bramante. Church of Santa Maria delle
Grazie. Red edges on the facade surface; g — Tibet. Samye Monastery. Red friezes under cornices of the temples; h — Mexico.
Mayan culture. Bonampak. A red belt of paintings under the temple vault expresses the heroic history of the Maya
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a) b) c) d e

f) 9) h) i)

Fig. 6. Combinations of green and red colours represent a harmony of vegetative and animal life. Painting: « — Ancient
Egypt. A painting in the temple of Rameses III; b — Ancient India. Ajanta. A painting on the walls of the cave monas-
tery; ¢ — Russia. An icon. Subject of Lestnitsa (stairs); d — Russia. An icon. Christ in Majesty; € — Russia. An iconosta-
sis; f— Japan. A picturesque canvas; g — Italy. Renaissance. Piero della Francesca; h — France. Cezanne;
i — France. Gauguin

which was water-time, were painted in blue: tri- The colour red, which was colour of blood and
glyphs (months of three decades), taenias and human (animal) life, in the antique temple tradi-
drops under them (6X2 = 12 drops-months of the  tion was expressed by the circle of life represented
year in each bay), mutules and drops under them by horizontal ring structures along the whole pe-
(3x6x2 drops-decades is a year in each bay). rimeter of the temple: a shelf under the cornice,
In antique architecture, the system of water circu-  top and bottom shelves of the frieze and circular
lation between the sky and earth was represented red slots (annulets) under echinus of Dorian ca-
as a general ring vertical structure of water circu-  pitols. In the boom of metopes of the ring frieze,
lation and the “hydro-biological natural cycle” [2, which showed the stories of epic battles (Lapiths
p. 253 — 280] (Fig. 3). with centaurs, Greeks with amazons, etc.) red
Considering the theme of colour mixing pro- dominated as a background. The same subject was
posed by Goethe, it should be stated that yel- reflected in the ring construction of Greek vases
low associated with sunlight, and blue associat-  with red figures.
ed with the colour of water, once mixed create Red-brown terracotta booms under cornic-
green, which is the colour of vegetative life. Col- es are typical for the Etruscan tradition. Later
ours of sunlight and of water are represented as on in wall paintings of rich Roman villas, sepa-
two foundations of life on earth. In ancient Egypt, rate plots were wrapped in red frames. In these
inside a gold or yellow (solar) hieroglyph «pyra- later renditions, lifelike pictures of gods and peo-
mid», a little green wedge of vegetative life was lo-  ple were already closed in the vertical plane. Red
cated (Fig. 4). booms and red frames on facades were typical for
Red being the colour of blood and colour of life  the Renaissance as well. For many other traditions
(Fig. 5), was already widely used in cave painting distant from Europe, horizontal rich red booms
of primitive hunters, who used red ochre: recent under cornices and in paintings are typical. In the
research has shown that it was specially burnt from  process of painting transformation into secular
ferriferous minerals. easel art, they started to make picture frames out
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a) b) c) d)

Fig. 7. Combinations of green and red colours represent a harmony of vegetative and
animal life. Architecture: a — Italy. Florence. Giotto. Bell tower of Santa Maria del Fiore cathedral. Shades of green and
red marble; b — Russia. Moscow. Spasskaya tower of the Kremlin. Red brick and green tiles; ¢ — Russia. Yaroslavl. John
the Precursor’s church in Tolchkov. Red brick and green tiles; d — Russia. Moscow. Intercession cathedral on the Ditch.
Red brick and green tiles

of precious mahogany, and then to make pictures As a result, it can be suggested that in human
more impressive and divine with gilt frames. culture these specific colour combinations pro-

A combination of the colour green associated vided a basis for the chromatic concept of life it-
with vegetative life, and the colour red associated  self and for some aspects of the structure of the
with animal (human) life and with blood was per- ~ Universe.
ceived as harmonious and represented a natural Later on, with development and complica-
harmony of these two forms of life. tion of various rituals, with introduction of dif-

In painting, different combinations of red and ferent local, somewhat arbitrary conventions,
green colours represented this special sort of har- ~ secondary chromatic ideas about the decora-
mony. In painting, red and green, as well as blue tion of religious and other doctrines, were im-
and yellow were considered to be complementary ~P0sed on these primary concepts.
colours. Such combinations are typical not only
for different iconographic traditions but also for
best paintings of the Italian Renaissance, which
grow out of antique and east Christian Byzantian
traditions. The harmonious combination of green
and red colours is richly presented in Russian ico-
nography and in painting of different cultural tra-
ditions (Fig. 6).

Such a harmony in traditional Russian archi-
tecture is expressed by combination of red brick
and green ceramic tiles. On the ribs of the tented
roof of Spasskaya tower of the Moscow Kremlin,
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green (vegetative) colour is penetrated with inserts

of yellow (solar) tiles falling from the gold orb sun Nikolai L. Pavlov,

(Fig. 7). Dr. of Architecture,
Modern research on colour perception shows Professor. Graduated from

that these four colours: red and green, yellow and the Moscow Architectural

blue are the first in terms of perception intensity Institute in 1965. Professor

and by mention frequency in different languages. of the Chair “Soviet and

It is interesting that as far as perception of these foreign architecture” of the

four colours goes, modern science seems to build Moscow Architectural

upon the intuitive conclusions of Goethe. Physi- Institute (State academy). Advisor to the

ologically, such a selective perception can be ex- Russian Academy of Architecture and

plained by there being three types of cones on the Construction Sciences

retina of a human eye: blue, green and red [3].
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Current State, Trends and Prospectives of the Development
of Light Emitting Diode Technology

Fig. 5. In national park Tsianfoshan, Tsinan, China

Fig. 10. The Green Creative BR30 Cloud LED lamp

Fig. 12. Directions of light
emitting diode hothouse
radiation use:
a) Minsk vegetable factory
(2015): hothouse radiation
(Test laboratory of the
Centre of light emitting
diode and optoelectronic

b)  technologies of the National
Academy of Sciences
of Belarus); b) many-storey
systems; c) a device for
house use (Test laborato-
ry of the Centre of light
emitting diode and opto-
electronic technologies
of the National Academy
of Sciences of Belarus)

a) °

67



Lale Evdem Atilgan and Mustafa BerkerYurtseven

Thermal Design of an LED System: A Special Lantern
for Turkish Historical Mosques

a) b)

Fig. 1. Lanterns used in the interior lighting of (a) Semsi Ahmed Pasha Mosque, (b) Hagia Sophia Museum

Temperature o Temperature
(Solid), 79,18 °C (S 873°C .
Temperature emperature Temperature
Temperature i o Solid), 68,96 °C pera
(Solid), 84,61°C Tomperature (Solid), 59,20 °C T(er‘;;]e)rawre (Solid), ‘C
(Solid), 'C (Solid), 65,84 °C
Fig. 12. Temperature distribution of the initial approach Fig. 13. Temperature distribution of the final approach
Temperature
(Fluid), 'C
Flow Trajectories 2
Temperature
(Fluid), ‘C
Flow Trajectories 1
Fig. 14. Air flow in and around the lantern, initial approach Fig. 15. Air flow in and around the lantern, final approach
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a) c) d e)

f 9 h) i) )

Fig. 2. Gold of yellow colour, colour of the sun, colour of a deity:

a — Moscow. The Kremlin. Blagoveshchensky cathedral. Gold domes; b — Moscow. Ascension church in Kolomenskoe.
The temple is projected from a gold orb-sun; ¢ — St Peterburg. The Admiralty building. Gold spike being sun ray is pro-
jected from a gold ball-sun; d — Germany. Zost. Church of St Patroclus, the Tent is projected from a gold orb-sun;

e — Myanmar. Shwedagon Pagoda. The huge mortar is projected from a gold bud-sun; f— Byzantium. Fatih Jami. The
Pantocrator with a gold nimbus in the dome lunette; g — Vologda. An icon. A gold nimbus over the head of the sacred; h —
India. Ajanta. Painting of a cave monastery. Gold nimbus over the head of Buddha; i — Persia. A huge gold nimbus over
head of the divinified Khosrow II; j — Nepal. Kathmandu. Kala Bhairava — all-devouring time deity in a gold aura

] 9 h) i)

Fig. 6. Combinations of green and red colours represent a harmony of vegetative and animal life. Painting: « — Ancient
Egypt. A painting in the temple of Rameses I11; b — Ancient India. Ajanta. A painting on the walls of the cave monastery;
¢ — Russia. An icon. Subject of Lestnitsa (stairs); d — Russia. An icon. Christ in Majesty; e — Russia. An iconostasis; f —
Japan. A picturesque canvas; g — Italy. Renaissance. Piero della Francesca; h — France. Cezanne; i — France. Gauguin
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a) b)

Fig. 2. A heliotrope turning house:
a) general view at night from the south side in winter; b) general view in the daytime from the north side in summer.
URL: http://mixstuff.ru/archives/43807

a) b)

c) d)

Fig. 4. Examples of the houses following (turning with) the Sun:
a) the Round the World two story house; b) a house in La Mece (California, the USA); ¢) the Everingham turning house;
d) the Dome House (ecohouse)
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ABSTRACT

Creating an optimal level of daylight in buil-
dings in accordance with the quality of the en-
vironment is highly topical issue now. Daylight
changes constantly not only every day from sun-
rise to sunset but also throughout the year. From
systematic illuminance measurements at the CIE
IDMP stations the daylighting dynamics in ex-
terior also shown. To design and simulate day-
lighting in the indoor building environment, it
is necessary to know the typical local luminous
exterior conditions. A new method for evaluat-
ing of daylighting in interiors proposed by CEN
TC169 / WG11 Daylight is based on occurrenc-
es of exterior illuminances at a specific locality,
representing climatic parameter median of diffuse
exterior illuminance. Paper presents testing this
new climatic parameter and proposes its exten-
sion to other statistics. Proposed new criteria are
demonstrated in a study of the daylighting availa-
bility in schools and school facilities and statisti-
cally divided from measured one-minute diffuse
illuminance data in Bratislava during the period
of six years.

Keywords: daylighting, availability of diffuse il-
luminance, median, school buildings.

List of symbols: d — number of the day
in month; D — Daylight Factor; ET— equa-
tion of time, hour; £, ; — diffuse horizontal illu-
minance, Ix; E), ,— global horizontal illuminan-
ce, Ix; E, 4 meq — median of diffuse exterior illumi-
nance, Ix; E\,— luminous solar constant, Ix; E,,
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», —luminous solar constant recalculated on the
horizontal plane, Ix; F(x,) — cumulative frequen-
cy function; J — day in the year; k4 — percentile
of diffuse horizontal illuminance E, 4, Ix; LT — lo-
cal time, hour; m — number of the month; min —
minute in the day; P(X < x,) — probability of oc-
currence, TST — True Solar Time, hour; ¢; — start
time of the school operation; 7, — end time of the
school operation; y, — solar altitude, deg; 6 — dec-
lination, deg; ¢ — eccentricity factor; 1;,, — geo-
graphical longitude of the side, deg

1. INTRODUCTION

Daylight has irrecoverable effects for the hu-
man body, which do not have adequate alternative.
Its typical characteristics — dynamics, irregular
changes in the quantity and quality during a day
to stimulate our attention and cannot be exactly
replaced by artificial light, which by its monoto-
ny leads to reduction alertness, feelings of fatigue
and sleepiness and decrease work performance,
[1] Therefore, access to daylight in interiors can-
not be underestimate and it is important to en-
sure its in such level and quality that is needed for
human health and safety occupation. Current-
ly, the design and evaluation of daylight in buil-
dings is performed in accordance with technical
standards in several countries, e.g. in Slovakia,
Czech Republic, Germany, U. K., China or Rus-
sia. Criteria for the design and evaluation of day-
light are based on CIE recommendations [2]. For
simplification, the model of the uniform overcast
sky with the sky luminance gradation in the ratio
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1:3 from horizon to zenith is commonly applied.
According to this model, the illuminance during
the worst daylight exterior conditions is possible
to determine, but it is not possible to satisfactory
evaluate annual availability of daylighting in inte-
riors because exterior illuminance changes are not
considered. Conditions of optimal visual com-
fort in the spaces permanently occupied by people
have to be created with respect to various exterior
situations occurring during a year, i.e. under over-
cast skies with a low external illuminance levels,
cloudy skies variously covered by clouds or clear
skies with direct sunlight [3—7].

A new method of evaluation of interior day-
lighting is based on determination of statistical
characteristics of the exterior illuminance occur-
rences determined from measurements in cer-
tain locations. The established climatic statisti-
cal parameter median of diffuse exterior illumi-
nance [8] can be calculated from satellite data and
also from regular ground measurements and stan-
dardised. On the base of the results of the analysis
modelled exterior diffuse illuminance characteris-
tics in school operating time, the statistical me-
thod for evaluation of the exterior diffuse illumi-
nance with respect to effective utilization of day-
lighting in schools was proposed.

2. METHOLOGY

Daylight availability on the Earth’s surface de-
pends on several factors — the solar altitude, cloud
type, cloudiness and also atmospheric turbidity.
Exterior daily illuminance is permanently chang-
ing in all components, global, diffuse and direct.
Authors in [9] introduced that the same two dai-
ly courses of diffuse and global illuminance E), ,
and E, ,were not found in the database of mea-
surements 1994—2006 and every day was identi-
fied as original without repetition. Daily illumi-
nance in building interiors is up to now evaluated
after Daylight Factor D, criterion which concept
is based on the CIE model of the uniform unshad-
ed overcast sky when the impact of direct sunlight
is excluded. However, it is important to notice that
daylighting should be evaluated on the base of in-
stantaneous data because the human eyes are able
to perceive daylight levels at the time of their oc-
currence not as averaged or cumulative values. Ex-
cept for the minimum illuminance levels needed
in the architectural design and assessment of inte-
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rior daylighting the qualitative parameters of day-
light and its dynamic changes should also be taken
into account.

Experimental results focused to quantifica-
tion of exterior illuminance changes are published
in the scientific papers for a long period, for exam-
ple in [10—16]. There can be found methods for
evaluation exterior illuminance in terms of day-
lighting design and simulation daily sequences.
Authors, e.g. [17—18] analysed daily illuminance
courses of £, ;and E, , in all months in the year.
Comparison of individual days confirms very high
variability of natural light in terms of the time
of occurrence and the measured levels. So, to de-
sign and evaluate daylight in buildings very exact-
ly it is necessary to determine the real luminous
climate in locality. In the book [19] and work [20]
also shown that only system of comprehensive
measurements and their processing allow to ob-
tain relevant information about daylight climate.
The first complex characterization of year-round
courses of diffuse exterior illuminance in Brati-
slava was published in [21]. At the same time re-
search in [17] and [22] was pointed on availabili-
ty of annual daylight changes described by statis-
tical methods.

Dynamic daylight conditions can be captured
by modelling of the characteristic exterior illumi-
nance courses from data measured on the hori-
zontal plane and on the base of analysis of com-
prehensive long-term measurements and their sta-
tistical processing.

For modelling of the exterior diffuse illumi-
nance availability it is necessary to use inputs
in the form:

— Time and date of the day,

— Long-term measured one-minute data of ex-
terior diffuse horizontal illuminance,

— Long-term measured one-minute data of ex-
terior global horizontal illuminance.

The draft of the European lighting standard
«Daylighting of Buildings» [8] and [23] prescribes
the climate statistical parameter — median of dif-
fuse exterior illuminance E, ; 4. Another im-
portant parameter for determination of daylight-
ing in building interiors is time of available day-
light utilization which depends on the operating
times of the occupied building. The operating
time of the building (or standard working time)
is classified by building category in respect to use
of the building and this time determines its daily
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operation, i.e. the beginning and the end of occu-
pancy during the day, the weekly operation (Mon-
day to Sunday) also year-round use of the building
(January to December).

Standard operating times for lighting in buil-
dings are prescribed in regulation [24] in the Slo-
vak Republic. Different standardized daily ope-
ration time have e.g. schools and school facilities
(Iength of daily operation is 7.5 hours), office buil-
dings (9.5 hours) or hospitals (14 hours). Week-
ly operation time of buildings depend also on the
building type, e.g. office buildings are performed
five days a week while hotels and hospitals seven
days a week. Also, it is different year-round occu-
pancy of buildings, for example, school buildings
are occupied only during the school year (it is 10
months, if other holidays during the school year
are not considered) but, for example, hospitals are
continually performed during a year. To model ex-
terior diffuse horizontal illuminance use as much
as exactly it is important to define time intervals
corresponding to standard operating times during
operating days of each building type from the da-
tabase of horizontal illuminance measurements.

Modelling the characteristic of exterior dif-
fuse illuminance availability in Bratislava was
based on the database containing instantaneous
one-minute data of global horizontal illuminance
E, .and diffuse horizontal illuminance E|, ; syste-
matically measured in Bratislava during the six-
year period — from January 4, 1994 until 31 De-
cember 1999. These data were offered for study
of daylighting availability without ambition to de-
scribe climate changes. Recorded data were strict-
ly checked against Quality Control tests before
next processing while tests published in the CIE
guide [25] were applied. Probability of E), ; occur-
rence above the gain limit was calculated after for-
mulae (1).

P(E, 4 > k%) for interval <t;, t,>, (1)
where k% — percentile of diffuse horizontal illumi-
nance E), 4, Ix,

t; — start time of the school operation,

t, — end time of the school operation.

The flow chart for modelling of the annu-
al typical availability of exterior diffuse illumi-
nance in schools and school facilities is shown
in Fig. 1. Graphical presentation of results in the
form of the graph of the cumulative distribu-
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Fig. 1 The flow chart for modelling of the probability
of annual exterior diffuse illuminance E, 4 occurrence for
the schools operating time

tion function is more instructive than tables with
many numbers, therefore, this form was used
in Fig. 2. Diagram in the Fig. 2 shows the per-
centage of occurrence of the exterior diffuse hori-
zontal illuminance considering all daylight cloudy,
clear, overcast and dynamic situations represent-
ing Bratislava luminous climate during 1994 spe-
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, kix

Fig. 2. The probability of E, 4 occurrences which were
exceeded, the school operating time, Bratislava 1994

cified for school operating time. The curve also al-
lows to read value of the E), ;median and to find
out other statistical characteristics — quantiles or
percentiles of the diffuse horizontal illuminances.
For the purposes of the processing E, ; availa-
bility in school buildings the standard operating
times in the period Monday to Friday excluding
national holidays as well as winter and summer va-
cations was taken into account. Occasional teach-
ing free days were not considered in this study
because of their difficult identification and local
specification. Exclusion of data from database re-
corded in the periods when buildings were not oc-
cupied allowed express more realistic Bratisla-
va daylight conditions. This way was modelled
monthly, yearly characteristic of the exterior dif-
fuse illuminance availability and the derived me-
dians and percentiles for all months in the year.

3. RESULTS

The overview of the characteristic occurrence
of illuminance levels was acquire from param-

, kix
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, kix

Fig. 3. Probability of the E, 4 annual occurrence for school
standard operating time, Bratislava 1994—1999

eterization of the measured E, , and E, , valu-
es in the period 1994 to 1999. Calculated valu-
es of the medians E, ; .. and E, ; percentiles are
documented in Tab. 1 for each investigated year.
Values of deviation in percentage represent diffe-
rence between percentage of year and values ob-
tained from whole six year period. In Tab. 2 are
presented results obtained from calculations based
on the data matrix containing all data measu-
red from January 4, 1994 to December 31, 1999.
Graphical presentation of the probability occur-
rence of exterior diffuse illuminance E, 4 either for
each month is in Fig. 3 or for whole six-year peri-
od is in Fig. 4 respectively. Grey colour of the cell
in Tab. 1 indicates minimum deviation in the per-
centile category.

From comparison of monthly 40t to 90t per-
centiles and median it can be observed small dif-
ferences. These vary from 930 Ix for 60th percen-
tile (difference between illuminance levels found
out in 1998 and 1995) to 1247 Ix for 40t percentile
(difference between E(%) 40 and E(Y)q95), Table 1.

v,d, 1995
Annual values of percentile deviations vary be-

Fig. 4. Probability

of E, 4 occurrence in school
operating time, Bratislava
1994-1999
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Table 1. Values of annual medians of diffuse exterior illuminance E, ; ,,.; and 40t — 90t percentiles in Ix
for the standard school operating time, Bratislava 1994—1999

Year
Percentile, 1x

1994 1995 1996 1997 1998 1999
40t 19683 18876 20123 19579 19218 19359
Deviation, % +1,1 -3,1 +3,3 +0,6 -1,3 0,6
501 = E, g med 16088 15578 16583 15882 16261 16221
Deviation, % 0,2 -3,3 +2,9 -1,4 +0,9 +0,7
60t 12904 12502 13432 12812 13432 13406
Deviation, % -1,5 —4.,6 +2,5 2,2 +2,5 +2,3
70t 10254 9815 10280 10280 10900 10668
Deviation, % -1,0 -53 -0,8 -0,8 +5,2 +3,0
80t 7484 6819 6612 7306 7749 7697
Deviation, % +2,7 -6,4 -9,2 +0,3 +6,4 +5,7
90th 4070 3926 3302 3823 4288 4494
Deviation, % +3,6 -0,1 -16,0 2,7 +9,1 + 14,4

Table 2. Values of the median diffuse exterior illuminance E, ; ,,.; and 40% to 90" percentile for standard
school operating time, Bratislava 1994—1999

Percentile

Period 40t 50th = Ev, d, med

60th

70th 80th goth

Ix

1994-1999 19471 16115

13100

10360 7284 3930

tween —16 % (90t percentile in 1996) to +14.4 %
(90t percentile in 1999). The smallest deviations
are registered for 40t percentile expressing the
highest values of the E|, ; illuminance, Table 1.
Statistics presented in Table 2 document their im-
portance for daylight design in buildings. If me-
dian will be proposed as criterion for window de-
sign then interior will be satisfactory illuminat-
ed by daylight during 50 % of daylight hours and
when exterior illuminance will be higher than
16115 Ix. Better daylight conditions in interiors
during year can be achieved when criterion for
window design will be determined by lower value
of illuminance and longer day time for daylight
performance. This can be fulfilled by 80t percen-
tile. In this case interiors will be satisfactory illu-
minated by daylight during 80 % of daylight hours
and also early morning and late afternoon when
exterior illuminance is higher than 7284 1x.
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Annual occurrences of diffuse horizontal illu-
minance levels in the observed period are very si-
milar as illustrate cumulative functions in Fig. 3.
Small shifts between curves representing each year
indicate nonsignificant differences of the diffuse
exterior horizontal illuminance in Bratislava at the
annual level.

After analysing all data, we can conclude that
deviation of yearly statistical parameters is the
lowest in 1994 (— 1,5 % to + 3,6 %) and in 1997
(=2,7% to + 0,6 %), see Table 1. The minimum
deviations of percentiles from medians are high-
lighted in grey. In contrast, the highest deviations
were found in 1996 (— 16,0 % to + 3.3 %), which
indicates higher occurrence cloudy situations with
dynamic illuminance changes during whole year.

Occurrence of exterior illuminance levels
in a locality depends also on the orography and
climatic conditions. Climate in Bratislava is char-
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Table 3. Relative sunshine duration measured in Bratislava
Year 1994 1995 1996 1997 1998 1999
Relative sunshine duration, s 0.410 0.375 0.379 0.434 0.411 0.399

acterised by four typical seasons and moderate
Central Europe climate which can be described
also by parameters influencing daylighting, e.g.
sunshine duration, cloudiness or atmospheric
turbidity. Relative sunshine duration measure-
ments in Bratislava show that yearly values change
slightly around the value of 0.4. Because design
of daylight criteria should respect also specified
climate conditions, the influence of sunshine du-
ration s on the investigated statistics was studied.
In Table 3 are documented values of relative sun-
shine durations obtained from measurements
of E, , and E, ; at the IDMP CIE station Bra-
tislava while their values were calculated in re-
spect with CIE108:1994 recommendations. Mini-
mum value of s was found in 1995 and maximum
in 1997.

To apply various percentiles of £, , for daylight
design it was assumed that climatic criteria deter-
mine comparable daylight conditions during year
to year. Study of relation between sunshine dura-
tion s and E, ; occurrence expressed by percen-
tiles results any dependence between these varia-
bles, Fig. 5. This finding is very important for ap-
plication of various percentiles for daylight design
in various building interiors, e.g. in offices, hospi-
tals, school buildings or spaces for retail.

4. CONCLUSIONS

Research of E, ; — diffuse horizontal illumi-
nance availability based on the data measured
continuously during six- year period from 1994

, kix
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to 1999 showed that the availability of £, ; has
typical cumulative character and their mutu-
al comparisons not result significant differences.
It was found 50 % occurrence of E|, , levels hig-
her than 16115 Ix (value of the six year median
E, 4 mes) and 50 % occurrences of E, ; will be
lower in the school standard operating time (7:00
to 14:30). The median exterior diffuse horizon-
tal illuminance E) ; ¢4, is a key parameter for
evaluation of daylighting in building in proposed
new European standards [8]. For Bratislava, capi-
tal city of Slovakia was derived value of E, ; yeq =
16300 Ix. In this standard is recommended to de-
rive E, ;4 meq from satellite data or ground mea-
surements during the day time, i.e. from sunrise
to sunset.

If daylighting in building interiors is design or
evaluated after criterion median diffuse exterior il-
luminance it can be expected that interiors will be
illuminated levels higher than 16300 Ix over half
of the year and during rest half of the year occur-
rence of illuminance levels will be lower than the
median. From definition of the median results
that in situations with exterior diffuse illumina-
tion levels lower than the median E,, ; .., will be
interiors insufficiently illuminated by daylight and
the supplementary lighting or artificial lighting
will have to be used.

In the past it was assumed that the model
of the CIE overcast sky presents levels of the ex-
terior diffuse illuminance in the range of £, 4 =
5000—7000 Ix. Schools in Slovakia are occupied
for more than 80 to 90 % of operating time. Ap-

Fig. 5. Relation between
relative sunshine duration
and horizontal diffuse
illuminance
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plying Table 1 or Fig. 3 and Fig. 4 correspond-
ing critical illuminance value will be in the range
4000—7500 Ix. Traditionally level of £, 4 = 5000 Ix
is associated with exterior illuminance under CIE
Overcast Sky.

For ensuring healthy lighting the daylight
should be applied in the required time, i.e. when
buildings are occupied by people — during stan-
dard operating time of the building. This means
that for good illumination of school interiors
by daylight the criterion for the daylight availabili-
ty should be determined on the basis of 80t to 90th
percentile (see Tab. 1 and Tab. 2). These values
correspond to the statistical parameters (2) and
(3) as was found in the presented study:

ESY = 6612-7697 Ix, )
and

E) = 3301,6-4494 Ix. 3)

The introduction of other statistics as crite-
ria for the evaluation of daylighting in buildings,
for example 80t or 90t percentile allows to more
efficient use daylight in school interiors. In win-
dow design, strictly application of median can re-
sults in realization of building constructions with
window size, which will limit sufficient indoor
daylighting only during half of the year.

Based on the analysis and its results the model-
led characteristic availability of diffuse exterior il-
Iuminance for the school standard operating time
the appropriate statistical method in terms of ef-
ficient utilization of daylight in schools was pro-
posed. Application of the new method for evalua-
tion of daylighting in interiors can achieve energy
benefits of daylighting in point of view of hygien-
ic aspects and visual comfort, which is very im-
portant not only for adults but also for the growth
of the young person body.
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ABSTRACT

Examples of use of solar (natural) light as
a factor of forming dynamic (kinetic) architec-
ture are considered. These examples show that
use of natural light is popular, and methods of its
use and embodiment are widespread. It is not-
ed that kinetic orientation is put forward by many
design proposals through the use of natural illu-
mination both when building rotation, and when
modifying the configuration of architectural ob-
jects or their facade structures, thus changing
their natural light consumption mode. It is a rec-
ognized fact that with the development of new
original solutions using kinetic methods based
on natural illumination requires reconsidering
approaches to the formation of building facades.
Modern digital technologies and innovations for
collecting and adjusting natural light become im-
portant. In particular, this concerns a complex
integrated ecological system of automatic con-
trol and self-control, which is used to increase
comfort, to decrease costs and reduce energy
consumption.

Keywords: sunlight in architecture, dyna-
mic architecture, building following (tracing)
the Sun, kinetic structural systems, solar digital
technologies

Solar (natural) light is one of the tools forming
spatial arrangement of architecture, where relative
dimensions and spatial measurements can be only
determined with illumination. Light in architec-
ture, besides its illumination function, is an eter-
nal material, which is always modern. In design
practice and development of the theory is an in-
creasing use of digital light technology as a means
of expression in the architecture of large cities!.
Lately, designers working within computer simu-
lation of architectural illumination do not take
into account the role of natural light as an impor-
tant component of the configuration and image
of a building.

In the context of new trends in lived space
imaging, as well as in the context of present and
future architectural development, sunlight be-
comes an arranging factor of forming architectur-
al objects with an completely new approach. This
is a result of the fact that the stability of a build-
ing through time and environmental exposure,
i.e. its durability was always considered a crite-
rion of building quality. But this feature can be
implemented not through stability but through
changeability as the main architectural princi-
ple. One of the main directions in design prac-
tice is the development of flexible transformed
space-planning and kinetic structural systems [1].
In this process, a big role is played by the col-

1 Such as media facades with huge screens built into the architectural appearance of a building, 3D-video mapping
technology, which allows projecting static and dynamic video images onto different surfaces, including building facades,
and even holography, which allows generating stereoscopic pictures. Among architectural illumination methods, general
floodlight, contour and local illumination, light facades and background floodlight are used.
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lection and adjustment of natural light to create
a comfortable life environment.

Modern technologies allow developing archi-
tectural solutions with movable fagade systems
for automatic control of illumination, tempera-
ture, humidity and other components of the com-
fort. Swiftly developing technologies make it pos-
sible to move ahead and to create not just func-
tional but also self-adjusting, responsive buildings,
which change dynamically like elements of the na-
tural world, for example, as sunflowers following
the Sun. During their conception, functional and
technological approaches prevail.

Illustration of this idea is the Girasole coun-
try house, which is the first example of dynamic
(kinetic) architecture. Girasole means sunflow-
er in Italian. This building was designed and con-
structed by architect Angelo Invernizzi between

a)

80

Fig. 1. The Girasole country
house: a) facade; b) general
view; €) layout and section;
d) a facade fragment

URL: http://mixstuff.ru/
archives/43807

b)

d)

1929 and 1935 not far from Verona, Italy. The
two story building stands on a round base 44 m
in diameter, which is supplied with two diesel en-
gines, which allows the house to follow the Sun
at a maximum speed of 4 mm/s (Fig. 1). Gira-
sole is a huge mechanical structure, which is fitted
with window-blinds with electronic control, and
rotates around a central pylon [2].

The concept of a building following the Sun
was a feature of many design proposals, patent
developments and constructed buildings, which
became the very first buildings in history that
generated more energy than they consumed. An
example is the rotating house of architect Rich-
ard T. Foster in Connecticut, USA, designed
with the help of Philip Johnson in 1967. Its out-
lines make it look more like a UFO than a house

Fig. 2. A heliotrope turning
house:

a) general view at night
from the south side in
winter; b) general view

in the daytime from the
north side in summer
URL: http://mixstuff.ru/
archives/43807

b)
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(the building height is 3.65 m, and the diameter
is of about 22 m)?2.

Another example is the heliotrope turning
house, which uses solar energy. It was construct-
ed much later in Freiburg in Breisgau, Germany,
in 1994 by architect Rolf Disch, a passionate en-
vironmental activist. In winter the facade of the
house turns towards the Sun, heating itself, and
in summer it turns away from the Sun, providing
good thermal insulation (Fig. 2).

The pollutant-free building is equipped with
a solar-thermal balcony handrail, a geothermal
heat exchanger, two-axial solar photo-electric pa-
nels and a thermal power plant (a combined pro-
duction of electric and thermal energy) [3].

The world’s first 50 meter turning house Suite
Vollard was designed by architect Bruno de Fran-
co between 1995 and 2001 and constructed in the

Fig. 3. The Suite Vollard
turning house:

a) general views; b) layout
of a floor

URL:
http://geographyofrussia.
com/ krutyashhiesya-
kvartiry-v-bashne-suite-
vollard/

b)

middle of December, 2004, in Curitiba town, Bra-
zil (Fig. 3). The turning house is built of vinyl and
metal structures on a movable foundation installed
on supports. A kitchen, a laundry and a bathroom,
as well as a control centre with a remote con-
trol changing rotation direction and speed, light
and air conditioning using voice commands are
located there. Water-supply pipes and electric
wires are mounted so that it is possible to change
their length depending on the rotation angle (they
are automatically elongated or shortened simi-
lar to a fire hose reeled up). Each separate apart-
ment is equipped with big windows made of seve-
ral types of glass of a different shade and rotates
individually doing the whole revolution in one
hour. Sunlight penetrating through 3-millimeter
glass paints each sector with the a particular co-
lour creating a certain image [4].

2 The house was completely repaired in 2005. URL: http:/architectuul.com/architecture/view image/the-round-house/4845.

a)

c)
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Fig. 4. Examples of the
houses following (turning
with) the Sun:

a) the Round the World two
story house; b) a house in La
Mece (California, the USA);
c) the Everingham turning
house; d) the Dome House
(ecohouse)

b)

d)
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In design and construction practice around the
world, there are many examples of turning houses
following the Sun, with varying numbers of floors
and of different dimensions, for example:

* A turning two story Round the World
house, in Green Gable on Prince Edward island
(Canada), 464 sq.m in area (Fig. 4, a);

* A unique turning house belonging to Al and
Janet Johnston in La Mece (California, USA),
492 sq.m in area (Fig. 4, b);

* Turning house Everingham, constructed
of glass and steel in 2006 by Luke Everingham
for his family (New South Wales, Australia). The
building represents an octagon in plan of 24 m di-
ameter of circumscribed circle and has an electric
motor thanks to which it can make a full revolu-
tion around its axis in 30—120 minutes. (Fig. 4, c)
[4];

* A turning dome ecohouse (Dome House)
with an autonomous renewable electric pow-
er supply made of natural materials by Dome-
space Homes Company out of natural materials.
It stands on a mechanical platform, which can
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Fig. 5 The Kinetower
project:

a) general view in steady
and transformed states;

b) a facade fragment as the
window structures react to
sunlight intensity

URL: http://www.chaoslend.
ru/node/1651

b)
turn 360°. Its vaulted structure and interior is well
thought out by Patrick Marsilli, providing for the
maximum use of natural light (Fig. 4, d) [5].

An importance of solar (natural) light as a fac-
tor of forming dynamic architecture is seen not
only in turning buildings, but also in examples
of modifying the configuration of architectural
objects themselves or their facade structures when
adapting the light consumption mode:

* One of the most interesting concepts in con-
struction of Kinetic buildings is challenging stat-
ic norms by creating changeable configurations
which meet user requirements or react to sunlight.
The Kinetower project (architects Barbara van Bi-
ervliet and Xaveer Claerhout). The external win-
dows react to the intensity of sunlight or to user’s
control signals just as flowers to react sunrise: they
unfold giving the building facade soft features and
a completely different appearance [6]. This trans-
formation is possible because of the building ma-
terial, which is rigid in its normal state but can
bend at high temperatures (Fig. 5).

Fig. 6. The Sustainable
Habitat — 2020

URL: http://realty.newsru.
com/article/11sep2008/
bioskin
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* Another example is the Sustainable Habitat
2020 which is part of the Dutch project of deve-
loping environmentally sustainable housing. The
building is covered with a bionic «skin» and mul-
tiple collecting flowers, which follow the Sun and
collect rain water for the building’s use. The build-
ing is unique due to the special material similar
to bioskin or to cell membranes (Fig. 6). The walls
of the building have openings with built-in solar
batteries, which open in sunny weather like buds.
Natural light and air penetrate through them
into the rooms, when the weather is overcast, they
close [7]. There are no windows in the building fa-
cades, however if desired, with the click of a but-
ton, a window of any configuration can be de-
signed independently, because wall components
are covered with a transparent light-absorbing
layer controlled by electronics. The water supply
for the house is rain water, which runs into mem-
branes and then passes through cleaning filters.
Later on, small reactors can be built into the wall
generating biogas from organic waste.

* The Live windows (Animated Apertures)
project in Lima (Peru) is also quite eccentric.
A window in the house is not a plain glazed sur-
face but a three-dimensional object, which is built
into the house, like a lens diaphragm, and has
structural elements adjusting light passing through
it. The window openings have a directed geometry
and are connected with certain points in the town
environment (the ground, the sky, the horizon,
the points of interest). They are also transitional
spatial elements between the interior and the fa-
cade (Fig. 7). According to the authors, the win-
dow openings can radically change spatial percep-
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Fig. 7. The Animated
Apertures project:

a) general view; b) cross
section.

URL: http://green-buildings.
ru/ru/dom-s-resnichkami

b)

tion within each dwelling, as well as the appear-
ance of the whole building in its surroundings [8].

* The Animated Apertures project was born as
a research design project, the purpose of which
was to reconsider windows from the viewpoint
of their functional intention, structural elements,
appearance and use of this knowledge for typo-
logy of multistory buildings based on expanded
boundaries of architecture and town design.

* Another famous example of a dynamically
changing architectural object dependent on sun-
light is the Quadracci pavilion of the Milwau-
kee Museum of Art (USA) constructed in 2001
by Santiago Calatrava, who is well known for his
special relation to light3.

* The pavilion is built with a peculiar movable
structure, similar to wings on the roof, called So-
lar breeze, which opens out in sunny weather and
closes with overcast skies and at night (the wing-
span is 66 m)*.

There are many new solutions appearing
in architectural practice. They encourage new
approaches to designing buildings facades us-
ing kinetic methods, which react to natural
illumination:

* In the early 1980s, Jean Nouvel in partner-
ship with Architecture-Studio Company won a de-
sign competition to build the Arab World Insti-

3 S. Calatrava once said: “Light is comfort in the broadest
sense of this word, and together with space, light is the key to
the future of architecture”. URL: http://www.procbet.ru/article.
asp-articleid=55.htm.

4 URL: http://www.liveinternet.ru/users/4099413/
post185810584/.
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Fig. 8 The Vertical Lake kinetic facade:
a) general view; b) a facade fragment.
URL: http://www.lookatme.ru/flow/posts/
arcitecture-radar/110075-kineticheskiy-fasad

tute (Institut du Monde Arab) in Paris, France.
After its completion in 1987 it became a popular
place both for Parisians and for tourists. One of its
remarkable architectural features is its southern
wall, which is covered with 240 photo-sensitive
aluminium square panels, decorated to resem-
ble an Islamic art style pattern. These panels are
apertures, which automatically narrow or expand
depending on sunlight intensity, thereby regulat-
ing the incoming sunlight and the indoor illumi-
nation level>. Photo-sensitive components mea-
suring the room’s natural illumination level and
keeping it constant are built into the panels®.

* One kinetic facade design for Brisbane
(Australia) uses the wind and sun to achieve
a variety of effects (Fig. 8). The idea is proposed
by the Urban Art Projects (UAP) international de-
sign studio together with artist Ned Kahn and de-
sign group Brisbane Airport Corporation (BAC).
The concept of a Vertical Lake consists of a verti-
cal array of panels, which changes the relief every

5 URL: http://www.arhinovosti.ru/2011/10/22/institut-ar-
abskogo-mira-ot-zhana-nuvelya-jean-nouvel-parizh-franciya/.

6 In more detail: URL: http://www.nice-places.com/articles/
europe/paris/121.htm.
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second. The array consists of 250 thousand alu-
minium panels with total area of 5000 m? on the
external wall of an eight story car park building
in Brisbane airport. The creators of the concept
wanted to solve achieve three effects with this
kinetic facade: first, the effect of air flows over
the surface of the array, when the slightest gust
of wind can change the slope angle of each ele-
ment, creating the impression of ripples on the
water; second, inside the parking lot the sunlight
passes through the aluminium panels, filling the
interior is with patterns of light and shadow; third,
the facade design providing ample ventilation,
aeration and removal of excessive insolation [9].

* Another example which uses new tech-
nologies and future innovations is the campus
of the University of Southern Denmark (Kolding,
Denmark) with a “smart” facade. This is a com-
plex integrated ecological automated control and
self-control system, which generates increased
comfort, as well as reduced operational costs and
energy saving. A feature of the building designed
by Henning Larsen Architects bureau, is the unusu-
al triangular configuration of the foundation and
the movable kinetic facade elements, which re-
act to changes in temperature and solar illumina-
tion (Fig. 9). On the building fagade, more than
1500 moveable triangular sun-protection panels
are installed. Built in sensors monitor temperature
and levels of natural illumination. The sensors are

a)

b)

Fig. 9. Triangular in plan campus of the University
of Southern Denmark
URL: http://stroyka.uz/publish/doc/
text116422 kineticheskaya arhitektura fasad;
http://stofasadov.ru/novosti/universitet-v-danii.html
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connected with the movable panel system, which
can change position to completely cover, open or
slightly open the windows: this avoids the inside
the building overheating [10].

+ Use of digital technologies allowed Chris-
topher Bauder and Christian Perstil to create the
FLARE facade membrane, which was present-
ed by Berlin WHITEvoid interactive art & design
Company in 2008 at the NEXT exhibition of art
and technologies in Aarhus (Denmark). The
FLARE is a computer controlled pneumatic fa-
cade system (Fig. 10). The system consists of ro-
tating elements, or flakes which together form
a dynamic skin for the building, wherein each
flake can be at different angle, reacting to its en-
vironment. The surface of the flake modules
is smooth and shiny, which allows it to reflecting
the environment, either catching the sun or turn-
ing away to become a dark pixel. When the weath-
er is sunny, the computer system starts the pneu-

a)

¢
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Fig. 10. The FLARE facade
membrane:

a) general view; b) a facade
fragment

URL: http://www.arch-
platforma.ru/?act=1&cat-
g=48&nwid=100

b)

matic elements, the flakes turn and the facade
becomes «dark», not letting through excess so-
lar rays. The sensors inside and outside the build-
ing monitor changes in weather and illuminan-
ce, and the appearance of the facade changes with
them [11].

* Some dynamically changeable and adaptive
architectural fagade concepts have already been
implemented. Kinetic facades have become one
of the most popular topics in modern architec-
ture. The Ernst Giselbrecht + Partner Austrian ar-
chitectural studio has developed an innovative of-
fice building project for the Kiefer Technic Archi-
tecture Showroom (Styria, Austria) (Fig. 11). The
office space also includes exhibition areas. Elec-
trically driven facade panels constantly move and
adapt to the office needs, adjusting solar illumina-
tion of the rooms. The architecture comes to life
transforming static sculptural objects into dyna-
mic ones [12].

Fig. 11 The Kiefer Technic
Architecture Showroom
building:

a, b, ¢ — versions

of facade transformation;
d) a facade fragment while
transforming (version b)
URL: http://ostmetal.info/
kineticheskaya-arxitektura-
metall-v-dvizhenii-
budushhego/

b)

d)
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Natural light can be used cinematically to de-
velop dynamic architecture objects; natural light
is the main component of human existence and
an extraordinarily powerful tool for an archi-
tect. It is also researched thoroughly and con-
sidered in designs of static solutions. Many ide-
as exist on how to «trap» natural light and use it
to change space perception throughout a day or
a season [13]. Other ideas consider how to create
impressions of artificial sunlight to imitate natural
illumination in closed spaces: windowless rooms,
museums, metro stations’, including natural light
control. When developing projects with natural
light, the most advanced technologies are used:
sunlight photometric simulation and imitation.

* One of the examples of the use of simula-
tion in the «control» of natural light? is a natural
illumination system for the High Museum of Art,
Atlanta (USA) constructed according to a project
by architect Renzo Piano. The exhibition halls are
supplied with openings, which can be described
as «light spoons» — curved hatches which disperse
natural illumination inside the rooms. To find the
best tub-shaped configuration for the light hatch-
es, which «collect» diffused light at the north-
ern side of the building and block direct solar rays
at the southern side, a group of specialist carried
out many experiments. In 2006 this project ob-
tained two awards of the International associa-
tion of light designers (IALD).

+ It is also worth mentioning the project
of Madrid Barajas airport’s fourth terminal, which
was commissioned by competitive tender in 1997
from the British architectural studio of Richard
Rogers and the local bureau Estudio Lamela, as
well as Initec and TPS — Spanish and British en-
gineering companies. Wide overhangs of the roof
and additional steel elements protect the walls
from overheating during the hot summer months.
Roundish openings in the ceilings allow natu-
ral light to penetrate deep down into the building
due to special «canyons» which cut through three
above ground passenger terminal levels (there are
also three underground cargo levels). At the same

7 The designer developed artificial sunlight of “CoeLux”.
URL: http://www.sveto-tekhnika.ru/ru/businessnews-3/pages/
business/coelux.

8 Rohir van der Heyde. Unsurpassed light. Static systems
of daylight in architecture and light design//PROCBET. —
2008. — No. 3(4). URL: http://www.procbet.ru/article.asp-ar-
ticleid=55.htm.
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time, they do not influence the temperature inside
the building in any way?.

The considered examples of the use of solar
(natural) as a factor of forming dynamic architec-
ture are indicative of the wide variety of the me-
thods of its use. Kinetic aspects are vividly re-
vealed in many design proposals in the ways they
deal with natural illumination both when design-
ing buildings in rotation, and when modifying
configuration of architectural objects or their fa-
cade structures, changing their natural light con-
sumption mode. Furthermore, the recent emer-
gence of new original solutions using kinetic
methods based on the effects of natural illumina-
tion demonstrates that the traditional approach
to building facades is being reconsidered. Use
of modern progressive technologies and innova-
tions, in particular of complex integrated ecologi-
cal systems of automated control and self-control,
as well as «solar» digital technologies facilitates
increased comfort, and saving running costs and
energy resources.

The above listed precedents of using natural
light as an important factor in the design of kinetic
objects are a result of rapidly developing branch-
es of engineering, mechanics, physics, chemis-
try and other knowledge fields. Architecture is ex-
panding its sphere of influence sphere as an inte-
grated science with blurring boundaries between
architecture and design. Dynamic (kinetic) ar-
chitecture, which uses the possibilities of natu-
ral light, is one for the most recent and interesting
directions; it seeks not only to carry out its direct
functions but to respond dynamically to the needs
of modern people.
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ABSTRACT

Architects believe that reflective or specu-
lar facades intensify illumination in rooms of the
buildings opposite. Is this really so? To establish
whether this is the case, typical examples of day-
light factor calculations for rooms in building op-
posite mirror facades are considered. It is found
that reference point illuminance increases above
a normal diffusely reflecting facade case, only
when a large area of the sky is reflected. In oth-
er cases, reflective facades cause considerable de-
crease in illuminance inside buildings which face
them.

Keywords: specular reflection, facade, facade
luminance, natural illumination, building geo-
metry, diffuse reflection, structural glazing, dou-
ble-glazed window, double-glazed window deflec-
tion, climate loading

1. INTRODUCTION

Reflective specular facades (SF) are one of the
newest trends in architecture. Facades can be
partly or entirely mirrored. An entirely SF build-
ing is an example of the «disappearing architec-
ture», when the surrounding environment is re-
flected in the fagade with trees, buildings, cars,
people, and building itself is not seen. The build-
ing becomes visible only at night, when electric
light shines in its windows. The “disappearing ar-
chitecture» can be a good instrument for an archi-
tect when restoring architectural ensembles and
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architecture monuments, if the surrounding buil-
dings are of a great importance.

Specular reflection of facades can be bro-
ken by «climate loading», when under the influ-
ence of a high external temperature, glass in dou-
ble-glazed windows are deflected outside, and at
low external temperatures, on the contrary, they
are deflected inside [1—3]. This breaks the clear-
ness of the reflection. Influence of such scatter-
ing on natural illumination conditions in buil-
dings opposite buildings can be minimal but re-
quires analysis.

Studies of room illumination through light
shelves have showed [4—6] that the maximum
gain in illumination level (IL) is on the top floors,
where the light shelf illuminated by the firmament,
is visible from reference points. IL gain is minimal
when secondary reflections take place.

SFs pose many architectural questions. They
are not only an instrument of architectural and
artistic solution for surrounding building design
but also strongly influence the light environment
in rooms of the buildings opposite and in rooms
of the mirror fagade buildings themselves. On the

Fig. 1. Structural glazing forms an ideal specular surface
of a building facade
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one hand, reflective facades can considerably raise
IL in rooms of buildings opposite them. On the
other hand, if the building opposite is tall, then
the neighbouring reflective fagade can significant-
ly reduce IL in its higher rooms. The following
analysis shows the conditions, which lead to in-
creased or decreased IL.

2. CALCULATION METHODS AND
RESULTS

Reflective facade buildings, especially with
structural glazing (Fig. 1), reflect the environ-
ment in a specular manner. It is the content of the
reflection which is important: either the high lu-
minance sky, or nearby buildings which have dif-
ferent heights and different facades of different re-
flecting power. Mirror facade buildings influence
the IL in rooms inside buildings which stand right
next to them. The reflections of buildings oppo-
site are clearly visible in Fig. 2, in which a building
with a normal SF is shown. The luminance of the
reflected building is considerably lower than the
luminance of the reflected sky.

2.1. Methods

Practicing architects often believe that SFs
raise IL in rooms buildings opposite them [7]. Is
this really the case? Let’s consider several typi-
cal cases of building geometry. For simplicity, we
will first consider cases where opposite buildings
are mutually parallel and their length far exceeds
their height and the distance between them. Opti-
cal transmission of the opening and inner reflec-
tion characteristics will be assumed to be identical
in the calculated room. The room, for which the
daylight factor is calculated, has windowsill height
h, =1 m, window height 4, = 1.5 m, wall thick-
ness d., = 0.5 m, distance from the window to the
floor reference point 4 = 3 m and distance be-
tween the buildings L = 15 m.

Case 1

The SF has a constant height H, = 24 m at dif-
ferent height to the building opposite with the cal-
culated room H; from 4 to 28 m, with a step of 4 m
(all geometrical designations used hereinafter are
given in Fig. 3 and 4).

The calculation of the geometrical daylight
factor ¢ is performed according to established for-
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Fig. 2. Reflection of opposed buildings in a standard
specular facade with transoms
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Fig. 3. A diagram for accounting of an opposite building’s
specular facade (cases 1 and 2)

mulas corresponding to the calculation according
to A.M. Danilyuk’s diagram #1.

— If only sky or a building opposite is seen
through the window from the reference point
(r.p.) M, then:

o _cosa, ;cosoc2 100%,

1 o

d+d..~

— If reflection of the firmament and of a build-
ing opposite are visible through the window from
the reference point, then the geometrical day-
light factor ¢, taking into consideration direct light
from the sky, is expressed as follows:

hl'[
where o, =arctg e o, =arctg

_ £0Sa; 080ty |00
2 b

H

here a; =arctg——L-——
here & = v, 2 L

as it is seen from Fig. 4.
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Table 1. Calculated values in case 1
H, 2 ay o3 &y &3 q Dy Kf’ Kin e e ** | Note
1)
4 6.81° - - -
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8 13.43° 6.75 0 0.817 ) i i 2.206 % q@:ﬁ
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12 19.71° 6.38 0.37 | 0.826 1192 | 1.18 | 2.148 23
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0.23 1126 £ =
(]
20 | 1843° | 35.54° | 30.84° | 224 | 451 | 0.898 139 | 1327 | 191 | = &
=z
24 35.62° - 0.225 0.808
=4
S8
.S 8
0 6.75 1.33 1.33 S 8
S8
> 2]
‘E —
)
28 39.88° - 0.213 0.765

*K,u01s a coefficient, which accounts for the change of the daylight factor inner reflected component (€) in a room
in the case of full shadowing of the firmament by the building opposite as seen from the reference point (determined

by Table B.6 of the Building Regulations [8])

** & 1s the daylight factor value when shadowed by a normal facade with pg, = 0.4

According to the Building Regulations (BR)
[8], daylight factor

e=(g, -q+53ﬂ-b¢-K3ﬂ)-rO~r0/K3,

where 7, is the general light transmission fac-
tor, &, is the geometrical daylight factor taking
into consideration light reflected from the op-
posed building (it is calculated according to the
correspondent BR formula [8]), by, is average re-
lative luminance of the opposite building’s facade
(according to the correspondent BR Table [8]),
K., is the coefficient, which accounts for changes
of inner reflected daylight factor component in the
room with the availability of the building oppo-
site (it is calculated according the correspondent
BR formula [8]), K, is the calculation coefficient
which accounts for the daylight factor and de-
creased illuminance during operation as a result
of the pollution and aging of translucent fillings
in the light openings, as well decreasing reflec-
tive properties of the room surfaces (determined
according to Table 3 of the Building Regulations
[9D), r, is the coefficient, which accounts for day-
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light factor increase in the case of lateral illumi-
nation due to light reflected from the room’s sur-
face and from the underlying layer adjacent to the
building. This coefficient, is used according to BR
Tables B.4 and B.5. [8], g is the coefficient which
represents non-uniform luminance of the CIE
cloudy sky:

_1+2sin0 2
3 7

b

where 0 = (o, + a3)/2.

Further, we assume for simplicity that 7, = 1,
K3 =1, r, = 1 and add SF reflection factor p,epy
to formula for e as a common multiplier, equal
to 0.4, which is typical for i-glass.

We determine by, value according to the rele-
vant BR Table [8] for a building reflected in the
mirror facade, i.e. for the building with the cal-
culated room. For this building we determine
K, value by considering redistribution of lumi-
nous fluxes inside the studied room due to re-
flection from the mirror facade using another BR
Table [8]. Had the opposed building not specu-
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Table 2. Calculated values in case 2
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*K,.0 18 the coefficient, which accounts for the change of the daylight factor inner reflected component (€) in a room
in the case of full shading of the firmament by the building opposite as seen from the reference point (determined

by Table B.6 of the Building Regulations [8])

** & is the daylight factor value when shadowed by a normal facade with pg, = 0.4

lar but normal facade with typical reflection fac-
tor pg, = 0.4, then through a window from the re-
ference point we would see the opposed building
wall only. To be compared, e calculation for this
case was carried out.
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The calculated e values for specular and nor-
mal facades are given in Table 1, from which it
is clear: if the reference point reflects the sky only
from the specular facade, then the SF raises e
in the studied room (approximately by 15 % in this
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H=16m

h,=1

" ,5m
d=3m h=1m

L=15m d,,=0,5m

Fig. 4. A diagram for calculation in the example with a
specular fagade building opposite

case), and of course the higher the pg4, the great-
er e becomes.

With increasing H;, when the building with
the studied room begins to be reflected in the SF,
consequently reducing the portion of the sky seen
in the SF, e in the reference point M decreases. If
H; > 22 m in case the building opposite has a mir-
ror facade, e considerably decreases (in our situa-
tion approximately by 40 %). Generally, SF only
raises e when L is equal to height H; excess over
reference point M.

Case 2

H,varies when H; is constant at H;= 28 m.
Unlike case 1, at small H, here in reference point
M, only direct component e from the sky light can
take place.

2.2. Results

The e calculation results both with SF and with
a normal facade of the building opposite are given
in Table 2. It can be seen from the table that in our
case at H;/L = 0.67, in reference point M, only e
direct component takes place, which is the same
for both these facades. With growth of H,in ex-
cess over the reference point M, its e value grad-
ually decreases because of a reduction of the so-
lid angle, under which the open sky site is visible
through the light opening. In the event that an op-
posed building has a reflective, as soon as the open
sky is no longer seen from the reference point
with H,growth, e abruptly decreases. Decrease
of e in our case is the same as in case 1 considered
above, i.e. it is approximately equal to 40 %.

As it can be seen from Tables 1 and 2, the calcu-
lated e value found according to the BR [8], does
not depend on H,;. What actually happens is that
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the facade (including SF) of the opposed (shad-
ing) building is illuminated with a section of fir-
mament, the size of which depends on H;, and
therefore both by, and hence e depend on H,.

Today, when there is a possibility of mathe-
matically simulating illumination conditions using
a computer in the case of shadowing by a build-
ing opposite, a correction of the BR Table B.2 [§]
for determination of by, is necessary, and it is vital
to take H;into account.

This correction is especially important rela-
tive to the central districts of cities with their re-
strained urban conditions, and it can facilitate the
work of architects and designers regarding recon-
struction of these districts.

To understand, the influence of nearby mir-
ror facades on illumination conditions in rooms
of buildings opposite them, it is necessary to con-
struct a scale cross-section of the building’s con-
text with a cross-section of the specific room and
construct a beam diagram of solid angles of direct
and reflected light coming through the opening
to the reference point (Fig. 4).

Let us now consider a worked example

Let H;=20m, H,=16m, L=15m,d=3m,
hy=1m, h,=15m,d,;=0.5mand o, = 0.4.
Calculated values a; =18.43°, a, = 35.84°, a5 =
arctg[20/ (3+0.5+2-15)] = 30.84°, &, = 2.4 %, &, =
4.5 %, €, = [(c0s30.84°- c0s35.84°)/2]-100 % =~
2.4 %, €5, = [(cos18.84°- c0s30.84°)/2]-100 % =
4.5%, 60 = (35.84° + 30.84°)/2 = 33.34°, ¢ = 0.9,
b, =0.18, K,y = 1.23and e = 3.156 % - 0.4 = 1.26 %.

With a normal facade of the building opposite
with o4 = 0.4, e = 1.53 %, i.e. more than with an
SF.

At H; =24 m, a reflection of the sky is not visi-
ble from the reference point. The building is only
seen with the room containing this point. With
ZF, e = 0.67 %, and with a normal facade at pg, =
0.4,e=1.68 %. Even at p,,, = 1, which in princi-
ple is impossible, calculated e = 1.68 %, i.e. could
only come near to e value in case of a normal, dif-
fusely reflecting facade.

Therefore, in this example, the reflective fa-
cade reduces illuminance at the reference point.
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ABSTRACT

The article presents the results of a compar-
ative ethological study of the influence of light
emitting diode and fluorescent light sources on la-
boratory animals. The researches were carried out
on 46 guinea pigs. Their behaviour and activi-
ty was observed in the Open field test, and cog-
nitive function was assessed using Morris’s Wa-
ter maze. The results showed that under condi-
tions of both fluorescent and light emitting diode
illumination, the animals didn’t exhibit symptoms
of alarm, decrease in investigatory-exploratory
behaviour, indicators of decrease of training abi-
lity and long-term memory. On the contrary, im-
provement in spatial orientation on the 30t day
of the researches in comparison with the 10th and
20th days of the observations was noticed. A com-
parative ethological analysis of the state of the an-
imals showed that indicators reflecting spatial ori-
entation using external reference points improved
with light emitting diode and fluorescent illumi-
nation, compared to natural illumination.

No statistically significant difference between
light emitting diode illumination and fluorescent
illumination was revealed in terms of their influ-
ence on animal spatial orientation.

Keywords: light emitting diode illumination,
fluorescent illumination, laboratory animals, be-
havioural activity, ethological status
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SIGNIFICANCE

The increased use of light emitting diode sour-
ces is a priority direction for the development
of energy saving illumination, which is connected
with their operation benefits [4, 5, 6]. Research
into the biomedical effects of illumination over
the last few years has shown that light of the vi-
sible spectrum interval affects some physiologi-
cal and psychophysiological processes in a human
body [7, 9, 10]. The authors have previously de-
monstrated that desynchronosis under fluorescent
illumination conditions was observed to change
the state of an animal subject on the tenth day
of the experiment, compared to light emitting di-
ode sources [4,5]. However, a comparative ana-
lysis of the influence of light emitting diode and
fluorescent sources of artificial light is important.
The interest of biologists and physiologists in this
topic is supported by the annual growth and wide
application of light emitting diode light sources
in place of fluorescent, which definitely creates
a need for more comparative research into their
influence on behaviour, activity and cognitive
function of animals [12].

The research objective is to carry out a com-
parative ethological evaluation of the state of la-
boratory animals under conditions of artificial
light from light emitting diodes and fluorescent
illumination.
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Table 1. Main characteristics of artificial illumination sources used for the study

Light emitting diode illumination

Indicator Fluorescent illumination sources
sources
«ISAlight — Office 32», Automation | «LLAlight — Office 30», Automation
Manufacturer Engineering Systems Open Engineering Systems Open

Company, Russia

Company, Russia

Colour-rendering index, Ra

75

75

Radiation colour, K

4500 (neutral-white)

4500 (neutral-white)

Luminous flux pulsation,%

Less than 4 % (1 %)

Less than 5 %

[Iluminance level, Ix

400

420

MATERIALS AND METHODS

For the researches, forty six guinea pigs were
taken from the nursery of laboratory animals of the
Microgen FSUO scientific and production associ-
ation of the Ministry of Health of the Russian
Federation. The guinea pigs were under vivarium
standard conditions and were fed using a typical
diet according to the standards confirmed by the
Order of the Ministry of Health of the USSR #
1179 of 10.10.1983. They had free access to food
and water. All experimental work with the ani-
mals was performed in accordance with the Eu-
ropean Convention for the Protection of Verte-
brate Animals used for Experimental and other
Scientific Purposes (ETS123, 18.03.1986), includ-
ing provisions of Appendix A of 15.06.2006 and
Directive 2010/63/EU of the European Parlia-
ment and Council of the European Union on the
protection of animal used for scientific purposes
of 22.09.2010. Experiments were carried out un-
der in vivo conditions with nonlinear reproductive
male guinea pigs of 300 = 50 g mass. Guinea pigs
were chosen as research subjects because, unlike
others experimental animal (rats, mice), they ex-
hibit daytime activity [8,15,16]. The light percep-
tion and colour perception of guinea pigs is close
to the chromatic sensitivity of a human eye, which
makes them appropriate for the study of light-as-
sociative changed states [13, 14,15].

The study used fluorescent and light emitting
diode sources. Their main characteristics are pre-
sented in Table 1.

Artificial sources were placed at a distance
of 250 cm above the animals’ cages so that the
luminous flux could uniformly illuminate the
perimeter.
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Natural indoor illuminance at cage level
changed during the day according to the sea-
son (August-September) and to the annual fea-
tures of photoperiodicity of the Southern Ural
region: in the morning (08:00—09:00) 50—
200 1x; in the afternoon (10:00—16:00) up to 800 1x
on clear days, and 500 Ix in overcast days; in the
evening (18:00—20:00) 150—300 Ix. The dura-
tion of a natural light day was between 12 and 14
hours.

For the purposes of the study, the forty-six
guinea pigs were randomly divided into groups:
group 1 (n = 8) consisted of animals under na-
tural illumination (NI) conditions (12 hours
of natural light / 12 hours of darkness), group
2 (n = 20) consisted of animals under standard
stable illumination conditions (12 hours of light /
12 hours of darkness). This mode (SSFI) was cre-
ated by fluorescent lamps. Group 3 (n = 18) con-
sisted of animals under standard stable illumina-
tion conditions. This mode (SSLEDI) was created
by light emitting diode lamps. The state of the an-
imals was studied using the Open field and Mor-
ris’s Water maze test actographs [2]. An evalua-
tion of the animals under NI, SSFI and SSLE-
DI conditions was carried out on the 10th, 20th,
and 30t day of the experiment. The total dura-
tion of the experiment was 30 days.

The Open field test was performed in order
to study the behaviour of experimental animals
under new (stress inducing) conditions and al-
lowed estimating first a level of emotional and be-
havioural reactance of the animals, and secondly
strategy of investigatory-exploratory behaviour us-
ing intensity and dynamics of separate behaviour-
al elements [13].
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Fig.1. Open field test

The actograph (Fig. 1) represents an open
square site of 80X80 cm size bordered along its
perimeter with opaque boards. The floor of the
arena is divided into 16 squares. Each square has
one opening at its centre 3 cm in diameter intend-
ed to reveal a species-specific component of re-
search activity of the rodents (hole exploratory be-
haviour). The animal under test was placed in the
Open field in its angular square at the arena wall.
The test lasted 30 minutes. Every animal was test-
ed once [14].

During the test process, the sequence of the
behaviour and actions was recorded: horizon-
tal activity (HA), which is number of squares
crossed; vertical activity (VA), which is number
of times an animal stands on its hind feet with
the support of the arena board and without sup-
port; research activity (RA), which is the number
of peeps into the holes on the arena floor; number
of grooming actions (GR); and, number of fecal
boluses (FB). Behavioural actions and vegetative
reactions were recorded using a digital video cam-
era. The obtained data were processed using the
Real Timer computer program of Open Science
Research-and-production complex Open Com-
pany, Russia.
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Morris’s Water maze test is used to study an-
imal cognitive function state and spatial naviga-
tion ability [15]. To carry out the test, a pool 180
cm in diameter and 60 c¢cm in height is filled with
water (Fig. 2). Water in the pool is tinted opaque
with milk in order to remove the possibility of see-
ing the underwater platform. The water tempera-
ture was 24 £ 2Ce°. To simplify orientation of the
animals in the space, the pool walls have fixed im-
ages of black-and-white geometric shapes (cir-
cle, square, triangle and rhombus). A platform
of translucent organic glass of 15%15 cm size was
placed at the centre of the pool’s northern sec-
tor (near to the rhombus shape), lower than wa-
ter level by 1 or 2 cm. The test was carried out with
the invisible platform, without the platform and
for visual perception. Movements of the animals
were recorded by means of a video camera placed
over the pool. In the Morris’s Water maze, three
test series were performed: 4—10 days of the ex-
periment, 14—20 days of the experiment and 20—
30 days of the experiment. Different animals took
part in each series of the tests.

In the test with invisible platform, daily over
the course of four days, the animals were given
two attempts each to search for the platform in-
visible from the water surface. The starting point
for the animal start in the pool was changed every
day. Average time of the platform search and ave-
rage length of the search trajectory were record-
ed. Calculation of the animal movement trajec-
tory was carried out using the Any-maze program
(Stoelting Co., the USA). On the fifth day, two
tests were made: a test for visual perception and
test without a platform.

Within the test for visual perception, in the
southern sector (opposite to the sector, in which
the platform was placed), a black platform was in-
stalled, which was 1.5 cm higher than the water le-

Atrajectory of search for the invisible
platform in the test with the invisible

platform in Morris's Water maze

Fig. 2. Morris’s Water maze
test
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vel: the time the animal took to find the platform,

was recorded.

In the test without a platform, the animals were
placed in the southern sector of the pool. The
length of time an animal stayed in each sector,
and the percentage of animals staying in the sector
were recorded. The sample characteristic is pre-
sented in the M = m format, where M is arith-
metic mean value of a criterion; m is standard er-
ror of the mean. To analyse the distribution nor-
malcy the Shapiro-Wilk test was used, to check
the hypotheses about equality of general disper-
sions the Levene test was used. Check of statisti-
cal hypotheses in the groups was carried out using
the Mann-Whitney test (U), and Wald-Wolfowitz

Run Test (WW).

The differences were considered to be signi-
ficant at p < 0.05. At p > 0.05, the hypothesis
about insignificance of statistical differences was

accepted.

RESULTS AND DISCUSSION

The Open field test revealed an increase
of horizontal activity on the 10t day and on the
30th day of observations under conditions of flu-
orescent illumination in comparison with natural
light; also an increase of vertical activity was ob-
served on the 10t day, a decrease in the number

of grooming actions was observed on the 20th day,
and a decrease in the number of of fecal bolus-
es on the 30t day of the experiment was also no-
ticed (Table 2).

The increase of horizontal and vertical activi-
ty on the 10th day suggests active investigatory-ex-
ploratory behaviour and an absence of feelings
of alarm amongst the animals, which reflects the
exploratory behavioural component. A decrease
in grooming on the 20t day can only interpret-
ed in conjunction with change in other indica-
tors. Taking into consideration that other para-
meters did not differ from indicators of the group
investigated under natural illumination condi-
tions, it can only be concluded that the animals
don’t exhibit characteristics of alarm and their in-
vestigatory-exploratory behaviour wasn’t influ-
enced. On the 30t day, a combination of an in-
crease in horizontal activity increase and a de-
crease in the number of fecal boluses reflecting
vegetative reaction of an animal shows that there
are no criteria of alarm and oppression of investi-
gatory-exploratory behaviour.

So the animals didn’t show signs of alarm and
oppression of investigatory- exploratory behaviour
on the 10th, 20th and 30t days.

Under conditions of standard stable light emit-
ting diode illumination in comparison with na-
tural illumination, it was found that during the

Table 2. Indicators of the Open field test under the standard stable fluorescent illumination (M £ m)

conditions
Group 2
Group 1 SCFI
Indicators NI
(n=28) 10t day 20t day 30t day
(n=16) n=38) (n=16)
Horizontal activity, number of actions 19.25+4.96 29'67*1 2.79 23.00+3.11 29'33*1 415
Vertical activity, number of actions 1.50+0.18 261 f 021 1.67+0.42 2.00+0.37
Exploratory activity, number of actions 3.50 £ 0.62 5.00 £ 0.97 2.67+0.21 3.33+0.21
+

Grooming, number of actions 3.37+£0.46 1.67 +£0.42 133 N 021 2.67+0.76
Fecal boluses, number of actions 7.37+0.80 5.00+1.32 5.33+0.76 4.33 f 042
Note. * — Significant (p < 0.05) differences as compared with NI group.
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Table 3. Indicators of the Open field test under standard stable light emitting diode illumination
conditions (M * m)

SSLEDI group
Indicators NI group
10th day 20t day 30t day

Honzgntal activity, number 19.25 + 4.96 28.67*i 2.20 34.33’:_r 5.06 31.33;_'- 2.49
of actions

Vertical activity, number of actions 1.50+0.18 267 f 042 367 f 076 267 f 0.22
Explo.ratory activity, number 350 + 0.62 533+0.76 6.00 f 0.97 367 + 056
of actions

Grooming, number of actions 3.37+£0.46 3.00 £0.37 3.67+£0.76 133 f 0.21
Fecal boluses, number of actions 7.37 £0.80 6.00 £0.97 5.67 £ 0.56 5.00£0.73

Note. * — Significant (p < 0.05) differences as compared with NI group.

Open field test, horizontal and vertical activity
of animals increased on the 10th, 20th and 30th
days of the observation, exploratory activity in-
creased on the 20t day, the number of grooming
actions decreased on the 20t day of the experi-
ment (Table 3).

Increase of horizontal and vertical activity
on the 10t and 20t days as well as an increase
of exploratory activity on the 20t day suggests ac-
tive investigatory-exploratory behaviour of the
animals. On the 30t day, the decrease of groom-
ing action number against a background of high
indicators of horizontal and vertical activity as
a whole is indicative of the absence of alarm and
oppression criteria of investigatory-exploratory
behaviour. Thus, there were no animal indica-
tors of alarm and oppression of investigatory-ex-
ploratory behaviour on the 10th, 20th and 30t days
of the experiment.

With standard stable fluorescent illumina-
tion during Morris’s Water maze test with the in-

80
60

40

Seconds

20

NI 10 Days

20 Days

visible platform, reduction of the platform search
time on the 30t day was observed, length of the
trajectory of the platform search did not change
(Table 4, 5).

In the test for visual perception, a reduc-
tion of search time for the visible platform on the
20t and 30t days of the experiment (Fig. 3) was
observed.

In the test without a platform, no time diffe-
rences of animals staying in the underwater plat-
form location area for all periods of the experi-
ment was revealed (Table 6).

So in some tests in Morris’s Water maze un-
der standard stable fluorescent illumination con-
ditions, an improvement of the animal’s orien-
tation in space was observed on the 20t and 30th
days. There was no indicators decreased training
ability or long-term memory in all periods of the
experiment.

When studying animal cognitive function un-
der standard stable light emitting diode illumina-

Fig. 3. Time of searching for
the visible platform within
the test for visual perception
under standard stable
fluorescent illumination
conditions

Note. * — Significant

(p < 0.05) differences as
compared with NI group.

30 Days

@ Standard stable fluorescent illumination
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Table 4. Time of searching for the platform within the test with invisible platform in Morris’s Water
maze test under standard stable fluorescent illumination (IM = m) conditions

Group 2
Group 1 SSF]
Indicators NI
(n=238) 10t day 20t day 30 day
(n=6) (n=38) (n=+6)
First day, s 86.38 = 1.71 86.83 = 1.10 75.25 £ 5.13 8433 +3.58
Second day, s 76.81 + 4.06 78.83 + 5.64 50.63+7.15 64.00=3.18
Third day, s 5831+ 6.16 60.33 £ 5.24 60.13 £ 5.57 46.67 %557
Fourth day, s 35.10 4 5.45 2250 + 2.69 46.87+3.92 18.17£2.89

Note. * — Significant (p < 0.05) differences as compared with NI group.

Table 5. Length of trajectory when searching for the platform hidden under the water in Morris’s
Water maze under standard stable fluorescent illumination (M + m) conditions

Group 2
Group 1 SSFI
Indicators NI
(n=8) 10t day 20t day 30t day
(n=16) n=3) (n=16)
First day, m 19.62 £1.25 20.03£1.92 18.48 = 1.88 22.22+1.73
Second day, m 17.49 £ 0.87 18.09 £ 1.13 1753 +1.31 19.23+1.11
Third day, m 14.68 = 1.04 1436 £1.42 13.89 £ 0.94 13.15+1.11
Fourth day, m 13.54 £ 0.39 1430 £ 1.27 12.80 +0.75 11.27 +0.30

tion conditions during the test with the invisible
platform in Morris’s Water maze, search time for
the platform on the 10t and 20t days didn’t dif-
fer from the natural illumination group (Table 7).
On the 30t day, search time was the lowest com-
pared to the natural illumination group for all days
of the experiment. When analyzing the length
of search trajectory for the invisible platform, no
difference from the natural illumination group

80
60

40

Seconds

20

NI 10 Days

20 Days
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on the 10th, 20t and 30th days for all periods of the
experiment was revealed (Table 8).

During the test for visual perception, search-
ing time of the visible platform decreased in com-
parison with the natural illumination group on the
10th, 20th and 30t day of the experiment (Fig. 4).

When estimating the test without a platform,
the portion of time an animal stayed in the area,
where the invisible platform was previously lo-

Fig.4. Searching time for
* the visible platform in the
test for visual perception
under light emitting diode
illumination conditions
Note. * — Significant
(p < 0.05) differences as
compared with NI group
30 Days
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Table 6. Portion of time an animal stayed in the area of the underwater platform during the test without
the platform in Morris’s Water maze under standard stable fluorescent illumination conditions (IM % m)

Group 2
Group 1 SSFI
Indicators NI
(n=28) 10th day 20t day 30t day
(n=06) (n=28) (n=06)
Time portion,% 69.30 = 5.88 71.33 £ 2.56 70.25+3.71 71.33+£3.04

Table 7. Search time for the platform hidden under the water in Morris’s Water maze test under
standard stable LED illumination conditions (M * m)

Group 3
Group 1 SSLEDI
Indicators NI
(n = 8) 10t day 20th day 30th day
(n=6) (n=28) (n=6)
First day, s 86.38 + 1.71 7317 +4.25 83.83 + 1.69 58.67+4.23
Second day, s 76.81 + 4.06 62.67 +3.22 60.50 + 10.05 21.83£9.39
Third day, s 58.31+6.16 48.00 + 3.80 48.33 %501 17.33 % 2.38
Fourth day, s 35.19 + 5.45 43.33 +5.75 46.50 +6.32 14.33 %301

Note. * — Significant (p < 0.05) differences as compared with NI group.

Table 8. Length of search trajectory for the platform hidden under water in Morris’s Water maze under
standard stable LED illumination conditions (M + m)

Group 1 SSLEDI group
Indicators NI 10t day 20t day 30t day
(n=38) (n=6) (n=8) (n=6)
First day, m 19.62 £1.25 21.56 + 1.66 20.07 £ 2.09 21.74 £ 1.66
Second day, m 17.49 +0.87 17.94 £ 0.93 19.06 +£1.40 19.45+1.04
Third day, m 14.68 £ 1.04 1434 +£1.21 14.99 + 1.06 13.32+1.08
Fourth day, m 13.54 £ 0.39 13.46 £ 1.87 12.00 £ 1.04 11.56 + 0.35*

Note. * — Significant (p < 0.05) differences as compared with NI group.

cated, on the 10th, 20th and 30th day did not dif-
fer from the natural illumination group (Table 9).

Comparative ethological analysis of the state
of the animals under artificial illumination con-
ditions observed that indicators reflecting spa-
tial orientation by external reference points was
raised earlier under light emitting diode illumina-
tion, than under fluorescent illumination, name-

ly on the 10th day, however, variance of these dif-
ferences is not statistically significant. A possible
explanation of the obtained results is the fact that
artificial sources create a constant illuminance le-
vel of the object and a constant light incidence an-
gle on the object, which allows perceiving objects
with a fewer errors of the size, shape and colour.
And all this helps to memorise them better [11,12].
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Table 9. Portion of time an animal stayed in the previous location of the underwater platform in Morris’s
Water maze test under standard stable LED illumination conditions (IM + m)

NI SSLEDI Group
Indicators
Group 10t day 20t day 30t day
Time portion,% 69.30 = 5.88 68.00 £ 5.80 69.33 £3.90 66.67 £ 8.89

CONCLUSIONS

Under conditions of standard stable fluores-
cent and light emitting diode illumination in com-
parison with natural light, animals did not show
signs of alarm, oppression of investigatory-explor-
atory behaviour, decrease of training ability and
long-term memory. On the contrary, an improve-
ment in spatial orientation was noted.

A comparative ethological analysis of the ani-
mals’ state showed that indicators reflecting spa-
tial orientation using external reference points
were raised in the case of light emitting diode and
fluorescent illumination, compared to natural il-
lumination. No statistically significant difference
between light emitting diode and fluorescent illu-
mination was revealed in terms of their influence
on animal orientation.
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ABSTRACT

Ray tracing is a useful tool in the optical de-
sign of luminaires. Usually simulations are per-
formed atone wavelength. However, in some lu-
minaires optical components are incorporated
to alter the spectrum of the light source. In a re-
tail environment, luminaires equipped with a di-
chroic filter are commonly used to enhance the
attractiveness of products. In this paper, spectral
ray tracing is used to model the spectral radiant
intensity distribution of such a luminaire. A ge-
ometric model of the luminaire, the spectral dis-
tribution of the lamp and the spectral scattering
and transmission properties of the reflector and
the filter are used as input parameters. The spec-
tral radiant intensity at several emission angles
as modelled by spectral ray tracing is compared
with the experimentally determined values. A very
good agreement is found. Furthermore, ray trac-
ing simulations reveal detailed information about
effect of light recycling in the luminaire on the
emission spectrum.

Keywords: spectral ray tracing, retail lighting,
optical modelling

INTRODUCTION

Monte Carlo ray tracing is frequently used as
a tool to validate the optical performance of op-
tical systems and virtual prototypes of lumi-
naires [1,2,3]. In many cases, the optical proper-
ties of the materials in the design are more or less

wavelength independent, allowing the ray tracing
calculations to be performed at one wavelength
in order to strongly reduce the simulation time.
However, for some special purpose luminaires,
the spectrum emitted by the light source is, by de-
sign, altered by one or several optical compo-
nents of the luminaire. Typically in retail lighting,
both coloured filters combined with a classic light
source, and spectrally designed solid state light-
ing sources are implemented. It is well document-
ed that consumer acceptance of a food product
strongly depends on the visual appearance of the
product, and that the perceived colour of the pro-
duct is one of the most important visual cues [4].
Particularly, consumers perceive fresh meat and
some types of dark coloured fresh fish as more ap-
pealing when illuminated with a radiant spectrum
dominated by red light [5,6]. A computer model
of the optical behaviour of a filter based luminaire
for the illumination of food products needs to take
into account the combined influence of the light
source, the optics and the filter, on the spectrum
of the light emitted by the luminaire. Therefore,
a ray tracing model of such a device needs to ac-
count for the entire visual spectrum of the light
source. In this paper, a luminaire for retail light-
ing of meat products (Flexio from LUNOO NV)
equipped with a Philips SDW-T 100W lamp and
a dichroic filter is discussed. The filter is especial-
ly designed to be used in combination with the
SDW-T lamp for the illumination of meat pro-
ducts. An interference filter has the advantage over
a colour filter based on light absorption that al-
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most no light is lost in the filter. However, a typi-
cal disadvantage of a such filter is that the spectral
transmission depends on the angle of incidence.
This results in the spectrum of the light emit-
ted by the luminaire to be function of the emis-
sion angle. At small emission angles this effect
is not visible but at larger angles a colour shift be-
comes visually apparent. In this work, the spectral
radiant intensity of the luminaire is experimental-
ly determined with a goniophotometer setup at se-
veral emission angles and calculated at the same
emission angles by Monte Carlo ray tracing. The
simulation takes into account the spectral sur-
face scattering properties of the reflector material,
and the dependency of the spectral reflection and
transmission properties of the interference fil-
ter on the angle of incidence. The discharge lamp
is modelled with a relatively simple geometric mo-
del. Additionally the effect of light recycling by the
reflector of light initially reflected by the interfe-
rence filter is investigated.

EXPERIMENTAL SET-UP AND
MEASUREMENTS

The surface of the reflector material scatters
light in a wide angular pattern around the spec-
ula direction. The angular scattering properties
need to be modelled accurately to enable real-
istic ray tracing simulations [7,8]. Surface scat-
tering properties are mathematically model-
led by the Bidirectional Reflectance Distribu-
tion Function (BRDF), which is defined as the
ratio of the infinitesimal radiance d[, of the ir-

12

-
[ee] o

BRDF at 555 nm, sr”'
(o))

radiated sample in a particular viewing direction,
to the infinitesimal irradiance dE,;on the sam-
ple by a collimated beam from a particular direc-
tion (equation 1). The index e indicates the ra-
diometric property while the indices i/ and s in-
dicate incident and scattered light respectively.
Because surface scattering can be wavelength de-
pendent, the BRDF is a function of 5 variables: 6,
and ¢, are spherical coordinates defining a par-
ticular scatter direction relative to the surface nor-
mal, 0, and ¢,are spherical coordinates defining
the direction of the incident beam, and A is the
wavelength:

BRDF(0,,¢,,0,,4.,) =

_ L0909 1, (1)
B dEe,i(Oi"/»"isl) sr

Under particular circumstances the gener-
ic expression for the BRDF (1) is transformed
into a practical expression (2), @, and ®,; rep-
resent the scattered and incident radiant flux, re-
spectively, €, being the solid angle subtended
by the detector, and 6,the angle between the sur-
face normal and the scatter direction [9]:

BRDF(0,,¢,,0,,6.,1) =

q)e,s [L] (2)
D, ,Q|cosd,)] s

Spectrally resolved BRDF measurements
are carried out with an in house designed and

Fig. 1. BRDF of the
reflector material as a
function of scatter angle at a
wavelength of 555nm at an
incident angle of: 13°, 33°
and 53°

0 5 10 15 20 25 30 35 40 45 5
Scatter angle, deg.

T T T T

0 55 60 65 70 75 80 85
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Wavelength, nm

constructed gonioradiometer [10]. In Fig. 1 the
BRDF of the reflector material is shown as a func-
tion of scatter angle for a number of incidence an-
gles. The surface scatter data are shown at a wave-
Iength of 555nm. The spectral behaviour of the
BRDF for a particular angle of incidence, i.e., 53°,
and scatter direction 75° to surface normal, is de-
picted in Fig. 2. For all incidence angles and all
scatter angles, the BRDF exhibits small amplitude
oscillations. The interference filter used in the lu-
minaire consists of a number of thin transparent
layers with different indices of refraction. The
multilayer uses constructive and destructive inter-
ference to transmit light at certain wavelengths at
certain angles of incidence and to reflect the same
wavelengths at other angles of incidence. The in-
terference filter is supported by a transparant glass
plate with negligible absorption and scattering.
Absorption in the multilayer itself is of the order
of magnitude of 3 % while the scattering is neg-

Wavelength, nm

Fig. 2. BRDF (in units 1/sr)
of the reflector material as
a function of wavelength at
an angle of incidence of 53
degree and scatter direction
75 degree to the surface
normal

ligible [10]. The filter exhibits only regular trans-
mission and specular reflection which are char-
acterized by the transmission and reflection co-
efficients (Equations 3 and 4). The reflection and
transmission coefficients are experimentally deter-
mined with the BRDF measurement set up.

T(1,0)= e
) _(De,i. 3)
ROLO) = Der

e,

In Equations (3) and (4), the indices 7, f and r
respectively refer to the incident, transmitted and
reflected flux. The index e is used to indicate ra-
diant flux (W), not luminous flux (Im). The trans-
mission and reflection coefficients are measured
as a function of wavelength for a number of in-

Fig. 3. Transmission
coefficient of the
interference filter as a
function of wavelength for
three angles of incidence
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Fig. 4. Normalized measured
spectrum of the SDW-T
lamp, expressed in arbitrary
units
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Wavelength, nm

680 780

cidence angles. In Fig. 3, the measured regular
transmission coefficient is shown for three inci-
dence angles. Notice that the transmission coeffi-
cient as a function of wavelength depends signifi-
cantly on the incidence angle.

To measure the emission spectrum of the lu-
minaire as a function of emission angle the lumi-
naire is mounted in a CIE type 1 goniophotometer
[11] which can rotate the lighting fixture around
a horizontal and vertical axis. The light is cap-
tured by a Topcom 100 camera positioned in the
far field at a distance of 8.72m from the luminaire.
The captured light is transferred by an optical fibre
to an Oriel Multispec spectrograph. Because the
detection system is positioned in the far field and
the complete lighting fixture is located within the
field of view, the recorded spectrum is interpreted
as the spectral radiant intensity spectrum of the
luminaire. The emission spectrum of the naked
SDW-T lamp is measured by the same procedure.
The spectrum of the lamp, in arbitrary units, nor-
malized to one is shown in Fig. 4.

SPECTRAL MONTE CARLO RAY
TRACING

A commercial software package, TracePro®
from Lambda Research Corporation, is imple-
mented to perform the Monte Carlo ray tracing.
The geometry of the luminaire is modelled in the
software package using CAD-files of the reflec-
tor, as supplied by the manufacturer, and a gener-
ic model of an SDW-T lamp, as available in the
software package’s library. The geometric model

of the luminaire is shown in Fig. 5. The surface
of the cylindrical gas discharge tube in the lamp
is considered to be the light source and is mo-
delled as a Lambertian surface source. This rela-
tively simple source model is acceptable because
the source is small and positioned at a relative-
ly large distance from the reflector. Furthermore
the emission spectrum of the lamp does not vary
strongly with emission angle. If the latter was the
case a much more advanced spectral source mo-
del based on spectral ray files would be required
[12,13]. The surface scatter data for the reflector
material and the transmission and reflection co-
efficient of the interference filter are transferred
into the appropriate format and imported in the
ray tracing software. The scatter data are some-
what simplified as it is impractical to include the
small oscillations that are slightly different for
each angle of incidence. Therefore, the BRDF
is assumed to be constant between 380nm and

Fig. 5. Model of the luminaire used in the ray tracing
simulations
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Wavelength, nm

Wavelength, nm

Fig. 6. Measured (left) and simulated spectrum (right) of light emitted at emission angle 0 degree and captured at a dis-
tance of 8.72m from the luminaire; light that is scattered once dominates the spectrum and the multiple scatter component
is more important than the direct light contribution
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Wavelength, nm

Wavelength, nm

Fig. 7. Measured (left) and ray traced spectrum (right) of light emitted at emission angle of 30° and captured at a distance
of 8.72m; the intensity spectrum is dominated by light that is scattered once and the direct light contributionis more impor-
tant than the multiple scatter component

570nm, and to decrease linearly between 570nm
and 780nm in such a way that the total integrat-
ed scatter (TIS) agrees with the experimental va-
lue. To model the detector, a disk shaped target
with diameter 3mm (i.e. the same dimensions as
the entrance aperture of the Topcom 100 camera)
is created in the model and positioned at a dis-
tance of 8.72m from the luminaire. Because of the
small dimensions of the ray tracing target and the
large distance to the light source, the probabili-
ty of a random ray hitting the target is extreme-
ly small, making classic source to target ray trac-
ing impractical. Therefore a technique frequently
applied in computer graphics, reverse ray tracing,
is implemented [14]. In reverse ray tracing rays are
traced backwards through the optical system, i.e.
from target to source, and a history of the events
encountered by the rays (e.g. Fresnel reflection,

surface scatter, etc...) is logged. If and when a ray
impinges on the source, a flux is assigned to it ac-
cording to the emission properties of the source.
From this emitted flux, and taking into account
the complete history of the ray, the flux observed
at the target is calculated. To model the emis-
sion spectrum of the SDW-T lamp, 1 million rays
per wavelength are traced at 81 wavelengths in the
range 380nm — 780nm with Snm increments. The
relative radiant flux at each wavelength is weight-
ed according to the emission spectrum of the dis-
charge lamp.

RESULTS AND DISCUSSION

Both the measured and simulated spectra are
normalized such that the integrated spectra equal
unity. The spectra found by reverse ray tracing
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Table 1. CIE (w’, v’) chromaticity coordinates calculated from the measured and simulated spectra.
The difference in chromaticity between simulation and experiment increases with emission angle

emission angle experiment simulation A(u',v')
N
0dearee | (Zpsios | veosior | 00060
woe | 08| oous

can be deconstructed in component spectra cor-
responding to light taking different paths through
the optics [15]. Three component spectra are con-
sidered: the direct light contribution (i.e. light
that travels directly from source to target, through
the filter), light that is scattered once by the re-
flector and afterwards transmitted through the
filter before being detected, and light that is scat-
tered more than once by the reflector before pass-
ing through the filter and reaching the target.
In Figs. 6, 7 and 8 a comparison is made between
the measured and calculated spectra, expressed
in arbitrary units, at 0, 30 and 60 degree emis-
sion angle. A good agreement is found between
the simulated spectrum and the measured spec-
trum in all three situations. From the simula-
tions, it becomes clear that the relative contribu-
tion of the three component spectra to the entire
spectrum changes as a function of emission an-
gle. The spectrum emitted at 0 degree is domi-
nated by light that is scattered once by the reflec-
tor. The component corresponding to light that
is scattered several times by the reflector materi-

Wavelength, nm

al is larger than the direct light contribution. At
an emission angle of 30 degree the direct light
contribution has become larger than the multi-
ple scatter contribution, but the spectrum is still
dominated by light that is scattered once by the
reflector. At an emission angle of 60 degree the
line of sight between the detector and the gas dis-
charge tube is blocked by the reflector, and the
direct light contribution is zero. However, part
of the inner side of the reflector is still visible from
the detector position and light reaches the detec-
tor after being scattered at least once by the re-
flector. From the ray tracing simulations it be-
comes clear that the spectrum is now dominated
by light that is scattered several times by the re-
flector surface.

The chromaticity of light stimuli and the chro-
maticity difference of light sources is, as recom-
mended by the CIE, preferably expressed in the
CIE (v’, v’) chromaticity diagram [16].

The chromaticity difference between two light
sources, A and B, is expressed by Equation (5).

Wavelength, nm

Fig. 8. Experimentally determined (left) and simulated spectrum (right) of light emitted at an emission angle of 60 degree
and captured at a distance of 8.72m from the luminaire; the spectrum is dominated by light that reaches the detector after
multiple scattering events, there is no direct light contribution
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Table 2. CIE (v’, v’) chromaticity coordinates corresponding to the experimental spectrum, the simulated
spectrum of the luminaire, the simulated spectrum excluding light recycling and the spectrum found
by multiplying the original lamp spectrum with the 0 degree transmission coefficient of the interference
filter (also shown are the differences between the chromaticity of the measured light and the chromaticity
corresponding to the calculated spectra)

. (lamp spectrum)
. Simulated spectrum .
Measured spectrum | Simulated spectrum . . X (transmission
without recycling .
coefficient)
Chromaticit u'=0.3125 u’=0.3119 u’=0.3271 u’=0.3289
omatielty v’=0.5088 v’=0.5086 v'=0.5056 v’=0.5058
Chromaticity diffe- AL A AL
rence with measu- () () ()
red spectrum =0.0006 =0.0150 =0.0166
2 2 of the rays contribute to the simulated spectrum.
A,,=\/u'—u’ +(V, Vi) . 5 _ .
() (g —tay)"+(v4 =vp) ) As the number of rays that contribute to a simu-

The just noticeable difference in chromaticity
(at 50 % probability) corresponds to a difference
in chromaticity coordinates of 0.0013. In Table 1,
the (u’, v’) chromaticity coordinates calculated
from the measured and simulated spectra and the
chromaticity difference between simulation and
experiment are shown. Notice that the chromatic-
ity difference increases with emission angle. This
is probably caused by the statistical noise inher-
ent to the ray tracing procedure. In each reverse
ray tracing session, 1 million rays per wavelength
are launched but because of the different geometry
the number of rays that actually reaches the light
source is different. At emission angle zero, typi-
cally 29 % of the rays arrive at the source, but at 30
degree emission, only 19 % of the rays hit the light
source, and at 60 degree emission less than 1 %

Wavelength, nm

lated spectrum decreases with emission angle,
the noise on the simulated spectra increases with
emission angle.

It is interesting to have a look at the impact
of the recycling of light on the spectrum. Light
emitted by the source is back reflected by the in-
terference filter to the reflector. At the reflector
surface it scatters at least once, impinges on the
filter again, is transmitted, and contributes to the
spectral radiant intensity of the luminaire. In or-
der to investigate if light recycling has an impact
on the emission spectrum of the luminaire, the
ray tracing model is adapted. In the model, the
interference filter is removed from the luminaire
and repositioned at a large distance (8m) from
the reflector but parallel with its original confi-
guration. In this configuration the line of sight
from the detector, through the interference fil-

Wavelength, nm

Fig. 9. Emission spectra at 0 degree emission angle found from ray tracing calculations of the luminaire (left) and in the
modified geometry excluding light recycling (right); notice that in the situation excluding light recycling, the contribution
of the more scatter component is significantly reduced
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Wavelength, nm

ter, to the reflector and the lamp is not altered but
light that is reflected by the filter will not reach
the reflector and disappear from the simulation,
thus eliminating light recycling. In Fig. 9, the si-
mulated emission spectra at 0 degree emission an-
gle are compared. In the modified geometry, the
contribution to the spectrum of light that is scat-
tered multiple times is of the same order of mag-
nitude as the direct light component while in the
classic luminaire geometry the multiple scatter
component dominates the direct light compo-
nent in the wavelength range 540—650nm. This
is suggesting a difference in chromaticity of the
light between both cases. It should be noted that,
since the properties of the reflector material are
practically independent of wavelength, the spec-
trum without light recycling is the spectrum that
would be observed while viewing the light source

0,008
0,007
0,006
0,005

20,004
0,003
0,002
0,001

0

380 480 580 680
Wavelength, nm

complete
direct

single scatter

Fig. 10. Simulated spectrum
of the emitted light at 30
degree emission angle
without light recycling

more scatter

780

through the interference filter without any other
optics present. In Table 2 the CIE (u’, v’) chro-
maticity coordinates of the experimentally ob-
served spectrum, the simulated spectrum, the si-
mulated spectrum without recycling and the spec-
trum obtained by multiplying the spectrum of the
lamp with the transmission coefficient of the di-
chroic filter are listed. Also the chromaticity dif-
ference between the measured spectrum and the
other spectra is shown. From the table it is clear
that the chromaticity of the light emitted by the
luminaire cannot be found by simply multiplying
the emission spectrum of the lamp with the trans-
mission coefficient of the filter, this despite the
fact that the scattering properties of the reflector
are practically independent of wavelength. The si-
mulations show that light recycling by the optics
of the luminaire has a significant influence on the

complete . . o
Fig. 11. Simulated emission

spectrum, excluding light
recycling, at emission angle
60 degree

direct
single scatter

more scatter

780
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spectrum and chromaticity of the light. The si-
mulated spectra at 30 degree and 60 degree emis-
sion angle have more statistical noise and thus the
chromaticity corresponding to these spectra is less
in agreement with the experimental data (Table 1).
The spectra are shown in Fig. 10 and Fig. 11. At
emission angle 30 degree, the spectrum with-
out light recycling shows a reduction of the con-
tribution of light that is scattered several times
by the reflector surface. However, the overall
shape of the spectrum and the relative contribu-
tion of each of the components is not altered sig-
nificantly relative to the spectrum shown in Fig. 7.
In this particular situation the effect of light recy-
cling is relatively small. The situation at 60 degree
emission angle is quite different (Fig. 11) and the
spectrum excluding light recycling is complete-
ly different. In this case the line of sight from de-
tector to the gas discharge tube, the actual light
source, is blocked by the reflector and the spec-
trum with light recycling is strongly dominated
by light that is scattered several times. Excluding
light recycling causes the single scatter contribu-
tion and the multiple scatter contribution to be
of equal importance, which results in a complete-
ly different spectrum.

CONCLUSION

Spectral Monte Carlo ray tracing can be used
to accurately model the angle dependent spectrum
of luminaires containing spectrally non-neutral
optical components such as interference filters.
The spectra resulting from computer simulations
correspond very well to the measurements and
additionally yield interesting information about
how the spectrum is composed of light taking dif-
ferent paths in the luminaire and how this com-
position changes with the emission angle. The
phenomenon of light recycling in the luminaire
is investigated by repeating the computer simu-
lations with a slightly altered geometry that ex-
cludes this phenomenon. It is found that light re-
cycling is of significant importance to explain the
spectral radiant intensity and the chromaticity
of the emitted light. This type of modelling con-
tributes to a better understanding of unwanted
spectral shifts in luminaires and additionally pro-
vides a useful tool for the optical design of light-
ing systems.
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ABSTRACT

The last 30 years in the development of light-
ing installations (LI) computer simulation me-
thods are analysed. Simulation efforts began from
attempts at automation for routine LI design sta-
ges by means of a computer. The article describes
the challenges which arise with these methods,
and ways of solving them, which are implemen-
ted in current programs that visualise spatial and
angular distribution of the light field in the LIs
on the display screen based on numerical solu-
tion of the global illumination equation, which re-
cords strictly light characteristics in the geometri-
cal optics approach.

Keywords: lighting installations, global illumi-
nation theory, radiosity, luminous emittance, ray
tracing, instant radiosity, Monte-Carlo method

1. FROM DESIGN TO SIMULATION
OF LIGHTING INSTALLATIONS

One feature of current scientific and techno-
logical progress is the digital revolution: convert-
ing all knowledge systems into a digital configura-
tion of files, databases, calculation programs and
computer-aided engineering systems. In the ear-
ly days of computer technologies, in the late nine-
teenth and twentieth centuries, computer pro-
grams automated the work of design engineers
by taking on otherwise time-consuming calcula-
tions. More recently developed digital technolo-
gies have led to the emergence of revolutionary
new algorithms and programs opening new ave-

nues for the creation and development of many
systems. Now literature uses the term “second
digital revolution”, as a result of which computers
will perform functions which were never intend-
ed to be automated, for example, control of dri-
verless vehicles.

One of the most important fields in lighting
engineering is the design of lighting installations
(LI); and here the digital revolution has come
about in the brightest and most dramatic way.
As mentioned earlier, in the early stages, some
standard and most routine LI design procedures
were transferred to computers. At this stage an
idea arose: if programs calculate illumination,
and therefore luminance (in the assumption that
all surfaces reflect light diffusely, which was ge-
nerally accepted when calculating LIs), then hav-
ing displayed this distribution, we will see an im-
age of the installation. However, it turned out
to be the case. Fig. 1 shows a synthetic image of an
simple scene: a table covered with a stripy cloth,
on which a metal hemisphere and a glass cylin-
der stand. The all space is illuminated with a pa-
rallel light beam. In Fig. 1a this scene is displayed
in the view, which would be obtained when car-
rying out calculations based on the inverse square
law, which at that time was the generally accepted
LI calculation procedure. It can be seen that this
image does not look realistic at all; the eye does
not perceive the hemisphere as metal, and the cyl-
inder as glass. The main reasons for this incorrect
perception of the scene are the hard shadows and
the absence of reflections of objects within each
other. Such a method of synthetic image calcula-
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tion in computer graphics was named the local il-
lumination model [1]. It is obvious that for realis-
tic visualization, an algorithm which takes into ac-
count repeated reflections (transmissions) in the
scene is necessary: a global illumination [1].

Therefore, the real digital revolution in LI cal-
culation took place not only due to development
of computer facilities but also due to mathemati-
cal methods. In 1986 J. Kajiya formulated a visu-
alization equation representing Fredholm’s sec-
ond kind equation [2]:

L(r,])=Ly(r,)) +

+195L(r,i')o(r;f,i')‘(ﬁ, i 1)
T

where L(r,f ) is luminance of light field in r point
in the direction /, cs(r;f ,f’) is luminance factor
of a surface element in r point in the direction /
with a directed illumination of this element using
a parallel light beam in the direction I'. Tt is often
named bidirectional function of dispersion (re-
flection or transmission), L is straight line (di-
rectly from the sources) of the luminance compo-
nent, N isnormal inr point to an element of the
scene surface. Hereinafter the «lid» over a vec-
tor will designate single direction vectors playing
an extremely important role in lighting engineer-
ing. Circulatory integral in (1) means an integra-
tion over the full solid angle, the element of which
is designated as d/'.

Equation (1) is closed for determining a re-
quired luminance distribution L(r,/), however it
is difficult to use it for the development of numer-
ical methods as we are interested in spatial lumi-
nance dependence, and integration in the equa-
tion comes over a solid angle. Using luminance
invariance along the viewing beam and the ra-
tio between solid angle dl' and an element square
d’r cut out by it from the surface reflecting light
to r point, it is easy to obtain a new form of equa-
tion (1) which is called the global illumina-
tion equation (GIE) [3]:

L(r,f) = Lo(r,f) +

/' [ 7 2
+1J.L(r',l')G(r;l,l')F(r’r')@(,,’,,r) 20 2)
T z

_|@e.e-reene-m)

where F = Z
(r—r')

ementary form factor, or efficiency coefficient,
O(r,r')is function of element d’r’ visibility from r
point. The ¥, symbol designates all surfaces, which
repeated reflections are taken into consideration.

Determination of }, is non-trivial, because we
always exclude from the LI calculation some real
surfaces, for example, the corridor when calcula-
ting a room or the street when calculating a natu-
ral illumination. A set of the considered surfaces
is accepted as the illumination scene.

An exact solution for GIE (2) is still not found
today. Therefore, in practice it is solved nume-
rically. For this purpose, all surfaces included
into the illumination scene are replaced with a grid
of flat edges. And the integral in equation (2) is re-
placed with a final sum, which reduces the inte-
grated equation to a linear algebraic equation sys-
tem. This method solving the equation in ma-
thematics is known as the finite element method
[4]. To increase the accuracy of the solution, one
should divide the scene over space into very small
spatial and angular elements, which means that it
is necessary to solve a very large system of millions
of equations. Due to the inevitability to round-
off any computer operation, such a problem be-
comes mathematically incorrect. The only possi-
ble stable method of solving such a system is the
iteration method, which is physically equivalent
to ray tracing. It should be noticed that for the
first time, the method of energy calculation of op-
tical systems using ray tracing is proposed in [5],
and the correspondent calculation of light devices
is proposed in [6, 7].

If the described scene is calculated by the ray
tracing method, accounting for eight collisions
(rereflections and transmissions), then we ob-
tain the image given in Fig. 1b. A reasonable ques-
tion arises: how many reflections should be ta-
ken into consideration? Fig. 1¢ shows an image
obtained when accounting for 64 reflections. It
is easy to notice that using 64 collisions is essen-
tial for realistic reproduction of the scene im-
age. And this is correct for simple scenes as well.
It is obvious that in spaces with indoor illumina-
tion, where walls, ceiling and floor are located op-
posite to each other, the number of reflections
to account for can reach thousands. For compu-
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a)

b) c)

Fig. 1. Visualisation of an simple illumination scene, taking into account different numbers of reflection multiplicity:
a) single reflection; b) eight reflections; c) 64 reflections

ters of from the 1980% and early 1990s this scale
was impossible.

The situation becomes significantly simpler, if
we assume that an illumination scene only consists
of diffusely reflecting surfaces: G(r;f, f’) =o(r).
In this case luminance does not depend on direc-
tion / and unambiguously is connected with lumi-
nosity of the verge by reflected light M (r) =7 L(r),
which allows to transform (2) as follows:

M(r)=M(r)+

+ﬂIM(r')F(r,r')@(r,r’)dzr’, ©)
T z

where M (r) is luminosity in r point, M(r) is ini-
tial luminosity in r point in approach of one re-
flection directly from the light sources. Equa-
tion (3) was derived for the first time in LI calcu-
lation theory and named the equation of radiosity
[8].

Radiosity equations are also solved by re-
placing the integral with a final sum but owing
to absence of luminance angular dependence,
the number of equation decreases by thousands
of times, which made such a solution accessible
for computers of the 19905. In lighting engineer-
ing, the radiosity method in finite differences was
for the first time formulated in work [9], and in-
tegrated equation (3) was derived in [10] and GIE
was for the first time obtained in work [11] by So-
viet thermophysicist G.L. Polyak for radiant heat
exchange in furnaces, however, it did not influ-
ence the development of computer graphics.

Solution of the radiosity equation using the
final element method was named the radiosity
method. In this case, surface finite elements are

connected by finite beams, and not by infinite-
ly thin beams of the tracing method. This signi-
ficantly reduced counting duration. For the first
time radiosity method was implemented in the
Lightscape program, and today the radiosity me-
thod is the cornerstone of key software products
for LI simulation: DIALux [12] and Relux [13].

These programs go beyond calculating illumi-
nation values in some points of the scene but dis-
play the light field over the whole scene volume.
Hence the light field distribution within the scene,
when taking into account multiple reflections, de-
pends not only on the light sources but also on the
objects in the space and their mutual positions.
So in these programs, it is not just the LI project
which is implemented but its real, «live» model,
and the design process is replaced by simulation.

GIE and methods of its solution are at the base
of both computer graphics programs for visualisa-
tion of virtual objects, and of LI simulation pro-
grams. GIE exactly allows computing light fields
over the all illumination scene, and synthetic im-
age creating process itself represents visualisa-
tion of the spatial-and-angular luminance distri-
bution. And one can say that dreams of descriptive
geometry creators Gaspard Monge (1746—1818)
and Julius Pliicker (1801—1868) in order that for-
mulas would expressed beauty of the real world,
were embodied.

2. RADIOSITY ERA

After the implementation of the radiosity me-
thod, it became a standard for all computer graph-
ic programs to create synthetic images of three-di-
mensional spaces. The main attractive feature
of the method is that synthetic images, created us-
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ing solution (3) by the radiosity method, take an
acceptable length of time and correspond to the
object picture quality. Discrepancy of the display
screen luminance interval with the luminance in-
terval in the illumination scene before display-
ing caused an inevitability of luminance scaling,
which results in photorealistic but not visual dis-
plays of the scene as human eyes are complex non-
linear receivers. However, people long ago had got
used to judge objects by their pictures, which al-
lows them seeing a being designed object before
its creation.

In any lighting project, there are always three
interested parties: customer, designer and the pro-
ject author. Each of them describes and estimates
LI quality using his/her own terminology. The
picture (a synthetic image on the screen) creates
a uniform communication platform and a lan-
guage of understanding between them. This fact
was decisive, and LI simulation programs quickly
force out other LI design methods.

The radiosity method became the first method
which allowed accounting for multiple reflections
in the diffuse approach; the reflection diffuse mo-
del became the cornerstone of this method. How-
ever, no less essential is the fact that visualisa-
tion is based on LI calculation by the radiosity
method, which significantly improves the normal
technique. In this way the designer can work with
parametres of light fields in all parts of the space,
rather than just illuminance or luminance values
in separate points. This makes it possible to show
the light field distribution in various configura-
tions: tables, isoluxes, pseudo colours, which
avoids the disadvantages of photorealistic repro-
ductioni.e. the image on the screen is scaled, con-
trasted and changes by colour. This solves the
main problem of LI design: light, unlike any other
design object, is invisible, and only the created LI
will allow seeing all the objects as a whole.

In its turn, an object image in conjunction with
light distribution analysis facilities have made it
possible to design LIs not only based on illumi-
nance or luminance values at determined points
in the space but also to consider illumination qua-
lity: discomfort, light rhythm, accents, etc. LI si-
mulation programs, which enable calculation and
analysis of light field distribution over the space
and create the scene image, have opened wide op-
portunities for LI design. As a matter of fact, we
have witnessed the advent of a new approach to LI

creation and respectively, the emergence a new
profession: light design.

Further development of LI simulation pro-
grams and light design revealed serious problems
in the radiosity method:

* A correct discomfort determination re-
quires an exact calculation of luminance distribu-
tion in glare spots from large surfaces. Within the
radiosity method, calculation of multiple reflec-
tions is carried out in the assumption of a diffuse
reflection from all of the surfaces, and the pre-
sence of glare is specified at the final stage of cal-
culation — visualisation — at reverse ray trac-
ing. This means generating glare is more likely
in a synthetic image, without giving a quantitative
assessment of luminance distribution.

* The radiosity method is almost ineffective
if transparent surfaces are present in the space,
which is becoming more and more common: glass
facades, transparent office partitions, etc.

* With increasing scene complexity, the la-
bour input required for the radiosity method in-
creases significantly faster than for the ray tracing
method, and after a certain threshold, the tracing
method becomes much more effective. It does not
allow simulating complex scenes by the radiosi-
ty method: big polyzonal sites, building storeys,
streets and so on.

3. RAY TRACING

Another method for GIE solution was deve-
loped for computer graphics tasks. Its purpose
was a realistic visualisation of three-dimension-
al scenes. One of the significant methods has be-
come the method of photon cards [14]. This me-
thod is based on consideration of radiation trans-
fer by photon particles moving along light rays
and transferring discrete portions of light energy.
At the initial stage, photons are emitted by a light
source according to its radiation energy distri-
bution. In the simulation process, photons are
traced in the scene and collide with various ele-
ments of the scene. Depending on the properties
of the surface material, photons are subject to va-
rious impacts: diffuse reflection, specular reflec-
tion, refraction or absorption. A specific impact
coming about a photon is selected based on sur-
face material properties and on the Russian Rou-
lette statistical method [14]. Every diffusely reflec-
ted photon is recorded in a list. After some statis-
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tics are accumulated, a photon card is constructed
as having some structure of spatial division, which
allows a quick finding N next photons. At the last
stage, luminance collection takes place.

Having used the known ratio between incident
radiation luminance and flux:

2 7y
Ly =—4201) )
cosOdwdl'dA
equation (1) can be rewritten as follows:
LBy = L, () += jc( oy )dq’—(Af” (5)

Incident flux ®(r,/") can be approximated us-
ing the photon card after collecting N photons
closest to point r:

LS aid 22D

e

L(r,0) = Ly(r,]) +

where AA is area of the hemisphere formed around
point r with radius equal to the distance to the
most distant photon.

As a result, the photon card method allows
simulating GIE itself and obtaining luminance
taking into account multiple diffusive-directed re-
flections. In this case, all other processes of inter-
action with material (specular reflection, refrac-
tion, etc) should be approached by other methods.
The version of luminance collection considered
above leads to noisy results.

In order to eliminate the noise, a final col-
lection is used. Within the final collection me-
thod, a number of rays is emitted from the pre-
set point into the hemispherical space, and
luminance is collected in those places in the he-
misphere where rays were. Based on the obtained
luminance values, luminance for the preset point
is calculated. This makes it possible to reduce
noise level considerably [14] but the scope of the
calculation increases.

In the 2000%, the photon card method was fre-
quently and regularly used in computer graphics,
and later it also found its place in light engineer-
ing. The photon card method became the basis
of the new product DIALux Evo [12]. There were

two main prerequisites for transition to DIALux
from the finite element method: limitations of the
reflection model and limitations of scene size.

In recent years, the idea has arisen in lighting
community that the simulation of indoor and ex-
ternal illumination should not be considered sepa-
rately, and large inner spaces should not be simu-
lated separately. Illumination modelling should
be a uniform inseparable process for the whole
object and should be considered as an integral
whole. However, this prerequisite was limited for
a long time due to the complexity of the radiosi-
ty method when simulating large objects. Com-
putation time grows proportionally to the number
of elements squared. Within the photon card me-
thod, this dependence is less typical, and in some
approaches, it reduces itself to growth of the cal-
culation volume in the process of ray tracing only,
when it is necessary to search through a greater
number of objects. The emergence of DIALux Evo
based on the photon card method should allow
moving to another LI simulation level. However,
in reality, this has not occurred in modern engi-
neering practice.

For today, specially optimised libraries of ray
tracing exist, which take into consideration archi-
tectural features of modern central and graphic
processing units, for example, Intel Embree [15].
These libraries allow designers of modern light-
ing programs to overlook a number of the most
complex optimisation questions and concentrate
on the solution of their own applied problems.

Lately in computer graphics, the Instant Ra-
disoity method has featured prominently for the
first time stated within phenomenological ap-
proach in 1997 in A. Keller’s work [16]. In this
work, Keller considered qualitatively the process
of simulating multiple GIE reflections (1) based
on constancy of the set of secondary sources in the
space and the on calculation of their contribu-
tion to luminance for the studied point. Howev-
er, as it is shown in our work [17], this method
is based on the well-known local assessments pro-
posed for the first time in atomic physics [18]. Lo-
cal assessments have gained their further power-
ful development when solving radiation transfer
equation in atmosphere and ocean optics [19].

GIE can be written down as a space integral
and expanded into Neuman’s series. After some
transformations, the obtained expansion can be
written down as [17]:
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This expression can be interpreted as Mark-
ovian chain. As a result of creating the Marko-
vian chain, one can assess at each chain element
in the equation nucleus determining probabili-
ty of departure from the trajectory to the studied
points r,l. Accumulating the statistics, we direct-
ly obtain luminance in the preset points in the
preset directions [17]. We implemented the pro-
posed method of local assessments within this
work, and the scene visualisation example is gi-
ven in Fig. 2. The scene was carried out by means
of this method.

At present, other GIE simulation methods are
also extensively developed. One can notice two
of them: the path tracing method and Metropo-
lis light transport calculation method [20]. The
methods and their implementation can be divi-
ded into two main classes: shifted and non-shift-
ed. Non-shifted methods are broadly developed
in applied visualisation tasks, in cinema, in com-
puter games and in simulators; i.e. in such tasks,
where exact spatial and angular luminance distri-

bution is not as important but a «photorealistic»
image is.

4. PER ASPERA AD ASTRA

The raid development of GIE simulation me-
thods has found applications in cinema, televi-
sion, architectural design and in many other ap-
plied tasks but not in engineering practice of LI
lighting design. The situation seems to be para-
doxical: in computer graphics tasks luminance
is calculated taking into account multiple reflec-
tions using modern methods, while in light engi-
neering, illuminance is mainly used. At the same
time, this state of affairs is quite logical.

The modern regulatory documents for indoor
illumination, both Russian [21], and European
[22] use illuminance as a normalised character-
istic and illuminance uniformity as its derivative.
It should be noted that a human eye does not re-
act to illuminance but sees luminance. As to lu-
minance, it is normalised for external illumina-
tion only, for example, in the illumination of high-
ways or in architectural illumination [23]. This
can be easily explained: when standard docu-
ments were drawn up, there was no possibility
to simulate luminance taking into account multi-
ple reflections. There were neither simulation me-
thods, nor necessary computing facilities. Devel-
opment of computer facilities and of mathema-
tical simulation methods allowed solving GIE,
however, it was solved with caution to the regula-
tory documents. Why calculate spatial and angu-
lar luminance distribution, if illuminance, an in-

Fig. 2. Visualisation of the standard test three-dimensional Dabrovic Sponza scene using local assessments of the Monte-
Carlo method
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tegral characteristic, is normalised? This brings
us into a vicious circle. DIALux Evo, which based
on a method which allows simulating luminance
but has not found its place in engineering practice,
becomes a confirmation of this fact.

The situation with rationing of quantitative
characteristics is reflected in the quality characte-
ristics as well. In modern engineering practice, the
Unified Glare Rating (UGR) is mainly used [21].

N 72
UGR:SIg{O’%ZL"?’} (8)
La i=l i

where L; is luminance of the glare source, cd/m2,
w; is the angular size of glare source, sr, p; is the in-
dex of the glare source position relative to the sight
line, L, is adaptation luminance, cd/m2. When
simulating with the existing software, only the
light sources themselves will be taken into consi-
deration, whereas glares on the reflecting surfaces
will not be included in the glare rating.

This results in a situation when design is quan-
titatively developed without proper considera-
tion of illuminance as a characteristic perceived
by a person in the space, and quality questions
completely rely on the experience and intui-
tion of the designer. The new GIE simulation me-
thods allow revising regulatory documents and
forming both new quantitative indices normalis-
ing spatial-and-angular luminance distribution,
and new quality characteristics obtained from it.

The evolution of LI lighting simulation, which
began with a technological revolution in the nine-
teenth century, comes to its logical conclusion,
and the next stage of development will become
revolutionary again. A result of this step will be the
transition from LI design relative to a preset illu-
minance distribution to design relative to a preset
illumination quality.

Another important direction for LI simula-
tion program development should be the transi-
tion from photorealistic image synthesis to a real-
istic one based on the use of uniform chromaticity
scale systems. This will make it possible to ob-
tain LI images which are based on the laws of light
and colour similarity, and how they are perceived
by the human eye. This will enable the customer
and the designer to compare various illumina-
tion options and to select the best by their visual
perception. This is a separate big subject, which

is beyond the scope of this review of modern LI si-
mulation methods using a computer.
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ABSTRACT

Using the photometric approach, an appro-
ximate expression for angular distribution of irra-
diance from an irregular anisotropic surface with
local reflection indicatrix is obtained. The indic-
atrix has both diffuse (wide in the angular sense),
and quasispecular components when radiating the
surface by means of a radiation beam from an ar-
bitrary direction. It is shown that the angular dis-
tribution of irradiance is significantly influenced
by the characteristics of surface roughness in-
clinations, incidence angle, and direction of the
radiation beam, as well as parameters of diffuse
and quasispecular components of the local reflec-
tion indicatrix.

Keywords: radiation beam, irradiance, angu-
lar distribution, irregular anisotropic surface, lo-
cal reflection indicatrix, diffuse and quasispecular
indicatrix components

INTRODUCTION

Calculation of the angular distribution of ener-
gy photometric parameters of radiation reflected
by surfaces is of interest for the creation of cer-
tain devices and systems: vision (laser and night
vision), illumination and radiation, optical loca-
tion, optical monitoring, etc. [1—5].

In the optical spectral range, most cases ad-
dressing this problem use irregular surface models
either with specular or with Lambert reflection in-
dicatrices of local sites [3—6].

A more general irregular surface model has
a complex reflection indicatrix of local sites. It has
both wide angular and specular or quasispecular
components [7—10]. However, in previos works
using this model of reflection indicatrix of local
sites to calculate angular distribution of energy
photometric parameters, the surface was conside-
red isotropic.

In this article, using the photometric approach
(based on use of radiometric values radiance and
irradiance) for calculations, an approximate ex-
pression is deduced for irradiance angular distri-
bution from an irregular and generally anisotropic
surface with a complex local reflection indicatrix
having both diffuse (wide angular), and quasi-
specular components when radiating the surface
with a radiation beam from an arbitrary direction.

FORMULATION OF THE PROBLEM

Let there be a three-dimensional random-ir-
regular surface S, which is irradiated with a ra-
diation beam from an arbitrary direction. An ap-
proximate expression for irradiance E(r)created
by radiation reflected by the surface can be ob-
tained using the general expression [4] registered
according to a two positions layout (when the ra-
diation source and receiver are separated in space)
with a receiver of unit area and of 2 vision field
solid angle:

E(F)= I dR I AL, (R )Ly (Roi)cosd, (1)
S 2n
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where L,ef(ﬁ,rﬁ) is radiance (R) of rgﬂected ra-
diation from the surface in point R in direc-
tion m coming to the observation point 7;d | ()
is an element of the solid angle; @ is the angle be-
tween normal to S surface in point R and direc-
tion to the observation point 7; L,(ﬁ,r?z) is the va-
lue of sr!. If multiplied by 1 W-m 2, the obtained
value will have meaning of R created on the sur-
face element S by radiation incident from a «ficti-
tious» source [4, 5] with parameters of the receiver
registering an irradiance in the observation point
of a unit area, of 1 W radiation flux and of 2t vi-
sion field solid angle.

An expression similar to (1) was also obtained
when considering optical location of solid bod-
ies [11].

Within the photometric approach R, Lref(ﬁ,fﬁ)
in the case of a uniform reflecting surface can be
presented as [4]

Ly (R, 1) = (i, i) L, (R, ), )

where y(n,m) is local reflection indicatrix, i.e., in-
dicatrix relating to an elementary site of irregular
surface, which is much greater than the radia-
tion wavelength but much smaller than the surface
roughness dimensions; #,m are vectors character-
ising direction of the incident and of the reflec-
ted radiation;Lo(I_i,rﬁ) is R of the reflected radia-
tion for an ideal reflector (Lambert surface with
albedo equal to one).
R distribution Lo(ﬁ,fﬁ) appears as follows [4]:

L,(Rm)=L,(R)=

E(R) 3)
7[ b

where Es(ﬁ)is irradiance of a surface elementary
site created by radiation ray (RR) incident on the
surface.

Local reflection indicatrix characterises dif-
fusing properties of local sites of large-scale sur-
face S.

If besides Lambert component (with which R
is distributed uniformly within the hemisphere
based on a local surface site), local indicatrix
of the real surface has a significant specular com-
ponent, then as indicatrix models y(#,m), the fol-
lowing expression can be used (see, e.g., [8]):

T .

5(ﬁ1_mspec)]’ (4)

1) =—fa+ B
o+p 080,

where A is albedo of an elementary reflecting
site; a and 3 is a portion of Lambert and specu-
lar reflection for the elementary reflecting site,
a+ B =1; m,is vector of specular reflection de-
pendent on the vector of incident radiation di-
rection # and on normal vectorK to the reflect-
ing site; g, =#n 2k (ki) ; Ospec is angle between
the normal to the reflecting site k and vector m,,,,..
As to the reflection indicatrix of a more gene-
ral type than (4), both the diffuse (wide angular),
and quasispecular component can have parame-
ters changing their angular width (the similar in-

dicatrix was used in [9]):

1

(i, i) = A [au(krn)" +
a +p
n+2 (5)
1 (’ﬁ_’ﬁspec )2
+ exp{— ,
P cosO_ A? ot A? 2

spec

where n is the parameter characterising the angu-
lar width of the reflection indicatrix diffuse com-
ponent, n > 0; A4 is the parameter characterising
the angular width of the reflection quasispecular
component.

The first summand in (5) describes diffuse
(wide angular) component of the local indica-
trix, and the second describes quasispecular (nar-
row angular) component of the local indicatrix,
which at the limit (4 - 0) changes into specular
component.

Indicatrices (4) and (5) are normalized by the

22
following condition: — J‘ _[
T30

At n =0 and B = 0, expression (5) changes
into expression for reflection indicatrix of the
Lambert surface: y(n,m)=A. At @ = 0 in formu-
lIa (5), reflection quasispecular component only
remains, which changes into specular at 4 - 0.

At S = 0 and at an arbitrary n, formula (4)
changes into expression [12]:

x(n,n)cosOdQ(m) = A.

(7, in) = An—;zcos” 0, (6)
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where @ is the angle between normal to an ele-
mentary site of the irregular surface and observa-
tion direction.

Fig. 1 [12] shows the nature of the cos"0 func-
tion change. The function determines angular de-
pendence of reflection indicatrix (6) for different »
parameter values (the correspondent values of pa-
rameter #n are noted by each curve). It can be seen
from Fig.1 that within the used model, local re-
flection indicatrix can change from a wide Lam-
bert’s (for which y(#,m)= A) to very narrow.

In the article, an approximate formula for an-
gular distribution of illuminance from an irregular
anisotropic surface is obtained based on the inte-
gral expression (1) using expressions (2) and (3)
for reflection indicatrix of local sites (5).

FORMULA FOR THE ANGULAR
DISTRIBUTION OF ILLUMINANCE
FROM AN IRREGULAR SURFACE

Using expressions (2), (3) and (5) (as in [4]),
from (1) we obtain an approximate expression for
irradiance E(r) created by radiation reflected from
an occasionally irregular surface, with a local in-
dicatrix (5). In doing so, we consider that angu-
lar RR width and angular width of quasispecu-
lar component of the local indicatrix is much less
than the mean square value of surfaceSinclines
and that radiation source and observation point
are on the same plane (X0Z2):

LA 1 1
E(r);—z—z—z
’

la J' dRE, (R, (K (R, )m)"+
T
(a——+p)
n+2

S,

0 7
(’;l - r?lspec )2 ( )
P exp{_ A2 }}s

L i
+ﬁdeE (R)
H si7oe cosf . A

spec

where R, ={[R,ctg0, ~C(R,)Isin0,,R,,}; S, is the
projection of irregular surface .S on plane Z = 0;

ﬁo ={R,, R} is the vector on surface S,);

0X >
ES(R):(ﬁé)Ef(ﬁ); Ef(l_é) is the irradiance distri-
bution in the cross-section of a radiation beam
in Gaussian approach [4]

0,5 0 05

Fig. 1. Nature of the changing cos"d function

P, and ¢y is the source radiation flux and an-
gular width of the radiation beam; z;and z, are in-
clined distances from the radiation source (along
optical axis of the radiation beam from the obser-
vation point to the surface optical spot centre);
¢ (ﬁo) is S surface height in point 130 k= {kyoky .k}
is the unit vector of the normal to a local site of ir-
regular surface S; 6, is the angle between the
normal to S, surface and direction to the radia-
tion source.

When calculating (7), it was considered that in-
clined distances from the radiation source (along
the radiation beam optical axis) and from the ob-
servation point to the centre of the illuminated
spot on the surface are much more than roughness
height of surface S.

Observation point position 7 in (7) is charac-
terised by the distance to z, surface and by vec-
tor m.

As a model of irregular surface we will use the
model of three-dimensional uniform anisotropic
randomly irregular surface. Such a surface can be
expressed as a function, where z is surface height
in point R. Let stochastic function ¢ (R) be un-
ambiguous and quite smooth, and let it be cha-
racterised by probability density W(Z). Similarly,
the surface incline field y ={y,,y,}is characterised

a

by probability density W (yx, yy). (7, = and
X
¥ -Z s Vx -% and Y - % values determine
Y oy ox Y oy

tangents of slope angles of surface z=¢ (R) to the
plane Z = 0).

Surface height and inclination distribution laws
will be considered normal. Normal laws of height
and incline distribution reflect the rather obvious
fact that for most surfaces the probability of large
deviations from the mean (of heights or inclina-
tions) is always very low.
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Let’s consider the surface to be plain on avera-
ge. Then the only statistical characteristics of an
randomly irregular surface are surface dispersions
of heights <§ 2>and of inclinations <y§’y21. Here
angular brackets mean averaging over the total
surface.

Averaging E values over heights and inclines
of a randomly irregular surface .§ (considering it
smoothly irregular), we will obtain the following
approximate formula for average irradiance E. We
also consider that mean square values of the sur-
face heights are much less then RR dimensions
on the surface:

= Aa; 1
E(r)=——
7;2,C cosb; +B
n+2

[aF(0,.,0,)+

., ®)

Bq*
T

+8q§(<y§><7y>)l/2

exp(—

where g, = (sin 6, — sin 6,); g, = — (cos O, — cos
0,); r ={z,,0,}; 0,is the angle between normal to S,
surface and direction to the observation point; for
an isotropic surface with diffuse component of lo-
cal indicatrix [(n + 2)/2] - cos"0 type and inclina-
tion dispersion <y£'y> =y?

F(6,,0,)=

Fy(6,,6,,n) =

)7!1/4 )71/4 X

=cos” 9,(27/02 exp(%)[cos 0, cos6, (2;/02

o

XWnH nl( (9)

4470

XWn+3 n3( )]

447/0

)+ st sinf (n+1)(2y, )1/4 X

and for anisotropic surface with a diffuse com-
ponent of local indicatrix coinciding with Lam-

anp(*) ©

F@©,.,0.)=F,(0,.,0)=

W)

bert’s, and inclination dispersions <y§>,<y§>) (see
eqn. 10), where
1

I(k) is gamma function; W, ,,(x) is Whittak-
er’s function.

In a limiting case of the plain Lambert sur-
face (n=0,5=0, <y§)y — 0) expression (8) coin-
cides with the similar earlier result [5]. The limit-
ing case does not describe a plain smooth surface
(8), because provided that angular width of ra-
diation beam is much less than mean square va-
lue of surface inclinations. In a special case of ac-
cidentally irregular locally Lambert surface (n =
0, = 0) formula (8) coincides with the results
in [13].

For an irregular, accidentally isotropic surface,
formula (8) is consistent with the correspondent
results of work [9], and for a local indicatrix hav-
ing Lambert and specular components [14].

As formula (8) is obtained provided that mean
square value of surface heights <§ 2> is much less
than the radiation beam’s dimensions on the sur-
face, and angular width of quasispecular com-
ponent is much less than the mean square value
of surface inclinations, then (¢?) and A2 values
were not included in the approximate formula (8).

Averaging in formula (8) is generally performed
according to the implementation ensemble of ran-
dom surfaces.

However. if not only mean square values of sur-
face heights but also dimensions of surface rough-
nesses are much less than the radiation beam di-
mensions on the surface, then a real experiment
averaging is carried out due to the large size of the
S surface optical spot.

a=4( )5 u=0,5a8; 5=0,5 );

/,U 2k (.- . 4
1/22 ) {sinf_sinf.a " x

XM 3( )—sinf, sinb.a 71/4@“ 5( )+ (10
L(k+1) 2w I'(k+2) 2 -"-*"*
+200$9scos€)ra‘”4M | 1( )}
I'(k+1) kg a
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4. CALCULATIONS RESULTS
AND THEIR DISCUSSION

The main difficulty of angular distribution cal-
culations of irradiance from irregular surface with
complex reflection indicatrix according to the ap-
proximate formula (8) is that (9) and (10) con-
tain special functions (Whittaker’s functions
Lv;,m(W)-

When calculating, it was taken into consi-
deratiQn that § surface is smoothly irregular
(<7/§’y> <<1), and Whittaker’s functions are ap-
proximated by expressions based on asymptotic
series for Whittaker’s functions [15] (only three
terms of series the were considered).

It leads to a rather simple and tight exprq;zsions
for a smoothly irregular surface with <;/iy> <<1
. For example, for an isotropic surface with
a diffuse component of local indicatrix of [(n +
2)/2]-cos"® type and with an inclination disper-
sion of yi’y> =yZ2, approximate expression for Fj
(s, 6,, n) has the following appearance:

F£(6,,6,,m) =

2
~ c0s0, cos™ 6, {1—%’[(%3)2 —(n-1]+

4
Yo 2 _(h_1)? 2 _(n-1)7
+ﬁ[(n+3) (n=D[(n+7)" =(n=1)"1}+

+sin6, sin6, cos" 6, (n+1)

2
ﬁ{l—%[(msf—(n—sf}].

Fig. 2 illustrates angular distribution of illu-
minance from an irregular surface with a local re-

flection indicatrix y(n,m) = An—;rzcos” 0 (i.e. with-

out a quasispecular component). Fig. 2 presents
calculation results of Mvalue dependence on the
observation angle 6,: the relation of irradiance E
from the surface with local reflection indicatrix
x (n,m)=[(n + 2)/2]- cos"® to irradiance from the
surface with local-Lambert reflection indicatrix:

n+2 F.(0,,0,,n)

M= .
2 F,(06,,0,,n=0)

The calculations were carried out with the fol-
lowing parameter values:

0, grade

Fig. 2. Angular distribution of irradiance from an irregular
surface with local reflection indicatrix y(#,m)= A-[(n +
2)/2]-cos"@

05 = 40°; <V§>l/2 = <72>1/2 =0.1;

y

1-n=1;2-n=2;3-n=3;4—n=4.

It can be seen from Fig. 2 that parameter »
characterising the angular width of the diffuse in-
dicatrix component significantly influences angu-
lar irradiance distribution. And at angles 6, < 40°,
irradiance E grows with n and can be much great-
er than the irradiance from the surface with lo-
cal-Lambert reflection indicatrix, and at 8,> 40°,
with n growth, E decreases. This situation is illus-
trated by Fig. 3, in which M calculation depen-
dence on n at three different 6, values is shown.
The calculations were carried out at the following
parameter values:

1/2 1/2
05=40% (y2) " =(y2) " =0.1;
1-6,=0°%2-6,=40°%3-06,=80°
As formula (8) is obtained for smooth-

1/2
ly irregular surface (<y§’y>/ <<1), distribu-

M

Fig. 3. M value dependence on n parameter
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6, grade

Fig. 4. Irradiance angular distribu-
tion at different mean square values
of surface inclinations

tion of irradiance from an irregular surface with lo-
cal reflection indicatrix y(n,m)=A- [(n + 2)/2]
-cos"® (without a quasispecular component)
slightly depends on the mean square values of sur-

- 5 \12
face inclines <7/X’y> .

The situation changes, when the indicatrix has
a quasispecular component.

Figs. 4—6 show the influence of a quasispec-
ular local reflection indicatrix component of ele-
mentary reflecting surface sites on angular irradi-
ance distribution E. Here results of N value cal-
culation dependence on 6,angle are given: the
relation of irradiance E from an anisotropic sur-
face with local indicatrix having a quasispecular
component and a diffuse component coinciding
with Lambert’s, to the irradiance from an isotrop-
ic surface with locally Lambert’s reflection indic-
atrix only:

4 2
R T %

F;s(es’er’n =0)

laF,,(6;,6,)+

Fig. 4 shows irradiance angular distribu-
tion with three different mean square values
of surface inclinations. The calculations are car-
ried out at the following parameter values: 6, =

2 1/2
30% a=0.97; 8=0.03, 1 — <y > =0.05;

X,y

2-(r2 )V =03y ) =015,

0, grade

Fig. 5. Influence of 6 surface radi-
ation angle on irradiance angular
distribution

0, grade

Fig. 6. Influence of radiation direc-
tion on angular distribution irradi-
ance from an anisotropic sur

It can be seen that along the direction close
to the specular reflection angle (6, = — 6,), a peak
appears, the height and width of which is strong-
ly dependent on the irregular surface inclina-
tion mean square value (and certainly on the por-
tion of the specular component local surface re-
flection indicatrix).

Figs. 5 and 6 illustrate the dependence of an-
gular irradiance distribution on angle 0s (Fig. 5)
and on radiation direction (Fig. 6). Regarding
Fig. 5, the calculations were carried out with the
following parameter values: @ = 0.95; 5 = 0.05;

2 172
1-0,=30%2—0,=45%3—60,=60% (y]) =
S\ 12 o
= 0.15; <yy> = 0.1. And surface radiation was

made within one plane: XOZ. As to Fig. 6, sur-
face radiation was simulated in three planes: 1 —
within XOZ plane; 2 — within a plane forming
45° with XOZ and YOZ planes; 3 — within YOZ

2 1/2
plane; 6,=60°% a =0.95, B =0.05; <7/X> =0.1;

(r2)" =02.

From Fig. 5 and 6 can also be seen that the na-
ture of irradiance angular distribution depends
on angle 6, and on the radiation direction in a com-
plex fashion.

And with 6, growth, irradiance can increase
(as the reflection peak of the quasispecular com-
ponent with 6, increase has not yet been reached).

CONCLUSION

Using the photometric approach, an approxi-
mate expression for angular distribution of irradi-
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ance from an irregular anisotropic surface is ob-
tained with local reflection indicatrix when ra-
diating a surface with a beam from an arbitrary
direction. The indicatrix has both diffuse and qua-
si specular components. It is shown that the irra-
diance angular distribution depends in a complex
fashion on the surface roughness inclination cha-
racteristics, on the radiation angle and direction,
on parameters of local reflection indicatrix diffuse
and quasispecular components.
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ABSTRACT

Spectral reflectance plays an important role
in colour representation of the object. There
are a lot of methods to reconstruct spectral re-
flectance. Two spectral reflectance reconstruc-
tion methods based on agile spectrum imag-
ing and liquid crystal modulation are compared
in this paper. CIE1931 colour difference, Root
Mean Square Error and Spectral Goodness of Fit
Coefficient are adopted as three evaluating indica-
tors to compare the two methods. From the results
of the comparison, the method based on agile
spectrum imaging is better than the method based
on liquid crystal modulation in the aspects of the
max, average and standard deviation of the colour
difference and Root Mean Square Error. What’s
more, the average Spectral Goodness of Fit Coef-
ficient of the method based on agile spectrum im-
aging is 0.9967, which is 1.4 % larger than the me-
thod based on liquid crystal modulation and reach
the standard of spectral reconstruction. The com-
parison of these two methods contributes to the
further study on reconstructing spectral reflec-
tance and acquiring multispectral images by sin-
gle bucket.

Key words: spectral reflectance reconstruction,
agile spectrum imaging system, sine modulation,
liquid crystal modulation

INTRODUCTION

The colour of an object is mainly determined
by 3 factors: light source, spectral reflectance [1]
and observer. Objects with different spectral re-
flectance can express the same colour, which
is called the phenomenon of metamerism. Im-
ages with the same colour and different spectrum
may have colour difference in different environ-
ments. Spectral reflectance plays an important
role in accurately describing the colour infor-
mation of objects. And spectral reflectance re-
construction of objects can avoid the phenome-
non of metamerism and accurately reappear the
colour. Nowadays, there are a lot of spectral re-
flectance reconstruction methods. Filter [2—3]
and camera are used to acquire the image signal
which can reconstruct the spectral reflectance, but
its system is complex and the cost is high; the dif-
ferent spectral bands of modulated LED [4] light
source is used to irradiate the colour block, which
can reconstruct the spectral reflectance. But mo-
dulating the light source and acquiring different
spectral band light source are difficult. As a re-
sult, many researchers have done a lot of research-
es on different methods to acquire spectral reflec-
tance in recent years. Yitzhak August and Adrian
Stern [5] studied on the method of reconstruct-
ing the spectral reflectance of compressed sens-
ing based on liquid crystal modulation. By com-
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bining with the liquid crystal modulation device,
single pixel detector and compressed sensing al-
gorithm, they achieved a high accuracy of spectral
reflectance reconstruction. Leihong Zhang et al.
[6] studied the method based on modulation light
source and single pixel detector technology, using
sparse prior properties to reconstruct the spec-
tral reflectance, which simplified the measuring
device and reduce the cost. Liheng Bian et al [7]
studied the method using the agile spectrum im-
aging system for multi spectral imaging and using
the correlation imaging algorithm to reconstruct
its spectral reflectance, which realized the spec-
tral reflectance reconstruction of large size image.

Different spectral reflectance obtaining me-
thods have different advantages and disadvantages.
Therefore, choosing a method that can accurately
reconstruct the spectral reflectance is necessary.
But for a variety of reconstruction methods, no
scholars have made a comparative study of this.
Obtaining multi spectral images and reconstruct
the spectral reflectance based on single bucket de-
tector can reduce the demand of the high reso-
lution and high sensitivity array detector, which
can also reduce the cost of system and increase
the signal to noise ratio of the system, and have
great application prospects. As a result, the mul-
tispectral images of the two methods based on ag-
ile spectrum imaging and liquid crystal are all ac-
quired by sing bucket detector. The methods of re-
constructing spectral reflectance are compared
in three aspects: colour difference, Root Mean
Square Error and Spectral Goodness of Fit Co-
efficient. By comparison, the accuracy and relia-
bility of the two methods in reconstructing spec-
tral reflectance were analyzed, which contributes

Colour Block

to the study on acquiring multispectral images
by single bucket in the future.

1. The spectral reflectance reconstruction
method based on agile spectrum imaging

The agile spectrum imaging system is used
to modulate the input light source. After that, the
modulated light source is used to illuminate the
colour block, and the spectral reflectance of an
object can be reconstructed by the echo signal
acquired by a single bucket detector. Fig. 1 [7]
is a simple diagram of experimental device for ag-
ile spectrum imaging system. The light source
passes through the grating and gradient type mo-
dulation film, and then irradiates the colour block.
The single bucket detector is used to receive the
reflected spectral signal. The agile spectrum im-
aging system consists of light splitting gratings
and gradient type modulation rotary wheel. First
of all, the light emitted by the light source passes
through the grating to separate the spectrum at
different wavelengths. After converged by lens, it
forms a «rainbow plane» in the gradient type mo-
dulation film. In short, the spectrum that is near
the wave is gathered together. Next, the gradient
type modulation rotary wheel is used to modulate
the spectrum at different wavelengths. The centre
to edge of the gradient type modulation film mo-
dulate spectrum in different wavelength. In the
process of rotation, the transmittance of the spec-
trum modulated by the modulation rotary wheel
is sinusoidal with time, which can produce the
sine modulation matrix with time as the hori-
zontal coordinate and transmission as the ver-
tical coordinate. After irradiating the modulat-

lllumination

Grating

Fig. 1. The follow chart
Lens of the method based on agile
spectrum imaging

Single bucket detector
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ed light source spectrum to colour block, the re- i
flected spectral signal is acquired by single bucket R=pinv(S]Ll . )-D] . 3)

detector.

The modulation matrix is obtained by grat-
ing and gradient type modulation rotary wheel,
which separates the spectrum at different wave-
lengths and modulate the light source. And the
method of calculating the modulation matrix
is shown in formula 1. In formula 1, 7, , repre-
sents sine curve of each modulation, and each
sine curve is a single wavelength curve. 7' is cy-
cle and ¢ is time. n represents the n™ sinusoidal
function with modulation frequency. In this pa-
per, n=1,2,3,...,31, mis the sampling frequen-
cy of time dimension. The modulation matrix
is shown in formula 2. In this formula, each row’s
time is invariant but the wavelength changes, and
each column’s wavelength is invariant but the time
changes. The matrix /, , is comparable with the
transpose of matrix /. o

2 2rn
I, = Zsin[—t} (1)
n=1 T
At It Ay
P R 7 N
Ij'ltm ]Z“th ]A'ntm

The pseudo inverse method is used to recon-
struct the spectral reflectance, and the calcula-
tion method is shown in formula 3. In formula 3,
R is the reconstructed spectral reflectance, D,rep-
resents the response signal detected by the single
bucket detector, S, is the spectral power distribu-
tion of the light source, L, , is the sine modula-
tion matrix computed above and pinvrepresents
calculating the pseudo inverse of the matrix.

lllumination

2. The spectral reflectance reconstruction
method based on liquid crystal modulation

The experimental equipment of the spectral
reflectance reconstruction method based on li-
quid crystal modulation mainly consists of liquid
crystal phase retarder and single bucket detec-
tor. In the device, the function of the liquid crys-
tal device is to modulate the input spectral signal.
Besides, the spectral detector is used to obtain the
spectral signal of the output.

Fig. 2 is the schematic diagram of spectral re-
flectance reconstruction system based on lig-
uid crystal modulation. In this system, the input
spectral signal (spectral signal of the light source)
is used to irradiate the colour block after modu-
lated by the liquid crystal phase retarder, and the
reflected spectral signal is obtained by the sin-
gle bucket detector. In liquid crystal phase re-
tarder, there exist the transparent cells filled with
a solution of LC molecules, which functions just
like a variable wave plate. The alignment layer
in the absence of an applied voltage determines
the orientation of the liquid crystal molecules.
Voltage that being applied between the electrodes
induces birefringence, and the optical retarda-
tion is proportional to the induced birefringence
[5]. In short, changing the voltage applied to the
orientation layer can modulate the input spectral
signal. And different amplitude and frequency va-
riation can produce different effects on the final
modulation.

An is used to represent the changing of the ap-
plied voltage of the alignment layer, which can
be calculated by formula 4, where n, represents
the ordinary refraction coefficient, and #, is the

Fig. 2. The follow chart
of the method based on

liquid crystal modulation
Colour Block
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Reflectance

a)

extraordinary refraction coefficient. Suppose d
is the gap of the given cell, the phase difference
in the A wavelength can be computed by formu-
la 5. In formula 5, 2 is the wavelength and n,
is the correspondingly phase difference.

An; =n; —ny, 4)

ni=(2-7r-Ani-a’)//l. (5)

In the method of spectral reflectance recon-
struction based on agile spectrum imaging sys-
tem, the modulation matrix is modulated by sine
decomposition. But in the method based on liquid
crystal modulation, the modulation matrix is pro-
portional to the square of the sine function. For-
mula 6 express the relationship between the mo-
dulation matrix £ and the phase difference 7, .

P(2)ecsin®(n,(2)/2). (6)

As a result, the modulation matrix £ can be
expressed in formula 7. P. is a M x N matrix,
where M is the modulation frequency and N is
the sampling times (see eqn. 7).

The equation for reconstructing spectral re-

flectance is shown in formula 8.

sin{%n, (11)]
st (3,(4,)|

sinz(%nM (4 ))

sin? Gm (o ))

sin’ G"M (AN)]

Fig. 3. The RC24 colour
charts (a) and their spectral
reflectance (b)

Wavelength, nm

b)
R=pinv(S,M)-D,, (8)

where S, is spectral power distribution of light
source, M represents the modulation matrix, D,
is the value obtained by a single bucket detector,
and pinv represents calculating the pseudo inverse
of the matrix.

3. Simulation experiment

The two spectral reflectance reconstruc-
tion methods mentioned above is simulated in the
simulation experiment. And the experimental ob-
ject that we adopted is the GretagMacbech com-
pany 24 colour charts of Colour Checker RC
(hereinafter referred to as RC24). Colour charts
RC24 contains the common colour of the natural
world, which are almost the most commonly used
samples in optical experiments. Fig. 3(a) is the
RC24 colour charts and Fig. 3(b) is the spectral
reflectance of them.

The same light sources modulated by different
methods can produce different effect. In the final
analysis, the difference between the two modu-
lation methods is the modulation matrix. In the
method based on agile spectrum imaging, the
matrix is accord with sine function. But in the
method based on liquid crystal modulation, the
modulation matrix is proportional to the square
of the sine function. Besides, the generated wave-

(7
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Transmissivity

Wavelength, nm

a)

Transmission coefficient

Wavelength, nm

b)

Fig. 4. The modulation matrixes of the two methods

form of these two matrix modulation methods
is not the same. Fig. 4 shows the different wave-
forms generated using different modulation ma-
trices. The horizontal coordinates in Fig. 4 (a)
and 4 (b) all express wavelength, which is limit-
ed in 400~700nm, the vertical coordinate rep-

Wavelength, nm

a)

Wavelength, nm

c)

resents spectral transmission coefficient. In this
experiment, the 400~700nm of the visible light
is adopted as the experiment object, which inter-
val is 10nm.

Figs. 4(a) and 4(b) show the single wavelength
modulation function of the spectral reflectance

Wavelength, nm

b)

Wavelength, nm

d

Fig. 5. Examples of the reconstruction of spectral curves of RC24 colour charts:
(a) fourth colour chart; (b) the eighth colour chart; (c) the tenth colour chart; (d) the fourteenth colour chart
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reconstruction method based on agile spectrum
imaging (a) and liquid crystal modulation (b)
respectively. It can be seen that the cycles of 3
sine modulation curves in Fig. 4(a) are different.
But in Fig. 4(b), the cycles of the 3 single wave-
length modulation curves are almost identical,
and the cycle has increased trend with the increase
of wavelength.

Fig.5 shows some spectral reconstruction re-
sults of RC24 colour charts, which are modulated
by those two methods. Figs. 5(a), 5(b), 5(c) and
5(d) represent the spectral reflectance reconstruc-
tion effect graphs of the fourth, eighth, tenth and
fourteenth colour charts of RC24 colour charts
respectively. And in Fig.5, the black curve is the
original spectral reflectance, the blue one is the
spectral reflectance, which is modulated by ag-
ile spectrum imaging. Similarly, the last red one
is the spectral reflectance, which is reconstructed
by the method based on liquid crystal modulation.
The horizontal coordinate of Fig. 5 is wavelength
which is limited in 400~700nm, and the vertical
coordinate represents the reflectance.

From all the pictures in Fig. 5, it can be seen
that the reconstruction effect of the method based
on agile spectrum imaging is much better than
the method based on liquid crystal modulation.
Especially in the wavelength of 450~700nm, the
reconstructed spectral reflectance curves of the
method based on agile spectrum imaging are al-
most coincident with the original spectral re-
flectance. On the comparison, the reconstruc-
tion effect of the method based on liquid crystal
modulation is a little worse, which has the larg-
er fluctuation amplitude with the original spec-
tral reflectance. But for 450~700nm, the recon-
struction effect is not good enough. Error is main-
ly concentrated in this range of wavelength even
for the method based on agile spectrum imag-
ing, which has excellent spectral reflectance re-
construction effect in range of wavelength
450~700nm.

As for the evaluating indicators, in this study,
colour difference, Root Mean Square Error and
the Spectral Goodness of Fit Coefficient are adop-
ted to compare the spectral reconstruction me-
thods mentioned above. And the colour difference
is evaluated from the chroma aspects. Moreover,
Root Mean Square Error and the Spectral Good-
ness of Fit Coefficient are evaluated from the view
of spectrum.

3.1. Comparison of colour difference

As the most commonly used spectral reflec-
tance reconstruction method, colour difference
[8—11] is well-known, and it is also used as an in-
dex to evaluate the above two methods. In this
paper, the CIE1976 colour difference formu-
la is used to calculate the colour difference. In for-
mula 9, AE,, represents the colour difference and
AL represents the luminance difference. As for a,
the positive direction of a represents red, the neg-
ative direction of a represents green. At the same
time, the positive direction of b represents yellow,
and the negative represents blue.

AE,, = (ALY +(aa)’ +(ab) ©)

The analysis results of colour difference are
shown in Table 1. The reconstructed spectral re-
flectance R and the original spectral reflectance
R are compared under D50, D65 [12] and stan-
dard A light source. Some conclusions can be
contained from the results of Table 1:

— Whether it is under D50, D65 light source
or standard A light source, the average, maximum
and the standard deviation of colour difference
of the reconstruction method based on agile spec-
trum imaging are all the smallest.

— Colour difference of original spectral re-
flectance and the reconstructed spectral reflec-
tance based on liquid crystal modulation method
is slightly larger than that of the agile spectrum
imaging method.

— The average colour differences of the two
reconstruction methods are all less than 3, which
is acceptable.

Under D50 light source, the average colour dif-
ferences of RC24 colour charts computed by the
above two spectral reconstruction methods are
shown in Fig. 6. In Fig. 6, the histogram repre-
sents colour difference of the spectral reflectance
reconstruction method based on agile spectrum
imaging, which is limited in 0—0.9, and its value
is far less than 3. The grey line graph represent
colour difference generated by the method based
on liquid crystal modulation. Although the ma-
ximum colour difference is 10, but the minimum
colour difference is less than 1, and we can see that
the average value is about 2.9 from Tablel.
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Table 1. Colour difference under different light sources
AE, AE, AE,
Methods .» Under D50 » Under D65 .» Under SA
Max Mean Std. Max Mean Std. Max Mean Std.
Sine 0.7953 0.5326 0.1810 0.8733 0.5991 0.2032 0.6551 0.4236 0.1299
Liquid
Crystal 10.3731 2.9113 2.3140 14.0966 2.9062 | 2.8605 6.7783 2.8601 1.9055
0,9 12
0,8
07 10
0,6 8
0,5 6 Fig.6. Mean colour
0,4 difference of the two
0,3 4 methods
0,2
0,1 I 2
0 0
mmm Sine =@ Liquid Crystal

3.2. Comparison of Root Mean Square Error

Root Mean Square Error [13—16] is used to do
a quantitative analysis of the effect of modula-
tion and reconstruction. The reconstructed spec-
tral reflectance is closer to the original spectral re-
flectance if the Root Mean Square Error is near
to 0. And the calculation formula is shown in for-
mula 10. In formula 10, R represents the origi-
nal spectral reflectance of RC24 colour charts,
and R is the spectral reflectance reconstructed
by different methods. N is the dimension of spec-
tral reflectance and in this simulation experiment
N =31.

The average, maximum and standard devia-
tion value of Root Mean Square Error calculat-
ed by formula 10 of the two different modula-
tion methods are listed in Table 2. In Table 2, sine
represents the spectral reflectance reconstruc-
tion method based on agile spectrum imaging and
liquid crystal represents the method based on lig-
uid crystal modulation. It can be seen in Table 2,
whether it is the average, maximum or standard
deviation value of Root Mean Square Error, the
values for method based on liquid crystal modu-
lation is larger than for the method based on ag-
ile spectrum imaging for all parameters. That in-
dicates the reconstruction effect of this method
is worse.

Root Mean Square Error of RC24 colour
charts reconstructed by the two methods men-
tioned above are shown in Fig. 7, which varies
from 0 to 0.09. In Fig. 7, the bar graph represents
the method base on liquid crystal modulation,

Table 2. RMSE comparison of two methods

RMSE
Methods
Mean Max. Std.
Sine 0.0142 0.0190 0.0032
Liquid Crystal 0.0269 0.0782 0.0190
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0,09
0,08
0,07
0,06
0,05
0,04
0,03
0,02
0,01

Liquid Crystal

HYTIY YNNG

=@==Sine

Fig.7. Mean RMSE of the
two methods

and the grey polyline is the method based on agile
spectrum imaging. Even though for some colour
charts such as the third, fifth, eighteenth to twen-
ty-second, the Root Mean Square Error of the
method based on agile spectrum imaging are larg-
er than the method based on liquid crystal modu-
lation. But overall, the Root Mean Square Error
of RC24 colour charts produced by the method
based on agile spectrum imaging are uniform,
which range is 0.01 to 0.02 and smaller than the
method based on liquid crystal modulation.

It can be concluded form Table 2 and Fig. 7
that the spectral reflectance reconstruction me-
thod based on agile spectrum imaging is better
than the method based on liquid crystal modula-
tion from the aspect of Root Mean Square Error.

The causes of different Root Mean Square Er-
ror of the two methods are analyzed from the as-
pect of different modulation matrix. Through the
calculation of software, the modulation matrix
of the method based on agile spectrum imaging
is full rank, but the method based on liquid crys-
tal is not. And the pictures of the two modula-
tion matrixes are shown in Fig. 8. Fig. 8 (a) and

Time, s
Sampling times

Wavelength, nm

a)

8 (b) represent the modulation matrixes of the
method based on agile spectrum imaging and the
method based on liquid crystal modulation re-
spectively. The horizontal coordinates express the
wavelength which range is 400~700nm. And ver-
tical coordinate in Fig. 8(a) is time, but it is sam-
pling times in Fig.8 (b). In Fig. 8, different co-
lours represent different values, which can be seen
in the colour bar in the right of the two pictures.
The differences of the two modulation matrixes
can be intuitively seen in Fig. 8. The colour dis-
tribution of Fig. 8 (a) is more complex which in-
dicates the values are more random. But in Fig. 8
(b), the values in the range of 0.4 to 0.5 have a ring
distribution around the lower right corner. And
the values are larger than 0.6 and are smaller
than 0.1 appear a cross distribution, the distribu-
tion is more uniform and regular that indicates the
worse randomness.

Numerical value and corresponding num-
ber of the two modulation matrixes are shown
in Fig. 9. Fig. 9 (a) represents spectral reflectance
reconstruction method based on agile spectrum
imaging, and Fig. 9 (b) represents the method

Fig. 8. The two modulation
matrixes:

(a) — the modulation matrix
of the method based on agile
spectrum imaging (b) — the
modulation matrix of the
method based on liquid
crystal modulation

Wavelength, nm
b)
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a)

b)

Fig. 9. The numerical values of two modulation matrixes: (a) the modulation matrix of the method based on agile spectrum
imaging; (b) the modulation matrix of the method based on liquid crystal modulation

based on liquid crystal modulation. Here, hori-
zontal ordinate represents the numerical value,
and longitudinal coordinates represent the num-
ber of times that appear in the matrix. It is shown
in Fig. 9 (a), that the occurrences of all the valu-
es are limited nearly in 80 —120. In the modula-
tion matrix of the method based on liquid crystal
modulation, the occurrence of 0.1 and 1 are hig-
her, nearly 200 times, and the fluctuation range
of its values is 40~200. It can be seen from Figs. §
and 9 that the modulation matrix of the method
based on agile spectrum imaging is more random.
As a result, the Root Mean Square Error of this
method is smaller than that of the method based
on liquid crystal modulation.

3.3. Comparison of Spectral Goodness of Fit
Coefficient

Spectral Goodness of Fit Coefficient (SGFC)
[17] is another index to measure the effect of spec-
tral reflectance reconstruction, which is short for
SGFC. The more accuracy of SGFC is close
to 1, the precision of reconstruction is the higher.
SGFC of spectral reconstruction method could
reach 99 %, which is considered that the recon-
struction effect is acceptable. When the SGFC
of spectral reflectance reconstruction is reaching
99.99 % and above, reconstruction effect is won-

derful. The expression of SGFC is shown in for-
mula 11. Here, R, and R',l respectively represent
the original spectral reflectance and reconstruct-
ed reflectance. And Z represents sum all the nu-
merical values up.

z Riié/l
A
szJzﬁ
A A

The maximum, minimum and average valu-
es of SGFC of the two reconstruction methods
based on agile spectrum imaging and liquid crys-
tal modulation are list in Table.3. It can be seen
from Table. 3 that the average and the minimum
of SGFC of the method based on agile spectrum
imaging are both larger than the method based
on liquid crystal modulation. But the maximum
SGFC of the method based on liquid crystal mo-
dulation is slightly larger than that of the method
based on agile spectrum imaging. For the spectral
reflectance reconstruction method based on ag-
ile spectrum imaging, the maximum, the mini-
mum and the average of SGFC is all larger than
0.99, and it reaches the requirement of recon-
struction accuracy. But the average SGFC of the
reconstruction method based on liquid crys-

SGFC =

(11)

Table 3. SGFC comparison of two methods

SGFC
Methods
Mean Max. Min.
Sine 0.9967 0. 9988 0.9944
Liquid Crystal 0. 9834 0. 9998 0. 9053
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tal modulation is only about 0.98, and its mini-
mum value is about 0.9, which shows the SGFC
of the method based on liquid crystal modula-
tion is poor. Thus, from the aspect of SGFC, just
as analyzed above, the effect of the spectral reflec-
tance reconstruction based on agile spectrum im-
aging is better than the method based on liquid
crystal modulation.

4.CONCLUSION

Spectral reflectance reconstruction is now
widely used in all professions and trades, and it
is very important to choose a good reconstruc-
tion method. In this paper, the spectral reflec-
tance reconstruction method based on the liquid
crystal modulation and the method based on ag-
ile spectrum imaging are compared and analyz-
ed. The two methods are compared from three in-
dexes: colour difference, the Root Mean Square
Error and the Spectral Goodness of Fit Coeffi-
cient. From the view of chromatics, colour diffe-
rence is a good way to show us the advantages and
disadvantages of the spectral reflectance recon-
struction methods, and other two kinds of index-
es are used to analyze it from the angle of spec-
trum. On the one hand, the maximum, mean and
standard deviation of the colour difference of the
method based on agile spectrum imaging are
the smallest. On the other hand, for Root Mean
Square Error, the maximum and standard devia-
tion of the spectral reflectance reconstruction me-
thod based on agile spectrum imaging are also
the smallest. Analyzed from the view of Spectral
Goodness of Fit Coefficient, the conclusion is the
same. In summary, the spectral reflectance recon-
struction method based on agile spectrum imag-
ing is better than the method based on liquid crys-
tal modulation, and it can be widely used in spec-
tral reflectance reconstruction.
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ABSTRACT

In the recent years, visible-light communica-
tion (VLC) has engrossed amount of research-
ers as for power conservation and the new arche-
type in the field of optical wireless communica-
tion. However, ambient light noise due to indirect
sunlight and fluorescent light is a major concern
that affects the performance of the communica-
tion system in an indoor environment. This paper
develops a project to design and implement new
optical receiver for visible light communications
(VLC) to reduce the ambient light noise. Using
the proposed experimental system, data rate of 10
Kbps and a distance of 0.40 m is achieved between
the transmitter and receiver.

Keywords: ambient light noise, fluorescent
light, indirect sunlight, optical receiver, visi-
ble-light communication (VLC)

1. INTRODUCTION

In the future, traditional home and office light-
ing will soon be replaced by longer life time, low
power consuming, and health hazardless light
emitting diode (LED) devices. The fast switch-
ing capability of LED devices makes it possible
to transmit huge amounts of data at high speed.
Thus LED can be used for both illumination and
communication purpose. This technology is called
visible-light communication (VLC). VLC techno-
logies are identified as supplement technology for
radio frequency (RF) based communication used

in critical environment like hospitals, underwater
communications etc. [1—4].

One of the main challenges existing in the VLC
system is the ambient light noise from the sunlight
and other artificial light sources contributed at the
receiver side. In an indoor environment, the am-
bient light noise sources include indirect sunlight
and fluorescent lamps driven by conventional bal-
last. Hence ambient light noise reduction tech-
nique is necessary to reduce the in band interfe-
rence that occurs from other lighting sources and
to improve the performance of the communica-
tion system.

Earlier methods use optical filter, low pass fil-
ter, high pass filter, etc. [5—8] to reduce the ambi-
ent light, but it does not mitigate the noise com-
pletely and it still affects the performance of the
communication system. Wavelet neural network,
adaptive filtering, wavelength filtering, OFDM
also reduces the ambient light noise but the op-
tical receiver structure is complex [9—12]. Miller
code, Filter based sensor array has also been used
previously to reduce the noise, but no practical
experimentation is performed [13—14]. Hence the
VLC receiver structure designed must be simple,
low cost, it must improve the performance of the
communication system and it must have the po-
tential to reduce the ambient light noise in the in-
door environment.

In our proposed method, two photodiodes
with the trans-impedance amplifier are arranged
in such a way photodiodel receives the transmit-
ted signal and ambient light whereas photodiode?2
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is placed on the opposite side at an angle of 1800,
it receives only the ambient light. Difference am-
plifier is used in the next stage to mitigate the am-
bient light noise and recover back the received
signal with the reduction of ambient light noise.
Hence it reduces the cost, simple to implement,
efficient noise reduction when compared to the
existing methods.

The paper is structured as the following sec-
tions; Section 2 describes the proposed indoor
VLC system with the ambient light noise reduc-
tion technique. In section 3, the testing and the
results of the transmission link are discussed. Fi-
nally, section 4 concludes the paper.

2. SYSTEM DESCRIPTION OF
PROPOSED INDOOR VLC SYSTEM

VLC systems primarily consist of transmitter
and receiver. Line of sight (LOS) channel model
is preferred between the transmitter and receiver.
Fig.1. shows the overall block diagram of the pro-
posed VLC system with the ambient light noise
reduction.

2.1. Transmitter design

LM555 timer is used to produce the OOK sig-
nals of 10 kHz. On-Off keying (OOK) modula-
tion is chosen because of its simplicity and re-
duced power consumption compared to other mo-
dulation schemes. The LED driver takes the input
signal and drives the white LED. The LED driv-
er consisting of resistor prevents the high current
flowing through the white LED. We have used
IW high power white LED of forward current
0.35A and viewing angle 90°, and light intensity
of 80 Im. Thus the input electrical signal is con-

TRANSMITTER
Free

space

verted into the optical signal in the transmitter
stage. Fig.2. shows the circuit diagram of the pro-
posed VLC transmitter.

2.2. Line of sight (LOS) channel

In this proposed work, the LOS wireless chan-
nel is considered between the transmitter and re-
ceiver. LOS Channel DC gain for the LED source
[15] is given by

H (0)=
_ Mcosm (D)cos(y ),0<sw <w. | (1)
- 27Td )

>
0 Y >y,

where d is the distance between the transmitter
and receiver, v, is the angle of incidence with re-
spect to the receiver axis, & is the FOV of the
receiver.

The received power is given by

Pr=H (0) - Pi, )

where H (0) is the DC channel gain and P; is the
transmitted optical power of LED source.

2.3. Receiver design

The proposed, VLC receiver design employs
two commercially available low cost monolith-
ic photodiode and single supply trans-impedance
amplifier (OPT101) of 0.09%0.09 inch cell with
maximum responsivity at 650nm.

* OPTI101—1: for detecting the optical signal
and ambient light noise;

RECEIVER

Input LED LED Va PD1
: — 2
signal Driver

TIA1

PD2 |l

DA H VA H vC |—9 Output

TIA2 signal

ALN

Fig.1. Block diagram of the proposed indoor VLC system with the ambient light noise reduction
ALN: Ambient light noise PD; Photodiode TIA; Trans-impedance amplifier DA; Difference amplifier VA;
Voltage amplifier VC; Voltage comparator
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Fig.2. Circuit diagram
of proposed VLC transmitter
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* OPTI101-2: detecting the ambient light
noise.

The arrangement of OPT101—1 and
OPT101-2 is kept in such a way no transmit-
ted signal falls on the OPT101—2 and it detects
only the ambient light. These two are kept oppo-
site to each other at an angle of 180°.The photodi-
ode converts the received optical signal into elec-
trical signal. TIA converts the photocurrent pro-
duced by the photodiode into voltage. Next stage
is the difference amplifier, which mitigates the
ambient light noise. The received signal is weak
at this stage. Hence it is amplified using vol-
tage amplifier. Finally the signal is sent through
the voltage comparator to reconstruct the digi-
tal signal. Voltage amplifier, difference amplifi-
er, and voltage comparator is implemented using
LM324 quadruple operational amplifier. LM 324
is chosen due to four op-amps in a single pack-
age, wide bandwidth of 1 MHz and large DC vol-
tage gain of 100 dB. Fig.3 shows the block diagram
of the proposed VLC receiver with the ambient
light noise reduction circuit.

vcc

9V pD1 with TIA1
1 u1
FDBK =
DA

=5
f com our |2 VEe
= vs- OPT101-1

L

2.3.1. Mathematical analysis

The photocurrent produced at the photodi-
odel (PD1) is given by the eq. (3)

IPDIZIS+In’ (3)

where [ is the photocurrent due to LED signal
and I, is the photocurrent due to indirect sunlight
and fluorescent lamp.

IS = R'Pi ) (421)

1,=RP,. (4b)
where R is the responsivity of the photodiodel
(PD1), Pi the input optical power of the LED and
P, is the ambient light noise power.

Trans-impedance amplifier] (TIA1) converts
the photocurrent produced from PD1 into vol-
tage. The output voltage produced at the TIA1
stage is given by eq. (5)

VA vC

veec vee

v 9V

R9 |
6800
s u3B s uac
< s n
s >‘7_J R10 L >“L

1=
11 LM324N ,,LM324N
1.5MQ 50%
Key=A °

"R8 =

I”_lm r.

vs— e
- OPT101-2
T
10kQ =

20kQ £

Fig.3. Circuit diagram of proposed VLC receiver
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Vour = RfTeor> )

where Ry is the feedback resistance and 1,,, is the
photocurrent produced at the PD1.

The photocurrent produced at the photo-
diode2 without the input signal is given by the

eq. (6)
Ipp2 ~ In? (6)

where I is the photocurrent produced due to in-
direct sunlight and fluorescent lamp inside the in-
door environment.

In = R'pn’ (7)

where R is the responsivity of the photodiode2
(PD1) and.p, is the ambient light noise power.

Trans-impedance amplifier (TIA2) converts
the photocurrent produced at PD2 into voltage.
The output voltage produced at the TIA2 stage
is given by eq. (8)

Vour = RfTrp2> (8)

where Ry is the feedback resistance and [, is the
photocurrent produced at the PD2.

The difference amplifier is used to reduce the
ambient light noise and helps to restore back the
original signal. The output voltage produced at the
difference amplifier stage is given by eq. (9)

Voa~ Voul ~ Vo’ )

Voa = Rflepi = RfIppys (10)
VDA:Rf‘Is+In_Rf_In’ (11)
Vpa = Is: (12)

Voltage amplifier is used to amplify the signal
received from the difference amplifier (DA) stage.
The output voltage at the voltage amplifier stage
is given by eq. (13)

Vva=Av (ypy) (13)

Where Ay the voltage is gain and Vp, is the
voltage at the DA stage.

Thus the transmitted OOK signals are reco-
vered back at the receiver side using a voltage
comparator with the mitigation of optical back-
ground noise sources such as indirect sunlight and
conventional fluorescent lamp operating at 50 Hz
in indoor environment.

3. EXPERIMENTATION AND RESULTS

The experimentation is carried out inside the
electronics laboratory of B.S. Abdur Rahman
University to characterize the performance of an
indoor VLC system. The tests are conducted with
indirect sunlight coming through the windows
and fluorescent light driven by conventional bal-
last is turned on. The experiment is carried out
at the input frequency of 10 kHz and communi-
cation distance of 0.40m is achieved between the
transmitter and receiver. The results are discussed
in the subsequent section (Figs 4-10).

The OOK signals are transmitted via white
LED where the electrical signal is converted
into an optical signal. Fig.4a and Fig.4b represents
the time-domain waveform and spectrum of the
input signal. The optical signal is transmitted us-
ing the free space channel and the OPT101—1 de-
tects the optical signal and the surrounding am-
bient light Fig.5a and Fig.5b. shows the time-do-
main waveform and spectrum of the OPT101
signal. OPT101—1 converts the optical signal from
LED and ambient light into corresponding vol-
tage. In an indoor environment considered, the
ambient light noise sources are from indirect sun-
light and fluorescent light lamps operated by con-
ventional ballast. The indirect sunlight induces
strong direct current (DC) and the rectified sine
wave form is emitted from the fluorescent light
lamp operated by conventional ballast. Thus, am-
bient light noise reduction technique becomes es-
sential to reduce this ambient light noise.

Hence another OPT101-2 is used on the
opposite side of OPT101—1 at an angle of 1800
to track the ambient light induced on OPT101—
1.The arrangement must be such that both the
OPT101 must track the same amount of ambi-
ent light. In our case, the room in which the ex-
periment is carried out OPT101—1 tracks more
ambient light compared to OPT101—-2 and the
sunlight is a time varying component, hence the
DC source is used at the output of OPT101-2
to make the tracking levels of ambient light equal.
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U ir=—486m. - Lim i fr=sstestson [T —

Fig.4a. Time-domain waveform of the input signal Fig.4b. Spectrum of the input signal

LI i F=stesiiseok LIp B =shspeohopit

Fig.5a. Time-domain waveform Fig.5b. Spectrum of the OPT101-1 signal
of the OPT101-1 signal

Fig.6a. Time-domain waveform Fig.6b. Spectrum of the OPT101-2 signal
of the OPT101-2 signal

F 224ml)

Fig.7a. Time-domain waveform of the Fig.7b. Spectrum of the difference amplifier signal
difference amplifier signal
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Fig.8a. Time-domain waveform of the
voltage amplifier signal

Fig.9a. Time-domain waveform of the
voltage comparator signal

CH1= 1@.8U. . A
Fig.10a. Time-domain waveform
of the input and output signal

Thus, OPT101-2 tracks the voltage of the sig-
nal received from ambient light noise. Fig.6a and
Fig.6b show the time domain waveform and spec-
trum of the OPT101-2 signal. Difference ampli-
fier (DA) helps to mitigate the ambient light noise
and restore back the received signal. Fig.7a. shows
the time domain waveform and spectrum of the
difference amplifier (DA) signal.

The signal received is very weak only in the
order of mV (360 mV). Hence voltage amplifi-

Fig.8b. Spectrum of the voltage amplifier signal

Fig.9b. Spectrum of the voltage
comparator signal

Fig.10b. Spectrum of the input signal

er is used to amplify the weak signal of 360mV
to 7.20V signal.Fig.8a and Fig.8b show the
time-domain waveform and spectrum of vol-
tage amplifier signal. Voltage comparator is used
to convert the amplified signal into digital signal.
Fig.9a and Fig.9b show the time-domain wave-
form and spectrum of voltage comparator signal.
Thus the transmitted signal is recovered back at
the receiver with the mitigation of ambient light
noise.Fig.10a, Fig.10b, Fig.10c show the time-do-
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Fig.10c. Spectrum of the output signal

main waveform and spectrum of the input sig-
nal and the output signal. Fig.11 shows the exper-
imental indoor VLC system using ambient light
noise reduction technique at the receiver side.

Fig.12 shows the graph of the output voltage
produced at OPT101—1 with the different vertical
distance between the transmitter and receiver. For
this measurement, we calculated the performance
from 0 to 0.40m distance.

Fig.12 shows that the received output voltage
decreases to the increase in distance between the
transmitter and receiver.

Fig.13 shows the graph of the optical power
of LED with the different vertical distance be-
tween the transmitter and receiver up to 0.40m.
This measurement was carried out at normal room
light condition.

Fig.13 shows that the optical power from LED
decreases to the increase in distance between the
transmitter and receiver.

In our experimental work, we are restricted
by some 0.40m distance because we don’t use re-
flector or magnifying lens and we have used 1W
LED with 9V/0.35A supply. However the distance
can be further increased by using more number
of LEDs, or reflector, or magnifying lens.

4. CONCLUSION

In an indoor environment, ambient light noise
from indirect sunlight and fluorescent light de-
grade the performance of the VLC system. A new
optical receiver design for OOK modulation with
the ambient light noise reduction is proposed.
The design is based on two photodiode with
TIA placed opposite to each other at an angle
of 180 and difference amplifier to mitigate the
ambient light noise. Experimental results show

Fig.11. Experimental indoor VLC system using the pro-
posed receiver
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Fig.12. Output voltage produced at the OPT101-1 with the
distance
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Fig.13.Optical power with the distance

that the proposed VLC receiver is practical and
useful to reduce the ambient light noise. The
communication distance can be further improved
by using more number of high power LEDs, or re-
flector, or magnifying lens.
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