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

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

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

© Svetotekhnika

Marsha D. Vinogradova

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

“Light & Engineering” is well known by
its brand and design in the field of light and
illumination. Each annual volume has six is-
sues, with about 80-120 pages per issue.
Each paper is reviewed by recognized world
experts.
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PRESENT AND FUTURE ACTIVITIES OF THE INTERNATIONAL
COMMISSION ON ILLUMINATION (CIE)

Peter Blattner

The Optics Laboratory at the Swiss Federal Institute
of Metrology (METAS), Bern-Wabern, Switzerland
Email: peter_blattner@bluewin.ch

ABSTRACT

The article describes the main activities of the
International Commission on Illumination in recent
years. The most important publications are reflect-
ing recent developments in lighting science and in-
dustry, including LED sources and luminaires test
methods, fundamental recommendations concern-
ing colorimetry, discomfort caused by glare from
luminaires with a non-uniform luminance, as well
as intelligent control of lighting systems. Human
centric lighting and the non-visual effects of light
on humans was highlighted. To promote standard-
ization in the field of horticultural lighting the CIE
is in the process of establishing a new JTC. In view
of COVID-19 pandemic outspread the use of ger-
micidal UV radiation is of relevance to reduce both
contact spread and airborne transmission of infec-
tious agents. The CIE is responsible for worldwide
standardization of the fundamentals, including me-
trology and vocabulary, as well as lighting educa-
tion. The CIE considers it important to make digital
products including validated calculation tools, apps,
databases and machine-readable documents more
available for many experts and it takes a step in this
direction by provide open access to the individual
CIE publications.

Keywords: CIE, Joint Technical Comittee
(JTC), colorimetry, International Electrotechni-
cal Vocabulary, weights and measures, human
centric lighting, non-visual effects, ganglian cells
(ipRGCs)

INTRODUCTION

It is with reverence and humbleness but also
with great pleasure that I accept the Presidency
of the International Commission on Illumination
(CIE), this outstanding and honourable organization
founded in 1913 by the lighting societies of sever-
al countries.

In recent years, the lighting industry has gone
through a turbulent period. This technological but
also structural transformation has a direct impact on
the work of the CIE. The LED has largely replaced
the “classical” light sources. Accordingly, the CIE
has adapted many of its guidelines and recommen-
dations. Some of the examples are presented below.

— CIE S025:2015 [1] Test Method for LED
Lamps, LED Luminaires and LED Modules: it is the
first international agreed standard in respect to the
measurement of LED light sources. These standards
also include considerations on measurement uncer-
tainties, a concept that not yet fully established in
the industry. CIE offered, therefore, several pieces
of training and tutorials, including a very successful
tutorial in Moscow organized in collaboration with
Russian Lighting Research Institute named after
Sergey Vavilov (VNISI) in November 2018. A sup-
plement has recently been published dealing with
organic LEDs (OLEDs) [2].

— CIEO015:2018 Colorimetry, 4th Edition [3],
this document collects the fundamental recommen-
dations of the CIE concerning colourimetry. Specif-
ically, it includes the use of the standard colorimet-
ric observers and standard illuminants, the reference
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standard for reflectance, chromaticity coordinates,
colour space coordinates and colour differences
and various other colorimetric practices and formu-
lae. It its latest edition new illuminants for differ-
ent LED types are introduced (Fig. 1). Furthermore,
new findings on cone-fundamental-based tristimu-
lus functions based on CIE170-1 [4] and CIE170-2
[5] are included,;

— CIE232:2019 Discomfort Caused by Glare
from Luminaires with a Non-Uniform Source Lu-
minance [6]. LEDs allow the design and realisa-
tion of aesthetically beautiful, but technically so-
phisticated luminaires. Among other things, the
light distribution, the spectral composition but also
the illuminated surface can be adapted practically
as desired. However, if this is not done correctly, it
can lead to glare. The CIE232 report gives for the
first time a recommendation on how to assess the
glare of non-uniform illuminated surfaces. The step
to evaluate the glare of a non-uniform light source
is shown in Fig. 2.

The technological revolution in the field of light
and lighting was initially triggered by the increase
in luminous efficacy of the light sources. However,
for physical reasons, the luminous efficacy of light
sources cannot increase indefinitely. An import-
ant way to increase energy efficiency is the intelli-

Step 1
Take 2 or 4 high
resolution luminance

Step 2
Filter image to comect
for eye resolution

Step 3
Remove pixels below
luminance threshold

Step 4

images (Gaussian with12mm (500 cd.m?)

(50" and 65° from FWHM at luminaire) luminance
normal, cross and

lengthwise)

Calculate total area and
average luminance of
pixels above threshold

N -

Fig. 1. Relative spectral
distribution of LED
illuminants as defined
in CIE15:2018 [3]

800

gent control of lighting systems. It includes adaptive
light sources as well as smart sensors. In this inter-
connected world, it is important for the CIE to po-
sition itself clearly and address issues such as dy-
namic or adaptive lighting. CIE has, therefore, set
up a new technical committee TC4—62 to analyse
needs, specify recommendations, develop method-
ology and promote the application of adaptive road
lighting.

The lighting industry has created the term “Hu-
man Centric Lighting” to describe the non-visu-
al effects of light on humans induced or supported
by the intrinsically photosensitive retinal ganglion
cells (ipRGCs). Personally, I prefer the term “inte-
grative lighting”, which is used within the CIE and
ISO. It represents the versatility of light and light-
ing, namely the combination of visual and non-vi-
sual effects to produce physiological and/or psycho-
logical benefits on humans. With the introduction
of the International Standard CIE S026:2018 CIE
System for Metrology of Optical Radiation for ip-
RGC—Influenced Responses to Light [7] the CIE has
created an important basis for the different stake-
holders to use the same terms and metrics. Now it
is a matter of establishing these metrics in the re-
search community and, thus, generate results that
can be applied for the benefit of the human being.

Fig. 2. Overview of the
measurement and im-
age processing steps
required to obtain

the effective projected
area and the effective lu-
minance used to predict
the glare of a non-uni-
form light source ac-
cording to CIE232:2019
[5] (© CIE)

Step 5

Group all sources within a
luminaire into one source
with an effective projected
area and effective luminance
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As an important tool, I note the CIE research strat-
egy, which takes a forward-looking approach to the
major topics on our field.

But the subject of light and lighting does not end
with integrative lighting for humans. Optical radia-
tion is used for horticultural lighting or disinfection
applications. In addition to the clever use of optical
radiation, it is also about minimizing negative ef-
fects, e.g. through light pollution or photobiologi-
cal damage.

It was with great pleasure that I took note of the
initiative of VNISI to promote standardization in
the field of horticultural lighting. Based on this pro-
posal, the CIE is in the process of establishing a
new joint technical committee, and I hope that many
Russian experts will be able to participate in this
important activity and contribute their knowledge.
I have a fond memory of the first International Sci-
entific and Technical Greenhouses Lighting Confer-
ence, organized in September 2019 in Moscow.

Triggered by the pandemic outspread of the
coronavirus, CIE has recently released a position
statement on the use of ultraviolet (UV) radiation
to manage the risk of COVID-19 transmission. The
use of germicidal UV radiation is an important en-
vironmental intervention, which can reduce both
contact spread and airborne transmission of infec-
tious agents (like bacteria and viruses). However,
germicidal UV radiation must be knowledgeably
applied with appropriate attention to dose and safe-
ty. Inappropriate GUV application can present hu-
man health and safety issues and produce insuffi-
cient deactivation of infectious agents. Therefore,
application in the home is not advisable, and GUV
should never be used to disinfect the skin, except
when clinically justified. With the help of the dif-
ferent national committees, the CIE position state-
ment was translated into many different languages,
including Russian. In addition, CIE has two publi-
cations freely available (CIE187:2010 UV-C Pho-
tocarcinogenesis Risks from Germicidal Lamps [8]
and CIE155:2003 Ultraviolet Air Disinfection [9])
to support the international community in the fight
against the virus. Both publications were translated
also in Russian language.

INTERNATIONAL COOPERATION CIE

The CIE is not only a global organisation deal-
ing with the science and technology of light and
lighting. It is also a standardization organization

since its foundation. Through the cooperation of
experts from various national committees, inter-
nationally recognised standards are created. The
CIE was the first and is still one of the few stan-
dards development organisations recognised by
the International Organisation for Standardisa-
tion (ISO). The cooperation with ISO, in particu-
lar ISO TC274 Light and Lighting, is defined in a
PSDO-Agreement (Partner Standards Developing
Organization), which was renewed last year. The
CIE is responsible for worldwide standardization
of the fundamentals, including metrology and vo-
cabulary, while ISO TC274 focuses on standard-
ization in the field of applications. The CIE also
works very closely with the International Electro-
technical Committee IEC, in particular IEC TC34
and IEC TC76. The work of the IEC standardiza-
tion committees focuses on product safety and
performance. Examples of the successful cooper-
ation with the IEC is the important lamp and lu-
minaire safety standard IEC62471/CIE S009 [10],
which was developed in the CIE and then pub-
lished as a dual logo standard. Experts are also
working together to revise the International Light-
ing Vocabulary (ILV) [10], which in its latest edi-
tion to be published soon, will be fully harmonised
with IEC60050—845 (the International Electrotech-
nical Vocabulary, IEV) [12]. This is very import-
ant work, because a common understanding of the
meaning of words is needed to eliminate ambigu-
ities and uncertainties. It is therefore important
that this comprehensive work is translated into as
many languages as possible. The national commit-
tees of the CIE also play an important role in this
respect. However, language is not something static,
but is constantly evolving, especially as new areas
are explored. The most recent example is the field
of horticulture lighting, which is being worked on
together with IEC TC34.

CIE also has a mutual agreement with the Com-
mittee for Weights and Measures (CIPM), which
recognizes the respective competencies. In partic-
ular, CIE recognises the role of CIPM in respect
to the definition of units (i.e. the SI-units), where-
as the CIPM recognises that CIE is responsible for
the definition of quantities and action spectra in the
field of photometry, photobiology and photochem-
istry. Therefore, CIE made a significant contributed
to the 9™ edition SI-Brochure, in particular, Annex 3
on photobiological and photochemical quantities
[13]. In addition, the joint publication “Principle
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Governing Photometry” [14, 15] was updated, re-
flecting the fundamental changes of the Interna-
tional System of Units of Measurement on May 20,
2019, in which the concept of the seven base units
has been replaced by a system based on seven defin-
ing constants, including the constant for luminous
efficacy of monochromatic radiation of frequency
(540x1012) Hz, K ;.

LIGHTING EDUCATION

The field of light and lighting is becoming in-
creasingly interdisciplinary, which is why the CIE
has created the possibility of horizontal the tech-
nical committees and joint technical committees
(JTCs). Recently, the number of JTCs has increased
significantly. It is a challenge to manage this JTC
structure, and the code of procedure may need to be
adapted in support of this. The efficient interaction
between the different division is not only import-
ant at CIE, but also within the national committees.
Again, good communication between all the con-
cerned experts is relevant. In this context, I would
like to highlight the newly created the joint techni-
cal committee JTC18 Lighting Education: as we all
know, lighting is going through a historical techno-
logical change. Therefore, it is very important that
these comprehensive changes are also incorporat-
ed into the training and education of new experts.
The aim of the new JTC is to revise and update the
outdated technical report CIE99:1989 Lighting ed-
ucation (1983-1989) [16] and to provide recom-
mendations on curricula for higher education and
continuing education. It will propose recommenda-
tions for the education of lighting professionals and
recommend options to improve and support con-
tinuing lighting education throughout the profes-
sional working life.

PROGRESS IN COLOUR VISION

But we shouldn’t forget the progress in the well
established areas of CIE. The present colorimet-
ric concepts are based on the research conducted
almost a hundred years ago. In fact, at its eighth
session in 1931, the CIE defined the standard illu-
minants, colour matching functions for standard ob-
servers and standard chromaticity diagrams. Since
then, research in colour vision has made enormous
progress. The colour sensation results from physi-
ological processes, the first of which is the capture

of photons by the cones of the retina. The funda-
mental sensitivities of the cones need to be precise-
ly known to accurately specify a colour stimulus
from a given spectral power distribution. Part 1
of CIE170 provides the scientific community with
cone fundamentals, which are the relative spectral
sensitivities of the long-wave sensitive (LWS), mid-
dle-wave sensitive (MWS), and short-wave sensi-
tive (SWS) cones as measured at the entrance of the
eye. Part 2 of CIE170 provides the user with prac-
tical colorimetric tools in the form of chromatici-
ty diagrams. It includes a link has been established
between colorimetry and physiology. Starting from
the cone-fundamental based spectral luminous effi-
ciency functions, it is possible redefine new colour
spaces including the MacLeod—Boynton LMS tri-
stimulus spaces. Moreover, as the model is based
on physiology, it is possible to calculated responsiv-
ities for “non-standard” observers, i.e. at different
ages, with different field sizes, and even calculated
a new, cone-fundamental based spectral luminous
efficiency function (V(1)) or other derivate colour
quantities.

PHOTOMETRY

In the field of photometry, the change of the ref-
erence spectrum used for the calibration of photom-
eters is discussed in TC2-90, substituting incan-
descent based reference sources to LEDs. A change
of reference spectrum will have a huge impact on
many stakeholders of CIE, including the instru-
ment manufacturers, the calibration laboratories,
the National Metrological Institutes, and the users.
Therefore, it is foreseen to propose a LED spec-
trum in addition to the existing CIE standard illu-
minant 4, and both spectra will be used for calibra-
tion purposes.

Increased activity is also observed in the field
of the characterization of the appearance of surfac-
es and materials: the technical committee TC2—85
is preparing a recommendation on the geometrical
parameters for the measurement of the bidirectional
reflectance distribution function (BRDF), TC2-94
deals with the measurement of total transmittance,
diffuse transmittance, and transmittance Haze,
JTCI12 (D2/D1/D8) the measurement of sparkle
and graininess, and lastly JTC17 (D1/D2/D8) with
a gloss measurement and gloss perception. This lat-
est JTC will prepare a framework for the definition
and standardization of visual cues to gloss.
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CONCLUSIONS

Finally, in the area of publications, there will
be further challenges in the coming years. The call
for free access to the publications and proceedings
is getting stronger. Certain public research insti-
tutions request that the research results, which are
financed by public funds, become publicly avail-
able. The CIE is taking a step in this direction by
making the individual papers of the CIE session in
Washington D.C. freely available. In addition to the
free access to expertise, digitization is a challenge
and an opportunity for the CIE. It will be important
to make use of new forms of digital products, in-
cluding validated calculation tools, apps, databases,
machine-readable documents, etc. The digitaliza-
tion of products, meetings, and events is obviously
be pushed by the present extraordinary situation due
to the pandemic spread of the coronavirus.

However, the CIE is not only an internation-
al forum for the discussion of all questions relating
to the science, technology and art of light and light-
ing, but we should not forget that above all it is the
umbrella organization of national associations in the
field of light and lighting. The CIE is a fascinating
organization. It lives from a high diversity of peo-
ple and their expertise. I look forward to continu-
ing to work with all the experts spread all over the
world, and I hope to meet many experts in person
during my term as CIE President.

The Editorial Board of Svetotekhnika / Light &
Engineering Journals warmly welcomes member of
its Editorial Board Dr. Blattner, the current Presi-
dent of CIE since 2019, and looks forward to fruit-
ful cooperation of CIE with the Russian edition, as
well as with the Russian National Committee of CIE
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ABSTRACT

The brightness perception of a large (41°) uni-
form visual field was investigated in a visual psy-
chophysical experiment. Subjects assessed the
brightness of 20 light source spectra of different
chromaticities at two luminance levels, L,=267.6
cd/m? and L,=24.8 cd/m?. The resulting mean sub-
jective brightness scale values were modelled by a
combination of the signals of retinal mechanisms:
S-cones, rods, intrinsically photosensitive retinal
ganglion cells (ipRGCs) and the difference of the
L-cone signal and the M-cone signal. A new quan-
tity, “relative spectral blue content”, was also con-
sidered for modelling. This quantity was defined as
“the spectral radiance of the light stimulus integrat-
ed with the range (380-520) nm, relative to lumi-
nance”. The “relative spectral blue content” model
could describe the subjective brightness perception
of the observers with reasonable accuracy.

Keywords: subjective brightness, brightness
perception, photopic brightness model, retinal
mechanisms, spectral blue content

1. INTRODUCTION
1.1. Brightness: Definition and Relevance

Brightness (that is, the subjective brightness im-
pression of a visual stimulus as perceived by hu-
man observers) is defined in the International Light-
ing Vocabulary of the International Commission on
[Mlumination, CIE ILV) as an “attribute of a visu-
al perception according to which an area appears

to emit or reflect more or less light” [1]. Although
brightness has “at least three aspects” [2], the pres-
ent article deals only with the so-called “spatial
brightness” aspect, the perception of “the overall
amount of light reaching the observer’s eyes” [2].
The concept of “spatial brightness” is important
in many areas of lighting engineering, including
the design of a lit interior space, in which bright-
ness should be generally high enough in order “to
make seeing easy” [3], that is, for good visual per-
formance. The spatial brightness distributions of in-
terior lighting should be well-balanced for good vi-
sual comfort and good (three-dimensional) space
perception or perceived spaciousness [3, 4]. With
exterior lighting, increasing the perceived spatial
brightness of a scene increases the impression of
safety [6], which is important for pedestriansy. The
concept of spatial brightness refers to the brightness
of spatially extended scenes, rather than small light
sources or small individual objects [5, 7].

1.2. The Difference Between Brightness
and Luminance

In 1933, L.A. Jones was appointed the Chair-
man of the Optical Society of America Committee
on Colourimetry (1922) and asked to update recent
work progress. Subsequently, a preliminary report
was published, in which the term luminance was in-
troduced [8]. Afterwards, Jones wrote [9] that the
Committee recommended that the word ‘luminos-
ity’ be substituted for ‘visibility’. The Committee
also decided to reserve the term ‘brightness’ as the
name for the sensory attribute correlated with the
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photometric quantity to which the term ‘luminance’
was assigned. Later it was stated that “photometry
was based on an incomplete description of the hu-
man visual system’s capabilities” [10], because the
V(2) function (the basis of photometry) and its de-
rived quantities (luminance, illuminance, etc.) rep-
resent the linear combination of only the long- (L-)
and medium- (M-) wavelength sensitive retinal cone
photoreceptors and do not include the important sig-
nals of the short-wavelength sensitive (S-) cones,
rod photoreceptors, and intrinsically photosensitive
retinal ganglion cells (ipRGCs).

The latter (so-called “shorter-wavelength sen-
sitive”) photoreceptor signals contribute (depend-
ing on the luminance level) to the brightness per-
ception [11-17] together with the signals of the two
chromatic (opponent) channels, (L—M) and (L+M-S)
[13]. A saturated colour stimulus looks brighter than
its de-saturated counterpart of the same luminance
(this is the “brightness-luminance discrepancy” or
Helmholtz-Kohlrausch effect) [18, 19]. Thus, the
impression of brightness cannot be described by the
quantity “luminance” alone. In the above descrip-
tion, the term “signal” is understood mathematically
in the sense of weighting the relative spectral power
distribution of the light source with the spectral sen-
sitivity of a photoreceptor and integrating in the vis-
ible wavelength range.

1.3. Brightness Models

Here, selected brightness models from the litera-
ture are summarized and compared with the models
used in the present article. Brightness models usual-
ly combine the values of the abovementioned retinal
signals, including the two opponent channels ((L—
M) and (L+M-S)), or their approximations based on
the XYZ tristimulus values of standard CIE colou-
rimetry. Brightness models also contain an approx-
imation of the (L+M) signal (most often photopic
luminance, L, is used), a representation of the rod
signal (most often scotopic luminance is used), and
the ipRGC signal (the signal of the intrinsically pho-
tosensitive retinal ganglion cells) in order to derive
a numeric predictor quantity for human brightness
impression. In some models, this predictor quanti-
ty is only intended to forecast the rank order of the
visual stimuli according to their brightness percep-
tion, without representing a numeric correlate of the
absolute magnitude of perceived brightness. These
are the so-called equivalent luminance (or L,y) mod-
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els. Eq. 1 shows an example of a brightness model
according to Fotios and Levermore [20]:

L,=L,-(S/V)*, (1)
where the S-signal is computed by the Smith and
Pokorny cone sensitivity data [21] and the quanti-
ty V (so-called V-signal) is obtained by weighting
the relative spectral power distribution of the light
source with the V(1) function and integrating in the
visible wavelength range.

Another example of a brightness model is
“equivalent luminance L., according to Ware and
Cowan” (also called WCCF equation) [22]. This
model is based on standard CIE colourimetry and
shown below

L,=B/L)L, 6)
where the symbol (B/L) represents the so-called
“brightness-luminance ratio” to be computed from
the CIE x, y chromaticity coordinates of the stim-
ulus by

Ig(B/L) =0.256 — 0.184-y— 2.527-x-y+

+4.656-x° -y + 4.657-x-y". 3)

Rea et al. (2011) model [15] works with the
weighted sum of two signals: the V-signal and the
S-signal. In Fotios and Levermore (1998) mod-
el [13], “perceived brightness is considered to be a
sum of the total activity in three channels”: (L+M)
(represented by V(1)) and the above-mentioned two
opponent channels. The Guth model [23] is based
on the concept of vector luminance that equals the
square root of three squared components, 4 (achro-
matic component), 7 (first chromatic component)
and D (second chromatic component). Yaguchi and
Ikeda (1983) used a modification of the Guth mod-
el to account for the spectral additivity failure that
they measured in their visual brightness matching
experiments [24]. Kokoschka-Bodmann model [25,
26] computes the value of equivalent luminance for
brightness from the 10° tristimulus values (X, Y1,
Z1o) and scotopic luminance (L’).

In the Yamakawa et al. model [47], obtained as a
result of a subjective brightness magnitude estima-
tion experiment, is shown below:

R= 0.00484-G"' + 2.31-E**, 4
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Table 1. Overview of Brightness Models Given in the Literature and Proposed in this Article

The authors of the models Model type Signals or quantities
Fotios and Levermore [20] (1) Equivalent luminance S, VL,
Ware and Cowan (WCCF) [22] (2, 3) Equivalent luminance x, ¥ L,
Rea et al. [15] Weighted sum of signals S,V
Fotios and Levermore [13] Weighted sum of channels L+M, L-M, L+M-S
Guth [23] Weighted sum of channels A T D
Yaguchi and Ikeda [24] Weighted sum of channels A, T, D (modified)
Kokoschka-Bodmann[25, 26] Equivalent luminance Xi0> Y10, Z19, L’ (rods)
Besenecker and Bullough’s “B,”[14] Weighted sum of signals S, V, ipRGC
Yamakawa et al. [47] (4) Weighted sum of channels E, ipRGC
Present article, Eq. (13) Relative spectral blue content L, D piue

where the ipRGC signal (this was called melanopsin
signal on the retina, denoted by G) was combined
with retinal illuminance (denoted by E) to predict
the perceived brightness (denoted by R) of meta-
meric white stimuli (at the fixed chromaticity of
x=0.328 and y=0.367) with different amounts of the
ipRGC signal and at different luminance levels (be-
tween 22 ¢d/m? and 112 cd/m?).

Besenecker and Bullough’s (2016) so-called “B,
brightness model” [14] contains the weighted sum
of three signals, the V-signal, the S-signal and the
ipRGC signal, reflecting the fact that “short-wave-
length (<500 nm) output of light sources enhances
spatial brightness perception in the low-to-moderate
photopic range”. Inspired by this idea, in the pres-
ent article the so-called relative spectral blue con-
tent will be considered as a new modelling quantity,
and its definition is shown below:

520
® . =[267.6/L,] -Lgo L.(A)dA, (5)

rel blue
where @, 1, is relative spectral blue content. It is
defined as the spectral radiance Le(4) of the stimu-
lus integrated between 380 nm and 520 nm, relative
to its luminance L,. This definition uses 267.6 cd/m?
for re-scaling because this was one of the two lumi-
nance levels in the experimental method of the pres-
ent article.

As mentioned above, the quantity of @, pye 1s
similar to Besenecker and Bullough’s [14] concept
of short-wavelength (<500 nm) output, but we use
520 nm as the upper limit in (5) in order to overlap
slightly more with rod photoreceptor spectral sensi-
tivity (to be able to better account for possible rod
contribution). Table 1 shows a classification of the
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abovementioned brightness models according to the
type of brightness model.

1.4. Objectives of the Present Article

In the present article, a visual brightness exper-
iment will be described. The experiment was con-
ducted at two fixed luminance levels (L,=267.6
cd/m? and 24.8 cd/m?) with 20 different chroma-
ticities (different photoreceptor signal contents) of
the visual stimulus at each level. The result will be
modelled:

1. With a combination of the abovementioned
signals of the retinal mechanisms;

2. With relative spectral blue content (5), as a
proxy of the signals of the three shorter-wavelength
sensitive mechanisms, S-cones, ipRGCs, and rods.

The research questions of the present article are:

1. Are the contributions of three shorter-wave-
length mechanisms (S-cones, ipRGCs and, rods)
to evoke human brightness perception distinguish-
able from each other (and from the relative spec-
tral blue content) based on the results of the visual
brightness experiment?

2. Is there significant rod contribution to per-
ceived brightness at the two luminance levels of the
experiment (L,=267.6 cd/m? and 24.8 cd/m?)?

3. Does the opponent signal (L—M) have an ef-
fect (the difference of the L-cone signal and the
M-cone signal)?

4. Can we use the quantity of “relative spectral
blue content ” (5) to model the perceived brightness
in a new, practicable model?

We will use a combination of the photoreceptor
signals and relative spectral blue content for mod-
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elling brightness, i.e. to explain the subjective vi-
sual brightness scales (VBS) of the observers result-
ing from the experiment of the present article. These
two hypotheses are formulated below:

4
+ AipRGC

Mrel |)y] s

VBS ~ Ig(L, )[4 (S,,) (ipRGC,,) +
(6)

(7)

+A4,(R,) +4,_,, (L

rel rel

VBS ~ lg (Lv ) [(q)rel,blue)y] .

Eq. 6 represents signal combination formula, and
eq. 7 is relative spectral blue content formula. Op-
timum model parameters (the signal weighting fac-
tors As, Aiprge> Ar» A-m and the exponent y) will
be calculated based on the mean brightness scales
of the observers. The quantity /g(L,) is included
to account for the effect of the changing overall lu-
minance level of the visual stimulus. Here the “~”
symbol means that the quantity on the left shall be
explained by the quantity on the right. The quanti-
ty |Lo-M,| is a so-called opponent signal: the dif-
ference of the relative L-cone signal and the relative
M-cone signal.

The so-called relative signal values L, M.}, Srel»
R, and ipRGC,,; in (6) were computed as follows:

1. The spectral power distribution (SPD) of
the stimulus was normalized so that its luminance
equalled 267.6 cd/m?;

2. This normalized SPD was weighted by the
relative spectral sensitivity of a certain retinal
mechanism;

3. This weighted SPD was integrated in the
wavelength range (380—780) nm.

This computation is shown below in (8) — (12):

L,=12676/1]) [ L(DLAA, ()

M, =[267.6/L] [ LMW, (9

780
S, =[267.6/L,] .Lgo L(A)S(A)dA, (10)

780
R, =[267.6/L] -J.m LAV (AdA, (11)
ipRGC, =[267.6/L ] -J.::OOLE(ﬂ)szGC(/i)dﬂ, (12)
where the so-called “Stockman and Sharpe (2000)
2° fundamentals™ [27, 28] were taken as the spec-
tral sensitivities of the L-, M- and S-cones, L(4),

M(A) and S(A). The spectral sensitivity of the intrin-
sically photosensitive retinal ganglion cells mech-
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anism, ipRGC(A), was computed according to [29,
30], while the 7’ (1) function (the CIE scotopic
spectral luminous efficiency function) was applied
to represent the contribution of the rod photorecep-
tors to brightness perception.

Another purpose of the present article is to com-
pare the optimum values of the exponent y in (6) —
(7) in case of the two luminance levels, 267.6 c¢d/m?
and 24.8 cd/m?, and to compare these optimum ex-
ponent values with the exponent value in Fotios and
Levermore model (1) (y =0.24). Another question
is whether the two exponents at the two luminance
levels of the present brightness experiment are sig-
nificantly different. In summary, the objective of the
present article is the modelling of the dataset of the
new visual brightness experiment (see section 2) us-
ing hypothetical (6) and (7).

2. EXPERIMENTAL METHOD

The so-called brightness discrimination proce-
dure [31] was used, during which the subjects were
instructed to report which chamber of a two-cham-
ber viewing booth appeared brighter, see Fig. 1. The
subjects also had to tell how much brighter it was.
To do this, they used the following ordinal scale: 0-
almost equally bright, with almost no visible bright-
ness difference; 1- somewhat brighter with a very
small difference; 2- somewhat brighter; 3- explicitly
brighter; and 4- explicitly brighter with a big differ-
ence. Then the subjects were instructed as follows:
“if you say, for example, ‘right 2°, this means that
the right chamber is somewhat brighter than the left
chamber. If you say, ‘left 4°, this means that the left
chamber is explicitly brighter than the right cham-
ber and a big difference is visible.” The investiga-
tor recorded every spoken answer immediately to a
computer spreadsheet.

The subjects had a controlled sitting position in
front of the viewing booth. This was checked by
the experimenter. They had to sit in the middle so
that the distance between the eyes and the viewing
booth equalled 20 cm, and the distance between the
eyes and the middle of the bottom of each cham-
ber equalled 80 cm (see Fig. 1). The width of each
chamber was 60 cm (corresponding to 41°), their
height was 53 c¢cm and their depth was 67 cm. The
width of the separating wall between the two cham-
bers equalled 6 cm (corresponding to 4°). The two
light sources were positioned on the top of the view-
ing booth at a height of 72 cm above the top cov-
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Fig. 1. The subject compared the brightness of the two
chambers when the luminance of the two chambers was
the same, i.e. at equi-luminance, either at 267.6 cd/m? or at
24.8 cd/m?; here, the reference stimulus appears on the left
(“2nd series™)

ers of the two chambers. This provided ample space
to mix the rays from the light sources for a uniform
illumination at the bottom of the chambers. The uni-
formity was increased by two diffuser plates (one
below the light sources and another one at the top
covers of the chambers), so that the percentage of
luminance differences on the bottom of the cham-
bers was less than 3 %.

In the experiment, there was a reference stimu-
lus: a phosphor-converted LED light source with a
fixed relative spectral power distribution at 3991 K.
This reference appeared either on the right (this is
the definition of the “1% series”) or on the left (this
is the definition of the “2"d series™) to counterbal-
ance for possible “position bias” [31]. Each one of
the two series was carried out twice at two sepa-
rate occasions (called sessions): first with all stim-
uli at 267.6 c¢d/m? and second with all stimuli at
24.8 c¢d/m?, so that there were four sessions in total.
One observer carried out only one session on a giv-
en day, and one observer completed only one ses-
sion (there were no repetitions). Subjects were al-
ways told whether the reference was on the left or
on the right. They were also told that the reference
would be the same during the whole session of com-
parisons with twenty test stimuli.

Before each session, a training phase was con-
ducted in which each of the twenty test stimuli was
shown in random order (10 s each) compared to the
constant reference stimulus. The subjects did not
have to answer in the training phase, they just had
to consider a possible answer. During the train-
ing phase, in addition to the twenty test stimuli,
two anchor stimuli were also shown in combina-
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tion with the reference stimulus three times. One of
the anchors was explicitly brighter (330 c¢d/m? and
33 cd/m? in case of the two luminance levels, re-
spectively, with the relative spectrum No. 20 in Ta-
ble 2) and the other one was explicitly darker (49
cd/m? and 5 cd/m2, with the relative spectrum No. 6
in Table 2) than the reference stimulus (with a clear-
ly visible brightness difference), and the subject was
informed about this. The two anchors were shown
first at the beginning, then after the 10t test stimu-
lus, and finally at the end.

In the main part of each session, after 15 min-
utes of initial adaptation to the reference stimulus,
the subject viewed the two chambers (reference and
test) for 40 s. Then an automatic computer sound
said: “please assess”. Subsequently, the subject had
to answer within 20 s. Before the next test stimu-
lus appeared, the neutral white dark anchor stimu-
lus was always displayed for 40 s, and the automatic
sound informed the subject about this. During each
40 s interval, subjects were instructed to compare
the brightness of the two stimuli as follows:

1. Consider the two bottoms only, and not the
vertical walls;

2. Move your head slowly between the two
chambers, looking at the two bottoms at least for
2 s each.

Stimuli with strong chromatic content (for ex-
ample, the yellowish one in the right chamber in
Fig. 1) evoked afterimages, but this effect was miti-
gated by the neutral white dark anchor stimulus dis-
played for 40 s between any subsequent test stimu-
lus. The role of this recurrent dark anchor stimulus
was not only to clear the afterimages, but also to re-
start the brightness discrimination procedure of the
subject from the “explicitly darker” anchor.

Twenty test stimuli were always shown in ran-
dom order to avoid the so-called “order effect”
[31]. They were generated by an 11-channel LED
light engine at two luminance levels: either at 267.6
(mean) £ 0.8 (STD) c¢d/m? or at 24.8 (mean) = 0.07
(STD) c¢d/m?2. The 20 test stimuli had the same rela-
tive spectral power distributions at both luminance
levels. This was ensured by an achromatically trans-
mitting hole pattern positioned below the light en-
gine. One of the test stimuli (No. 16 null condition
stimulus) was optimized to have a similar relative
|L—M]|, S, rod and ipRGC signal values to the refer-
ence stimulus (see Table 2). Other test stimuli were
designed (by optimizing the driving values of the 11
channels) to have different combinations of |L—M)|,



Light & Engineering

Vol. 28, No.

Table 2. Signal Values of the 20 Test Stimulus and the Reference Stimulus

No. | L(cd/m?) | |L,,M,,| L., M., Syl R, ipRGC,yy | Dy prye Intent of optimization
1 | 2682 | 0001 | 038 | 0387 | 0.024 | 0345 | 0211 | 0.188 rods high
2 | 2674 | 0168 | 0453 | 0285 | 0.015 | 0.155 | 0.080 | 0.058 \L-M] high
3 | 2683 | o0.108 | 0431 | 0322 | 0.034 | 0269 | 0.171 | 0.158 rods high
4 | 2677 | 0088 | 0440 | 0352 | 0331 | 0525 | 0.586 | 0.740 | rodsand ipRGC high
5 | 2681 | 0083 | 0431 | 0348 | 0436 | 0327 | 0426 | 0.703 S high
6 | 2668 | 0.168 | 0.454 | 0.286 | 0.048 | 0.167 | 0.109 | 0.100 warm white
7 | 2668 | 0033 | 0413 | 0380 | 0343 | 0476 | 0512 | 0.652 cool white
8 | 2689 | 0.099 | 0431 | 0332 | 0.166 | 0322 | 0289 | 0.409 neutral white
o | 2684 | 0101 | 0433 | 0332 | 0.144 | 0292 | 0268 | 0307 | balanced signals with
higher ipRGC
10 | 2680 | 0.167 | 0452 | 0285 | 0.018 | 0.157 | 0.083 | 0.062 LM high
|L-M] hig
11| 2667 | 0037 | 0415 | 0377 | 0380 | 0477 | 0530 | 0793 | Cool White with higher
local maxima
12 | 2676 | o101 | 0429 | 0328 | 0.122 | 0294 | 0226 | 0233 | balanced signals with
higher rods
13 | 2671 | 0042 | 0426 | 0384 | 0831 | 0538 | 0767 | 1.164 very high S
14 | 2680 | 0095 | 0427 | 0332 | 0150 | 0274 | 0223 | 023g | balanced signalswith
higher S
15 | 2674 | 0097 | 0430 | 0333 | 0.134 | 0293 | 0253 | 0274 neutral white
16 | 2680 | 0.01 | 0431 | 0330 | 0.131 | 0.281 | 0237 | 0.250 | null condition stimulus
17 | 2679 | 0030 | 0412 | 0382 | 0351 | 0483 | 0514 | 0.626 ipRGC high
18 | 2671 | 0168 | 0455 | 0287 | 0.051 | 0206 | 0.143 | 0.142 | Warm white with higher
local maxima
19 | 2673 | 0159 | 0459 | 0300 | 0327 | 0300 | 0338 | 0414 | Dalancedsignalswith
higher S
20 | 2668 | 0069 | 0422 | 0352 | 0.194 | 0362 | 0338 | 0.381 cool white
Ref. | 2703 | 0.100 | 0431 | 0331 | 0.133 | 0.282 | 0239 | 0.252 neutral white
(no optimization)

Note to Table 2: test stimulus No. 16 is the null condition stimulus. The reference light source was a phosphor-converted LED
light source with a fixed relative spectral power distribution, see Fig. 2.

S, rod and ipRGC signal values, while maintaining
the luminance level constant. Fig. 2 shows the rela-
tive spectral power distributions of the stimuli. Ta-
ble 2 shows their Lrela Mrela Srela |Lrel'Mrel|a Srela Rrel
(rod) and ipRGC signal values computed according
to (8) — (12) and the optimization intent as a com-
ment. Their relative spectral blue content value (5)
is also shown in Table 2.

As for the reproducibility of the LED light
engine’s twenty SPDs, the change of luminance
within the 40 days’ experimental period was less
than 1 %. The change of luminance of the refer-
ence light source was less than 1.5 %. The change
of the L,.;, M,,, R, (rod) and ipRGC,,; signals
was less than 1.5 % (for both the test stimuli and
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the reference). The change of the S,,; signal was
less than 2.3 % (for both the test stimuli and the
reference).

There were 25 participants in the 15¢ series (aged
between 21 and 47 years, mean: 26.9; 10 Chinese, 1
Taiwanese, 9 Europeans, 2 Vietnamese, and 3 from
the Middle East) and 21 participants in the 24 se-
ries (aged between 21 and 47 years, mean: 27.4; 10
Chinese, 1 Taiwanese, 7 Europeans, 1 Vietnamese,
and 2 from the Middle East), partially overlapping
between the 15t and the 2™ series. All subjects had
normal colour vision tested by the Standard Pseu-
doisochromatic Plates for Acquired Colour Vision
Defects, Part 11 [32] and the Desaturated Panel d-15
[33].
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3. RESULTS, MODELLING,
AND DISCUSSION

In each session, the ordinal scale rating of ev-
ery observer (i.e. an integer number between 0 and
4) was recorded for every one of the 20 test stimu-
li. If the reference was found to be darker (bright-
er) than the test stimulus, then the rating of that test
stimulus was assigned a positive (negative) sign.
Table 3 contains the average values and the aver-
age absolute deviation values (a measure of scatter
among the observers) for the brightness ratings of
all observers. The 20 test stimuli (see Table 2 and
Fig. 2) are re-sorted in Table 3 according to their
relative blue spectral content (®,,; 5y,) in descend-
ing order.

As can be seen from the last row of Table 3, the
average value of the average absolute deviation val-
ue for all participating observers of all test stimuli
equals to 1 rating unit in each series (1 and 2) and
each luminance level (267.6 cd/m? and 24.8 cd/m?).
This (i.e. 1 rating unit of evaluation) is a character-
istic value for the inter-observer variability of the
result. Fig. 3 shows the average brightness scale
values of Table 3.

As can be seen from Fig. 3, the average bright-
ness ratings of all observers participating in each se-
ries show a downward trend with a decrease in the
relative spectral content of blue. The test stimulus
No. 13 with the highest relative spectral blue content
value, D,/ 1 = 1.164, was the brightest. Overall,
the last five test stimuli in Table 3 (No. 3, 18, 6, 10,
and 2), having the lowest relative spectral blue con-
tent (D, e < 0.16), were the darkest. Spearman’s
correlation coefficient between the average bright-
ness difference rating values of the two luminance
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levels equalled 0.944 for the first series and 0.916
for the second series. Both correlation coefficient
values were significant (7-test, p<0.0001). This
means that the two luminance levels exhibit similar
brightness rating tendencies across all 20 test stim-
uli. The correlation between the brightness ratings
of the two series was also high: Spearman’s correla-
tion coefficient equalled 0.911 (at 267.6 cd/m?) and
0.838 (at 24.8 cd/m?), and both coefficients being
significant (7-test, p<0.0001). This conclusion in-
volves combining the results of the two series.

To build a brightness model, it is very import-
ant to analyse the response tendencies of the indi-
vidual observers to exclude observers with contra-
dicting response tendencies before modelling. To do
so, Spearman’s rank correlation coefficient was cal-
culated between the signal values of the test stimu-
li (Table 2) and the brightness rating values of ev-
ery observer separately. The minimum, maximum,
and average values of these rank correlation coeffi-
cients among all participating observers are shown
in Table 4.

As can be seen from Table 4, there is positive
correlation at average between the brightness rat-
ings and the signals of all three shorter-wavelength
mechanisms (ipRGC, S, R) as well as @, ;,,, but
the correlation with the |L—M]| signal is at average
negative. Considering the maximum and minimum
values of the correlation coefficients, some of the
observers contradict the main trend of perception of
greater brightness with an increased spectral con-
tent of blue at equal luminance. In the framework
of the present article, we decided to model only
those observers (the majority) who follow the main
trend. Similar findings of individual differences of
brightness perception have also been found in liter-
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Table 3. Average Values and Average Absolute Deviation Values of the Brightness
Difference Ratings of All Observers (Fig. 3)

Average brightness difference rating Average absolute deviation among all observers

Series 18t pad 18t pud 1 pud 18t P
No. | @, 0. 267.62 267.62 24.82 24.82 267.62 267.62 24.82 24.82

) cd/m cd/m cd/m cd/m cd/m cd/m cd/m cd/m
13 1.164 3.0 3.5 3.0 2.5 1.0 0.5 1.0 1.5
11 0.793 2.0 2.0 3.0 2.0 1.0 1.0 1.0 1.5
4 0.74 3.0 3.0 3.0 2.0 1.0 1.0 1.0 1.0
0.703 3.0 2.0 2.0 1.0 1.0 2.0 1.0 1.0
7 0.652 2.0 2.0 2.0 2.0 1.0 1.5 1.0 1.0
17 0.626 2.0 2.0 2.0 3.0 1.0 1.0 1.0 1.0
19 0.414 3.0 2.0 2.0 1.0 1.0 2.0 1.0 2.5
8 0.409 1.0 1.0 1.0 1.0 1.0 0.5 1.0 0.0
20 0.381 2.0 1.0 2.0 2.0 1.0 1.5 1.0 1.0
9 0.307 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
15 0.274 -1.0 -1.0 0.0 0.0 0.0 0.5 0.0 0.5
16 0.25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14 0.238 1.0 1.0 1.0 1.0 1.0 0.0 0.0 1.0
12 0.233 -1.0 -1.0 0.0 0.0 0.0 0.0 0.0 0.0
1 0.188 2.0 0.0 2.0 —2.0 1.0 3.0 1.0 2.0
3 0.158 -1.0 —2.0 -1.0 -1.5 2.0 1.0 1.0 1.0
18 0.142 -1.0 -2.0 -1.0 -3.0 3.0 2.0 2.0 1.0
6 0.1 -2.0 2.5 -1.0 2.5 2.0 1.5 1.0 1.0
10 0.062 -1.0 -3.0 -1.0 -3.0 3.0 1.0 3.0 1.0
2 0.058 -2.0 -2.0 -1.0 2.0 2.0 2.0 2.0 1.0
Average 1.0 1.0 1.0 1.0

Note to Table 3: the 20 test stimuli (see Table 2 and Fig. 2) here are re-sorted according to their relative blue spectral content
(5) in descending order. No. 16: null condition stimulus (this stimulus obtained zero average subjective brightness ratings).

ature, see the general discussion below. We use the
following mathematical criterion to include the re-
sult of this observer in the brightness modelling of
the present article: the value of the rank correlation
coefficient with the relative spectral blue content
D, piye Of this observer should have been greater
than 0.2 in each of the four sessions.

Eighteen of 25 observers (72 %) were included
in the modelling of the 1%t series and fourteen out
of 21 observers (67 %) were included in the model-
ling of the 2"d series. The brightness ratings of the
last observers (18 observers + 14 observers = 32
cases) were unified according to the following rea-
sons. The null stimulus condition gave zero aver-
age ratings for both series and both luminance lev-
els in the case of the last observers. At 267.6 cd/m2,
there were exclusively zero ratings in case of the

null condition stimulus (i.e. same brightness as the
reference) in the first series, and there was only one
(=1) rating, and all others equalled 0 in the second
series. At 24.8 cd/m?2, there were only two (1) rat-
ings, and one (+1) rating in the first series and three
(=1) ratings, and one (+1) rating. Mann-Whitney’s
U-test showed no significant difference of the ten-
dency of any one of the four null condition data-
sets from zero (p<0.01). We compared the data sets
of the 1% series and the 2" series also for the oth-
er 19 stimuli (Table 2, one by one separately) in ad-
dition to the null condition stimulus for both lumi-
nance levels. Mann-Whitney’s U-test did not reveal
a significant difference between the trends of the 15
series and the 2™ series for any stimulus (p<0.05),
which confirms that there is no significant “posi-
tion bias” (i.e. differences only because observing

16
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Table 4. Spearman’s Rank Correlation Coefficients Between the Receptor Signal Values of the Test Stimuli
and the Brightness Rating Values for Each Observer and Each Experimental Session

Session
Series Luminance level, cd/m? ipRGC,,; Sel R, |L,orM,.| D1, biue
1 267.6 Min. —0.10 —0.06 | —0.05 —0.78 —0.11
1 267.6 Max. 0.94 0.90 0.91 0.22 0.95
1 267.6 Av. 0.49 0.49 0.50 —0.43 0.50
1 24.8 Min. —0.16 -0.19 | —0.04 —0.85 —0.19
1 24.8 Max. 0.95 0.91 0.92 0.09 0.94
1 24.8 Av. 0.56 0.53 0.59 —0.52 0.56
2 267.6 Min. —-0.50 -0.36 | —0.40 —0.85 —0.45
2 267.6 Max. 0.87 0.89 0.88 0.24 0.88
2 267.6 Aw. 0.50 0.50 0.48 —0.42 0.50
2 24.8 Min. —0.20 -0.17 | —0.22 —0.76 -0.21
2 24.8 Max. 0.89 0.87 0.87 0.34 0.88
2 24.8 Av. 0.59 0.57 0.57 —0.50 0.58

Note to Table 4: this shows the minimum, maximum and average values of these rank correlation coefficients among all par-

ticipating observers.

the reference stimulus either on the left side or on
the right side).

The resulting unified data sets (at the two lumi-
nance levels) consisted of 18+14 = 32 (cases) - 20
(test stimuli) = 640 brightness ratings (integers be-
tween — 4 and 4) per luminance level. From these
two data sets, two continuous brightness scales (so-
called Thurstone scales [34]) were computed for the
20 light source spectra (see Table 2 and Fig. 2) at the
two luminance levels. These (2%20) Thurstone scale
values, i.e. visual brightness scale (VBS), are de-
picted in Fig. 4 as a function of the quantity @,/ .,
with modelling data points according to (7) with dif-
ferent values of the exponent y.
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Fig. 3. The average rating on the brightness scale de-
pending on the test stimuli, which are ordered according
to their relative spectral blue content in descending order

by abscissa

As can be seen from Fig. 4, the optimal values
of the exponents y according to (7) are equal 0.194
(at 24.8 cd/m?) and 0.668 (at 267.6 cd/m?), respec-
tively. With these two optimal exponents, the value
of Pearson’s correlation coefficient () between the
model equation (7) and the visual brightness scale
was 0.925 (r2 = 0.856) and 0.924 (+2 = 0.853), re-
spectively. Optimizing the exponent for the unified
data set at both luminance levels, the average expo-
nent value of y = 0.399 came out with the follow-
ing correlation coefficient values: » = 0.921 (> =

28
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Fig. 4. Values of the visual brightness rating scale
(Thurston scale) for 20 light sources at two considered
luminance levels (267.6 c¢d/m? and 24.8 c¢d/m?) depending
on the relative spectral content of the blue colour (D, pi.e)
of the light source, model data points are indicated accord-
ing to (7) with optimum exponent values for both lumi-
nance levels and general model
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Table 5. Optimum Parameter Values in Eq. (6) and Pearson’s Correlation Coefficients Between the Visual
Brightness Scale (VBS) Values and the Prediction Formula After Optimisation

Lum. level S, PRGC x0ds, | o o RGCy | pRGCy | S,y | rodsy | S rods,y | pRGC, rods,
(cd/m?) V
267.6 y 0.869 0.845 0.848 | 0.644 | 1.337 | 0.875 0.856
267.6 A 0.342 0.003 0 1.000 | © 0.652 0
267.6 Aprec 1.876 0.376 1.000 0 0 0 1.790
267.6 Ap 0.728 0 0 0 | 1.000 | 1.333 0.066
267.6 r 0.932 0.931 0.931 | 0.880 | 0.893 | 0.930 0.931
267.6 2 0.868 0.867 0.867 | 0.775 | 0.797 | 0.865 0.867
24.8 y 0.314 0.259 0259 | 0.246 | 0.560 | 0.314 0.352
24.8 A 0.634 0 0 1.000 | © 0.285 0
24.8 Ay 0.000* 2.000 1.000 0 0 0 0.920
24.8 Ag 3.430 0 0 0 | 1.000 | 1.543 1.084
24.8 r 0.947 0.939 0.939 | 0.863 | 0.934 | 0.947 0.945
24.8 7”2 0.897 0.882 0.882 | 0.745 | 0.873 | 0.897 0.894

Note to Table 5: optimisation was carried out for the two luminance levels separately. Only the parameters shown in the first
line were optimized; the rest were set to zero. “the value of 0.000 resulted from the optimization.

0.848) for 24.8 cd/m? and r=0.918 (r> = 0.843) for
267.6 cd/m?, respectively. With the exponent of the
Fotios and Levermore [20] model (y = 0.24), we
obtain r = 0.925 for 24.8 cd/m? and r = 0.909 for
267.6 cd/m?. These correlation coefficients are not
significantly different [35] from the previously men-
tioned values, neither in case of the optimum expo-
nent values nor in case of the average value of y =
0.399 (p > 0.78). If we use (B/L) from eqgs. (2) and
(3), we obtain » = 0.711 for 24.8 cd/m? (p = 0.04,
significantly less than with (7) with y = 0.399) and
r=0.815 for 267.6 cd/m? (p = 0.21, not significant-
ly less than with (7) with y = 0.399). Fig. 5 shows
the dependence of the value of 72 on the value of the
exponent y.

As can be seen from Fig. 5, the dependence of 72
on v is rather flat. The difference between the cor-
relation coefficients corresponding to the average
exponent value (y = 0.399) and a specific exponent
value (0.194 at 24.8 cd/m? or 0.668 at 267.6 cd/m?)
was not significant (p > 0.9) [35]. Therefore, it
seemed reasonable to use the average exponent val-
ue (¥ = 0.399) for both luminance levels in (7).

Regarding the formula for the combination of
(6) first, the coefficient A;_;, was set to zero because
the correlation coefficient with the |L—M]| signal was
negative, at least within the above mentioned main
group of observers that were considered for mod-
elling in the present article. The role of the |L—M]|
signal is further analysed in section 4. The correla-
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tion coefficient between the visual brightness scale
values and the prediction formula of (6) was maxi-
mized by optimizing the values of y, Ag, 4;,rgc and
Ap for the two luminance levels separately. Optimi-
zation was also performed by setting some of the
parameters from the set {4g, 4;,rgc, Ar} to zero and
optimizing only the remaining parameters. Results
are shown in Table 5.

As can be seen from Table 5, the obtained val-
ues of the correlation coefficient do not differ much.
The significance test [35] showed no significant dif-
ference among the correlation coefficients (p>0.14
at 24.8 c¢d/m? and p > 0.38 at 267.6 cd/m?). At the
next step, the standalone ipRGC signal with an av-
erage exponent value (y = 0.399) of the relative
spectral blue content (®,,; 1,.) model of eq. (7) was
considered for predicting the results with the sim-
plest possible model. The correlation coefficients
with y = 0.399 were not significantly less (p > 0.85)
than those resulting from the optimum exponent
values in the 5% column of Table 5 (» = 0.922 in-
stead of » = 0.931 at 267.6 cd/m? and r = 0.938 in-
stead of 7 = 0.939 at 24.8 cd/m?). These correlation
coefficients are also not significantly greater than
those of the @,,; »,, model with y = 0.399. This
means that based on the present visual brightness
scale results, we cannot distinguish between the
three shorter-wavelength mechanisms, and we can-
not tell whether rod contribution can be neglected.
Anyway, the optimal rod coefficients were greater
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Fig. 5. Dependence of the value of Pearson’s correlation
coefficient squared (72) between visually scaled brightness
VBS (at 24.8 cd/m? and at 267.6 cd/m?) and the predicting

quantity of (7) on the value of the exponent vy in (7), circles
indicate optimum value pairs of 72 and y

at 24.8 c¢d/m? than at 267.6 cd/m? compared to the
magnitude of the S-cone and ipRGC coefficients.
This points towards the direction of rod influence at
24.8 cd/m?2. Consider that the chambers were large
enough (2x41°) to cover a large retinal area, includ-
ing the area of highest rod density.

According to the above analysis, the quantity M
is proposed as the resulting brightness model of the
present article that contains the average exponent
value y = 0.399:

0.399
rel ,blue

M=Ig(L) @ (13)

4. GENERAL DISCUSSION

The average model (13) that contains the rel-
ative spectral blue content and the log-luminance
of the stimulus was found to be able to predict the
visual brightness result with reasonable accuracy,
i.e. with ¥=0.921 and r=0.918 at 24.8 c¢d/m? and
at 267.6 cd/m?, respectively. In the experiment,
the stimulus was the light of the light sources (Ta-
ble 2) reflected from the white uniform bottom of
the viewing chambers (Fig. 1), and the modelling
was based on this stimulus. This white stimulus can
be considered as the “working point” of the visu-
al system at the time of the brightness assessment.
This white point determined the efficacy of each
neural mechanism that contributes to perceived
brightness.

An important limitation of the present study is
that the description of the luminance dependence of
brightness by 1g(L,) in eq. (13) remains a hypothe-
sis because the two luminance levels were fixed in
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the present brightness experiment. Several bright-
ness models, (1) and (2), assume a linear depen-
dence on luminance and claim (according to the
concept of equivalent luminance) to predict only
whether one stimulus is brighter than another, and
do not claim to predict the absolute perceived mag-
nitude of brightness. The Ig(L,) term (instead of
L,) represents one possible way of describing lumi-
nance signal compression in the human visual sys-
tem with the aim of predicting the absolute magni-
tude of brightness perception, and not just the order
of different stimuli according to their brightness.

Another limitation of the present results is that
only a part of the responses was modelled. Al-
though this part includes the majority of the ob-
servers (about 70 %), the remaining observers did
not follow the trend modelled by (13): either they
had no correlation with any one of the signals, or
they had low correlation with the |L—M]| signal. In-
deed, in a study on brightness perception, observers
could be clustered into groups depending on wheth-
er their impression of brightness affects their rela-
tive spectrum at equal luminance or not [16]. Other
authors also found substantial inter-observer vari-
ability of brightness perception [36—39] and point-
ed out that there are at least two main types of ob-
servers according to their brightness perception: a
mainly chromatic type (having greater chromatic
sensitivity in the entire visible wavelength range)
and a mainly achromatic type (having approximate-
ly the sensitivity of the luminance channel predict-
ed by V(4)).

Fig. 5 in the work of Ikeda et al. [36] shows that
the variation of the observers between these two
main types is continuous, i.e. there are “strong”,
“medium” and “weak” chromatic types. Figs. 3 and
4 in the work of Ikeda et al. [36] reveal two further
variants: a chromatic variant with less blue sensitiv-
ity than the main chromatic type, and an achromat-
ic variant with even less sensitivity to blue and red
than predicted by the luminance channel. The phys-
iological reason may be that the chromatic observ-
er has greater contribution to perceived brightness
from the chromatic channels of the visual system
than the achromatic observer. Another reason of the
large inter-observer variability of brightness percep-
tion may be the difference in the psychological atti-
tude of the subjects the course of the brightness dis-
crimination experiment: achromatic observers tend
to isolate the chromatic component of brightness
mentally and do not respond to it.
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A further question is whether the results of the
present experiment is applicable to a real scene be-
cause only uniform fields were compared. Previous
research indicated that” the presence of coloured
objects or surfaces in the target field does not sig-
nificantly affect the outcome of brightness match-
ing trials” [40]. If, however, there was a spatially
extended highly chromatic Mondrian array in the
field of view, brightness evaluation was different
from achromatic environments [41]. Possibly, high-
ly chromatic images with very saturated red and or-
ange surfaces evoke very strong red-green opponent
(L—M) signals that contribute to their brightness
and this cannot be described by such spatial bright-
ness models that do not contain a dependence on
the (L-M) signal. In eq. (6), with a non-zero value
of the coefficient 4;_,, and also in Fotios and Lev-
ermore model [13], both chromatic channels (|L—M|
and |L+M-S§]) are active so that, increasing the sig-
nals of both channels, brightness increases. If there
are (several spatially extended) red and/or orange
objects in the scene then we shall get higher values
of the |L—M)| signals in the field of view and then,
in turn, the contribution of the |L—M| channel to the
overall spatial brightness perception of the scene
might become more explicit.

When combining the signals of the retinal mech-
anisms to predict spatial brightness in terms of ret-
inal mechanisms, we used the standalone S signal
instead of |(L+M)-S| for the following mathemat-
ical reason. The spectral sensitivity function of
the |(L+M)-S| signal spectrally overlaps with the
spectral sensitivities of both |L—M| and luminance
(L+M), and in general this counteracts successful
parameter optimization in eq. (6). Note that in the
present brightness experiment, the value of (L+M)
was approximately constant, because luminance
was constant. When optimizing 20 multi-LED spec-
tra, the luminance signal (L+M) was represented by
the quantity of conventional 2° photopic luminance
(in cd/m? units) for modern applications (since this
is the conventional luminance definition is most
widely used today). We did not consider the alter-
native representations [42] of the signal of the [umi-
nance channel.

As for the adaptation time in the brightness ex-
periment, subjects first adapted 15 minutes to the
reference at the current luminance level (267.6
cd/m? or 24.8 cd/m?). After this, the luminance level
did not change during a session, and the subject had
40 s, during which the mixed adaptation between a
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test chromaticity and the reference chromaticity was
established by looking slowly (i.e. for at least 2 s at
each chamber) back and forth between the test and
the reference chambers. The L-, M-, S-cone photo-
receptor component of chromatic adaptation has a
half-life of only (40-70) ms [43], so that a stay in
each chamber for 2 s provided ample time for the
chromatic cone signals to stabilize and, subsequent-
ly, for the subject to get an impression about the
brightness change between the two chambers. The
ipRGC channel, however, is much slower (with typ-
ical light adaptation times of about (100-200) s, see
Fig. 3 in [44]), so we surely need a longer obser-
vation period than in the present experiment to ob-
tain a significant ipRGC contribution to perceived
brightness. In the practice of lighting, subjects usu-
ally spend several hours in the same visual environ-
ment, such as an office or living room. Therefore, as
a validation, we need to study the brightness field in
realistic viewing conditions.

The model equations (6) and (7) of this article
multiply the hypothetical dependence of bright-
ness on luminance 1g(L,) depending on a short-
er-wavelength sensitive signal, the relative spectral
blue content (D, . for <520 nm), or a combina-
tion of S,., ipRGC,, and R,,; signals. The depen-
dence of modelling accuracy on the exponent y was
rather low (see Fig. 5), with the most probable ex-
ponent values ranging (0.15-0.50) (in accordance
with previous models), and a representative expo-
nent value of 0.399 was adopted in the model of eq.
(13). An alternative modelling hypothesis might be
that the dependence of the visual brightness scale
(VBS) on luminance should not be multiplicative-
ly re-scaled, but additively modified by compressed
and combined relative signals of S, ipRGC, and rod
mechanisms:

VBS =lg(L,)+ Alg[A,(S,,) +

+ A pee (iPRGC,,, ) + A, (R ) 1. (14)

The model (14) compresses the combination of
the signals a second time by the aid of the second g
function. Neither the additive concept, nor the dou-
ble-compression in eq. (14) turned out to be useful
during the modelling of the present results. There-
fore, we suggest the model (13) to describe the
present visual data also for further validation stud-
ies. An advantage of eq. (13) is that it is easy to use
in modern lighting engineering practice accord-
ing to the following. For a representative set of 302
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light source spectra of widely used light sources to-
day (including LED lamps and luminaires, compact
and tubular fluorescent lamps, and incandescent
lamps), the relative spectral blue content (D,.; p1,e)
could be approximated with reasonable accuracy
(72 =0.91) from the standard 2 ° CIE y chromatici-
ty coordinate like

o -2.4174 -y+ 1.1405.

rel blue — (15)

The practical significance of the present bright-
ness model is that the spatial brightness impression
of real scenes (e.g. a street or a built interior) is very
important in interior and outdoor lighting applica-
tions. In outdoor lighting, a higher brightness im-
pression is associated with a better feeling of safe-
ty [6] and better obstacle detection performance. In
interior lighting, a higher brightness impression of
a room is associated with better work performance
[45]. For architectural and lighting engineering ap-
plications, it is important to note that we cannot de-
scribe spatial brightness impression only by stan-
dard photometry, i.e. by the quantity of luminance
(L, cd/m?) [11-17]. Hence, we must offer a practi-
cal way to describe brightness based on basic psy-
chophysical research. In the most typical every-
day situation, a lighting specialist has a tool, and
this tool can measure the luminance and chroma-
ticity coordinates of CIE1931 (x, y). Equations (13)
and (15) provide a usable brightness approximation
based on the present experimental data set.

Indeed, if the lighting practitioner measures
some characteristic values of the luminance (L,)
and the chromaticity coordinate y in the field of
view (e.g. in the middle of a wall in a room), it
will be possible to obtain a characteristic value of
brightness that now depends not only on the lumi-
nance, but also on the shorter wavelength content
of the spectrum, according to the present experi-
mental results. Thus, the practical significance of
the present research is that we provide lighting en-
gineers, practitioners, and designers with the easy-
to-use equation (13) by substituting eq. (15). This is
ready for a real app to predict the spatial brightness
of the scene. To do this, we do not need difficult ap-
paratus. We just need a hand-held colorimetric de-
vice to read the values of L, and y at a characteris-
tic point to get a characteristic value of the spatial
brightness prevailing in a given scene. We can also
use illuminance (E, in 1x) instead of luminance
(i.e. substitute L, by E,) and compute an illumi-
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nance-based descriptor. To measure £, and y, we
just need a hand-held illuminance-type colourime-
ter with a well-characterized sensor head.

Finally, we would like to further discuss in what
sense the term “spatial brightness” is used, and dis-
tinguish this term from another concept. Our goal
is to obtain a descriptor of the spatial brightness
impression of a scene for the better visibility of
small structures, textures and colour shadings on
object surfaces and a better acceptance of the ap-
pearance of a built environment (e.g. a room) for in-
terior lighting. These are important design goals in
the practice of light engineer and light designer. If
we increase the average luminance level of a scene
(e.g. from 0.3 cd/m? to 3.0 cd/m? in street lighting
or from 30 cd/m? to 300 cd/m? in interior lighting),
then, regardless of the spatial structure of the scene,
the overall impression of brightness of the spatial-
ly expanded scene (the so-called “spatial bright-
ness”’) will increase. As mentioned in the introduc-
tion, brightness in this sense depends not only on
luminance, but also on chromaticity, especially on
the “shorter wavelength content” of the light source
spectrum. And the lighting of a spatially extend-
ed scene with a higher correlated colour tempera-
ture (higher shorter wavelength content) results in
higher perceived spatial brightness [5, 12, 13, 17,
20, 41].

This article is devoted only to this so-called spa-
tial brightness. We are not concerned with predict-
ing the impression of lightness of certain spatially
restricted objects within a scene. To elucidate this,
look at a sheet of white paper (with a several small,
complicated symbols written with very thin lines
and e.g. a small red strawberry image printed on
it) in a well-illuminated room under the luminaire.
The paper will look white. If we take this sheet in
the same room into the shadow of a cupboard, the
paper continues to look white, although its lumi-
nance becomes much lower. But it will be more dif-
ficult to figure out the symbols, and the red straw-
berry will become less brilliant, because the visual
system obtains a less absolute amount of light and
it does no more operate at an ideal “working point”.
If, in turn, we decrease the electric power of all lu-
minaires in the room, the impression of the entire
room will become dim and unacceptable, because
the overall spatial brightness in the room will be-
come low, independent of the lightness of the in-
dividual objects. Subjects entering this room will
not like its appearance, because the spatial (colour)
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structures on the object surfaces tend to vanish, for
example, the detailed structure of the faces and hair
of subjects sitting in the room usually becomes less
noticeable. The spatial brightness experienced in the
room decreases. This effect does not depend on the
structure of the scene and does not depend on the
perceived lightness [46] of the individual objects in
the room, as well as the simultaneous contrasts be-
tween these objects. The present article deals only
with spatial brightness in the above sense.

5. CONCLUSIONS

In a visual experiment, the perception of the
brightness of a large (41°) uniform field was stud-
ied. One chamber of a double-chamber viewing
booth was illuminated by 20 different light source
spectra at 2 different luminance levels. The oth-
er chamber contained a reference light source. The
subjects had to compare the perceived brightness
of the test stimuli with the perceived brightness of
the reference spectrum at equal luminance. To mod-
el the mean subjective visual scale of brightness,
the signal values of different retinal mechanisms
(S-cones, rods, ipRGCs and the |L—M| mechanism,
eq. 6) plus the so-called relative spectral blue con-
tent (D, pue the spectral radiance of the stimulus
integrated for < 520 nm; relative to its luminance,
eq. 7) were used. Our hypothesis was that bright-
ness depends on the logarithm of luminance, which
is multiplied by either (®,,; pj,e)” (7) or a combina-
tion of the weighted and compressed signals of the
retinal mechanisms (6).

Based on the psychophysical results, the oppo-
nent signal (L—M) was excluded from the model
(A7_3r= 0). Accuracy of modelling of the standalone
signals of the S-cones, rods and ipRGCs, as well as
their combinations according to different weights
in eq. (6) did not differ significantly from each oth-
er, nor did they differ significantly from the accura-
cy of modelling the relative spectral content of the
blue colour (7). Consequently, it was not possible
to decide whether rod contribution in the two exper-
iments based on the present result could be ignored.
It should be noted that in the brightness experi-
ment, optimal rod coefficients were greater at 24.8
cd/m? than at 267.6 cd/m? compared to the magni-
tude of the S-cone and ipRGC coefficients. This im-
plies the possible rod influence in case of the large
uniform field of view of the brightness experiment
at 24.8 cd/m?.
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Modelling quantity M (13) may describe the av-
erage trend of the visual brightness scale with rea-
sonable accuracy. Eq. (13) it is easy to implement
in modern lighting engineering practice, because,
in addition to luminance, only the quantity relative
spectral blue content (®,,; 1,.) is used, and this can
be easily approximated from the y chromaticity co-
ordinate according to eq. (15).
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ABSTRACT

The wavelength is that natural scale that deter-
mines the applicability domains of the ray approxi-
mation and the wave approximation of light. If the
change of the radiation power spatial density is sig-
nificant at the wavelength scale, then we deal with
the light diffraction phenomenon, which is a subject
to the wave optics. Consider the diffraction phenom-
enon at the diaphragm. It is possible to distinguish
the near zone with significant wave inhomogene-
ities (i.e. the Fresnel zone) and the far Fraunhofer
diffraction zone, in which the wave becomes close
to homogeneous (the so-called quasi-homogeneous)
and the ray approximation is possible. The prob-
lem is that there is no explicit relationship between
the radiance of the rays before and after diaphragm.
Method for determining the boundary conditions
for the radiance in the Fraunhofer zone through
the radiance of the incident radiation is proposed
in the paper. This approach for computing the ra-
diance field in the Fraunhofer zone can be gener-
alized to other problems of optics, thereby provid-
ing the possibility of using computationally efficient
ray-approximation-based methods to determine the
light fields.

Keywords: diffraction, geometrical optics, wave
optics, photometry, quasi-heterogeneity
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1. INTRODUCTION

Diffraction is considered as one of the main man-
ifestations of the wave nature of light [1]. However,
nowadays, this is most likely related to the school
physics course, where it is customary to antagonize
the wave representation of light against the ray ap-
proximation, which is a consequence of the meth-
odology of classical science in physics. We study
any physical phenomenon or object using a specif-
ic probe, tester, or test receiver. Still, in classical
physics it has always been assumed that the latter
can always be made negligible, and thus the prop-
erties of the object itself can be formulated. Using
the quantum mechanics concepts, it became obvious
that we cannot go beyond the description of the tes-
ter-object interaction, and in any physical phenom-
enon there is some probe scale (related to the criti-
cal size), such that any attempt to further reduce the
receiver’s size violates the established physical de-
scription of the object.

A feature of optics is that two types of receivers
can be distinguished, namely, quadratic and linear
receivers. A quadratic receiver responds to the en-
ergy it absorbs, while a linear one is a sort of anten-
na, the reaction of which is proportional to the field
strength. Accordingly, each of the measurement
processes generates its field: the quadratic receiver
generates the light or radiation field, while the linear
receiver generates the wavefield [2]. Essentially, the
light field is the rays propagating in various direc-
tions along which power flows with spatial density
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L(r,i,t), i.e. the radiancerf the light field at point
r, time ¢, in the direction I. The wave field charac-
terizes the spatial-temporal distribution of the elec-
tric field intensity E(r, #). Its structure can be repre-
sented as a superposition of random waves in space.

As the energy is a quadratic quantity concerning
the electric field, then all the properties of the light
field can be expressed in terms of the properties of
the wave field. However, only quadratic receivers
exist in the optical spectral range. A linear receiver
can be set up by placing an optical device, such as
an aperture, in front of the quadratic receiver. If the
diaphragm dimensions are smaller than a specific
size parameter A, then the field after the diaphragm
will be a wave one, however, we can still measure
its characteristics only with a quadratic receiver. In
the simplest case of a homogeneous monochromat-
ic wave A is the wavelength.

If the amplitude (i.e. intensity) of the wavefield
and the energy density (i.e. power) of the light field
does not change in space, then the field is called ho-
mogeneous, and both description models are es-
sentially equivalent to each other: at each point in
space, the ray is perpendicular to the wave front.
The wave front acts as a function, which describes
all possible ray paths. If the field is inhomogeneous,
especially when the spatial scale of the field change
becomes of the order or less than A, then the ray ap-
proximation is not valid anymore. In the narrow
sense of the word, this phenomenon is commonly
called diffraction.

The field of the diffracted wave right after the di-
aphragm can be represented as a superposition [1]
of a strongly inhomogeneous component, decreas-
ing with distance » from the diaphragm faster than
1/r, and a quasi-homogeneous component, slow-
ly changing over the scale of A and decreasing as
1/r. Therefore, the field at the diaphragm is strong-
ly inhomogeneous (that is the Fresnel zone), but at
a certain distance, the Fraunhofer zone can be dis-
tinguished, where the wave is again quasi-homoge-
neous and can be treated in the framework of the ray
approximation. In a general case, the field pattern
after diffraction at a circular aperture of radius a can
be represented as shown in Fig. 1.

The analysis is based on the idea that diffrac-
tion generates at each point of the diaphragm a di-
vergent beam with a divergence angle ¢, ~A/a,
corresponding to the size of the Airy disk [1]. If the
overlapping of spots of beams at the distance z from
the diaphragm aperture is z-&, = zA/a < a, then
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the impact of diffraction is negligible, and the field
can be described in term of the ray approximation,
wherein the radiance of the rays passing through
the diaphragm is equal to the radiance of the inci-
dent radiation. If the overlapping of the spots is sig-
nificant (i.e. zA/a = a), which corresponds to the
Fresnel zone, the field is determined by the interfer-
ence of the beams generated at each point of the di-
aphragm. It becomes substantially inhomogeneous,
and the ray approximation cannot be applied. In
the Fraunhofer zone we have zA/a < a, and the
beams generated at all diaphragm points are strong-
ly mixed, the field becomes quasi-homogeneous,
and the ray approximation comes into play. Howev-
er, the radiance of the rays is no longer determined
by the radiance of the incident, but rather by the
laws of diffraction.

The problem is that the connection between the
rays before and after the diaphragm is not apparent.
It can only be determined through the properties of
the wavefield right after the diaphragm [3]. The goal
of this paper is to derive a relationship of the spa-
tial-angular radiance distributions L(r,i) of station-
ary light fields before and after the diaphragm.

2. WAVE DIFFRACTION AT THE EXIT
PUPIL OF THE OPTICAL SYSTEM

According to the Abbe principle (Abbe Ernst,
1840-1905) [5], the structure of the optical image
can be studied in the geometric optics approxima-
tion, considering the wave diffraction at the exit
pupil. Let us consider a sharp image from a point
lying on the optical axis. As we must have a spher-
ical wave focusing on the image point in the plane
of analysis, the wave in the plane of analysis is
quasi-homogeneous.

Let the complex amplitude of the wave passing
through the optical system (OS) in the plane of the

Fraunhofer

Fresnel

GO

Fig. 1. Distribution of the irradiance (red line) as a function
of the distance to the diaphragm aperture z
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exit pupil be U(r), where r is the radius-vector in
the plane of exit pupil £ (as shown in Fig. 2). Then
the field immediately after the pupil is expressed
through the pupil function O(r):

Us(r) =0(ru(r), (1)
]‘,

0,

rel,

where the pupil function is O(r) = {
ré.

In the view of eq. (1), the expression for the cor-
relation function of the field right after the exit pu-
pil reads:

Ly(r.r)= <Uz (r, )U; (r, )>

=0(r,)0(r,) (U)U" (r,)) =
=0(r)O(r,)l,(r,r,),

2

where I' (r,,r,) is the correlation function of ra-
diation passing though the OS on the plane of exit
pupil.

Introducing the local coordinates in the plane of
the exit pupil Z, i.e.

Exit
pupil

Image

plane
Image analisis

plane

-

r

Fig. 3. The scheme of image formation in the optical sys-
tem bounded by diffraction
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Using our assumption that the field before the
exit pupil can be computed in the ray approxima-
tion (which is equivalent to the quasi-homogeneous
field assumption), we can express I' (R,p) through
the generalized radiance in the Wigner spectrum
form [3, 4]:

T,(R,p)=PL,(R,Ded, (5)
where L (R, i) is the radiance of the radiation pass-
ing through the OS in the plane of the exit pupil.

Then the radiance of the quasi-homogeneous
part after the exit pupil, which forms the image in
the plane of analysis, reads as follows [3]:

’ k ’ ikl
L(R’ll) = (E) ZZIFE(R’p)e Hip dzpa (6)

where 1] is the vector of projection 1 onto the nor-
mal to the image plane, while 1 is defined according
to Fig. 3 as follows:

r, —(R, +Rz)

i= .
Jor,—R )+ R

(7

Substituting eq. (4) in eq. (6) gives

LR,V = (—%) zz<jSL0(R,i)j®(R+%j® x

x (R - %)exp(—ik(li ~1,)p, )d’pdi. ®
Introducing
kY(1
Al -1)=|— || = |x
PRSI

x[OR+ %)@(R - %) exp(—ikp(t, —1,))d’p, )
eq. (8) can be written as a convolution:

LRI = [ L(RIDAAL -1)d,. (10)

Thus, the wave diffraction at the exit pupil ac-
quires a clear ray interpretation of light scattering,
while 4(1’ —1,) is a function of light scattering.
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3. OPTICAL TRANSFER FUNCTION
OF AN IDEAL OPTICAL SYSTEM

To validate the derived relations, let us consid-
er the optical transfer function (OTF) of a non-ab-
errational thin lens, the frame of which also serves
as the exit pupil in the presence of defocusing. The
technique of computing the OTF of such a sys-
tem is well known from wave optics [1]. For this,
we consider an isotropic point source with a lumi-
nous intensity /, on the optical axis having a stig-
matic image in the analysis plane at a distance R,
along the optical axis from the plane of the exit pu-
pil (as shown in Fig. 3). The irradiation distribution
from it will be the point scattering function (PSF),
the Fourier transform of which provides the desired
OTF. The radiance of the beam in this case on the
plane of the diaphragm can be expressed as follows:

L(R,1)= 105( L

R
I +—

)

(o]

(11)

Substituting eq. (11) into eq. (8) and expressing
the result using coordinates R |, 1,, we obtain

kY p
L(R,1)=1I ( J (Z,]j@)(R +2j®
(Rl—%)exp{ikp(h+%:)}d2p. (12)

Here we made use the following geometrical
properties (see Fig. 3):

L RL RL r RJ_
L=t MR TR R
R-R d*R
L= o dll = iR (13)

(o]

The expression for the irradiance on the plane of
analysis reads as

r)= [ L dLdi= [ L 1)L, (14)
() ()
or, making use of eq. (12):
_ L (kY P p
B(r)=—% (E) j@(RL JFEJ(%Rl _5) x
xexp{zkp( +B—= j}dzpdle, (15)

here it is taken into account that / /I’=1 under
paraxial optics conditions.

28

OTF OS is the Fourier transform of irradiance
distribution:
HW)=[E(r)e™ d’r,, (16)

and using eq. (15), we obtain

I, (kY o/Rr, +2 o[ R

w2 ) JO(R+ 5 JO( R -
. r R, . 2 2. 12 17

x exp 1 ikp E+'BT —ivr, +d’r, d’pd’R,. (17)

Note one obvious formula:

5( )}d%, (18)

which can transform eq. (17) to the following form:

av
H(v)_foj@)(Rl +7j®

p

H(v)= 5) x

_y
R

p

ENAE

—-v

(Rl—%)exp(zﬂle)dzRL,, (19)
where, with (18), the constant is defined
_R_ /I_R (20)
k 2rx

Let us compute OTF of the optical system for
zero spatial frequency:
H(0)=1,[OR,)d’R, =7a’],. 21)
Note that H(0) corresponds to the transmittance
of the optical system.

Then we can express relative OTF (i.e. the mod-
ulation transmission function) as follows:

T(v)=%: (R +—j®><
X(Rl—%jexp(iﬁvRL)dzRL. (22)
L a

-
B

ov

Fig. 4. To definition
of the limits of inte-
gration in eq. (22)

/x
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Let us consider the impact of defocusing on the
OTF of the optical system. From Fig. 4, it follows

that
av2
x—— | +y*=d’,
( 2) Y

and this allows to define the integration limits in eq.
(22):

av av
X, =———4a’ =y, x,=———+Ja’ - ),
2 2

(23)

24)

and express the integral as

Tv)=—>3 f f e dxdy. (25)
0 X Ja2-)2

2

Note that the integration over dx can be easily
computed:

2

; aa}i)sin{ﬂV(m —%ﬂ dy. (26)

0

<

I(v)=

Sy

The integral takes a simpler form for further
analysis

4
Tyw

T(w)=

T
O — T
o=
N
©

sin[;/w(\/l—tz —%Hdt, 27)

29

0.6 0.4 0.2 0

if we switch to the following dimensionless
variables:
v R Ry, Pe
a ak ¢ a’ o
Bka’ a 27a
= = -, = ka = —_—
R pe R ¢ A
Fig. 5 shows the OTFs for several values of rel-
ative defocusing parameters v.
Note that if there is no defocusing, which is
equivalent to f — 0 and, hence, y — 0, we have

nmisin[yw(\/l—ﬂ —%ﬂ =J1-7 —%, (29)

(28)

=0 YW

and eq. (27) is reduced to the expression for the
OTF for the OS with diffraction at the exit pupil:

(3]

T(w)=% f (\/l—tz—%jdt:
0
2
=£ arccosz—K l—w— . (30)
4 2 2 4

which completely corresponds to the formula de-
rived in the framework of the diffraction theory
[6-8].

In [7], eq. (30) is expressed in terms of Bes-
sel functions, which allows one to obtain the as-
ymptotic formula for 7(w) for large values of y. It
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is straightforward to see that the impact of diffrac-
tion blurring becomes negligible when the defocus-
ing parameter increases. At the same time, the blur
function for a point is defined by the geometrical
optics, and the blur spot turns into a uniformly il-
luminated disk. In this case, the OTF as a Fourier
transform from a uniformly luminous disk is giv-
en by a first-order Bessel function for its argument.

4. CONCLUSION

We have proposed a method for determining
the relationship between the radiance of the light
fields before the diaphragm and in the Fraunhofer
zone after the diaphragm. This method can de-
scribe all phenomena related to image formation
in an ideal optical system. Therefore, the compu-
tationally efficient ray approximation can be ap-
plied to the image analysis in the optical system,
where the diaphragms are treated as scattering el-
ements with the corresponding point spread func-
tions (PSFs) according to eq. (9). Moreover, since
the Fraunhofer zone is of considerable practical in-
terest, this approach can be generalized and devel-
oped for other problems. For example, nowadays,
scattering by particles of complex shape is treated
not according to Mie theory [9], but rather based
on geometrical optics, in which the wave effects
(for example, diffraction, surface wave, and edge
effect) are neglected. By imposing new boundary
conditions for the scattered rays in the Fraunhofer
zone, it is possible to include these effects in the
ray optics models.
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ABSTRACT

The Sah-Noyce-Shockley (SNS) space charge
region recombination theory is applied to build the
mathematic model of the voltage-current relation-
ships (VCR) of light emitting diodes with quan-
tum wells. Unlike the mathematic model of VCR,
for SNS in the proposed model, non-uniformity of
recombination centres distribution over the space
charge region and dependence of their mean con-
centration on voltage are assumed as well as the fact
that the nonideality factor of forward current depen-
dence on bias voltage may have a continuous series
of values from 1 to 5 and is defined by the depen-
dence on bias voltage of both saturation current and
exponent of the VCR mathematical model.

Keywords: light emitting diodes with quantum
wells, voltage-current relationship, nonideality fac-
tor, recombination mechanism

1. INTRODUCTION

Thanks to their remarkable properties, light emit-
ting diodes (LED) based on quantum well (QW)
heterostructures have reached the leading positions
as light sources and elements of full-colour screens.
However, the paradox is that no mathematical mod-
el of their voltage-current relationship (VCR) has
been created over the 25 years since the start of
their serial production. To describe experimental-
ly observed VCRs of QW LEDs, models developed
for homogeneous p-n junctions are used. This leads
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to difficulties in interpretation of both behaviour of
the dependence of current on bias voltage and quan-
tum efficiency of LED.
The VCR model of a diffusion current mecha-
nism was proposed by Shockley [1]:
ﬂj - 1} _
T

mf ] ol
Afof)

where Jg;¢ is the current density, ¢ is the charge of
the electron, p, and n, are the concentrations of mi-
nor carriers in n- and p- areas respectively, L, and
L, are the diffusion lengths, 7,, and 7, are the elec-
tron and hole lifetimes, U is the bias voltage, & is the
Boltzmann constant, 7 is the absolute temperature

. . U
of p-n junction, Jo[exp(i—T

n L

pn
T

n

p.L,

+

M

)—l}s the diffusion

current of saturation.

The formula (1) was further amended with the
n parameter acquired experimentally and called the
nonideality factor (NF) (in other works, it is called
the ideality factor):

Aol

The physical nature of NF for homogeneous p-n
structures was described in the work by Sah, Noyce
and Shockley (SNS) [2]. It presents the VCR mod-
el based on the recombination mechanism of charge

Jar

2
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carriers (CC) in the space charge region (SCR) of
symmetrical p-n junction through uniformly distrib-
v

uted defect levels:
qU
J. expl — |.(3
2ij ; Xp(zkrj ®)

where W is the width of SCR, o is the capture
cross-section of recombination centres, Vy is the
thermal velocity, &, is the concentration of recombi-
nation centres in SCR, #; is the intrinsic concentra-

l‘N[

']rec = q nt VT exp(

O-t t

tion of CC, J, =¢q n,V, is the saturation cur-

rent; NF is taken equal to 2 in (3).

Later, this model was developed [3] for asym-
metrical p-n junctions keeping the assumption on
uniform distribution of defect concentration in SCR.

Experimentally observed VCRs with NF vary-
ing between 1 and 2 are attributed to competition
of particular recombination mechanisms [4], and it
is claimed that NF may vary between 1 and 2 due
to equality of total forward current to the sum of dif-
fusion and recombination currents.

In 1994-1996, first blue and green QW LEDs
were created based on 4/GaN/InGaN/GaN hetero-
structures [5, 6] as well as a red LED based on Al-
InGaP heterostructures. Since that, intensive studies
of the properties of these LEDs have been carried
out [7-12]. Their electric and physical character-
istics, in particular VCR, significantly differ from
characteristics of previously developed LEDs. For
instance, NF of QW LEDs varies significantly over
the entire region of current-voltage relationship [13,
14] and its values may be equal to 1.2 to 5 or even
higher. With relatively low values of current density
(approx. 1 A/cm?), deviations from the exponential
dependence and the trend to saturation of current
are observed in semi-logarithmic coordinate VCRs
of any and all GaN and AlInGaP based LEDs. Dif-
ferent models are proposed to explain these facts,
with assumptions made on high resistance of con-
tacts and competition between different recombi-
nation mechanisms. At the same time, formation of
the charge of free CCs in the contact area of wide
band gap semiconductors is not taken into account
[15, p. 156].

The phenomenological model of the ABC re-
combination rate based on the models of Shock-
ley—Read—Hall (SRH), radiative and Auger recom-
bination mechanisms [16—19] was developed. The
ABC model rather rationally explains the behaviour
of quantum efficiency of QW LEDs with changes
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of forward current density but is still not used for

“)

building the VCR mathematical model.

Researchers still keep on using the (2) and (3)
not correct given that recombination in the SCR lay-
er of WQ LEDs occurs in narrow local regions, QW
taken into account in [20, 21].

Analysis of current formation in QW LEDs is
to explain the fall of efficiency at relatively low val-
ues of current density, but no expressions to de-

All works analysing experimental VCRs of
LEDs, both based on homogeneous junctions and
formula that defines NF by differentiating the loga-
rithm of current to voltage:

-1
n= kT(—ln(J)j .
dUu
VCRs are not analytical functions but discrete ta-
bles of concordance between current and bias volt-
propriate for application
-1
Aln(J
n= {kT(—n( )ﬂ : (5)
sity logarithm with bias voltage increment by AU.
However, no work contains information on the val-
result significantly depends on it.

In the majority of the experimental materials, the
mula of VCR of QW LED distinctly change with
changes in bias voltage [14], while the formulae (4)

Given the above, it is necessary to define what
parameter is calculated by (5) for the entire range
of the Aln(J) function to increment of the argu-
ment AU or the coefficient characterising non-con-
(n"kT)] and the ideal form exp [qU/(kT)]? Obvious-
ly, it is the £T-fold reciprocal of the ratio Aln(J)/AU.
factor from the one given in [1]. The exponent in (2)
includes the factor of deviation from the Shockley’s

formulae to describe VCR of QW LEDs, which is
layers with width of several nanometres. This fact is
one of the focuses in [13, 22]. These works aspire
scribe VCR were obtained.
on heterogeneous p-n structures with QW, provide a
d

It is obviously incorrect since experimental

age. Therefore, the following formula is more ap-
AU

Here Aln(J) is the increment of the current den-
ues of these increments for calculations, while the
NF itself and the pre-exponential factor of the for-
and (5) imply that they are constant.
of VCR: kT-fold reciprocal of the ratio of increment
cordance between the exponential factor exp [qU/
n” here is the factor of deviation of the exponential
ideal VCR model based on the Boltzmann distribu-
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tion. Therefore, we will hereinafter identify the NF
defined by (5) as n and the factor included in the ex-
ponent as n”* (asterisked n).

The review of the works allows us to draw con-
clusions that:

— When analysing experimental data concern-
ing QW LEDs, they use the Shockley’s and SNS
mathematical models of VCR, which do not take
the distinctions of their technological structure into
account;

— The cases of non-uniform distribution of re-
combination centres [23, 24] common for LED
structures are not considered.

These conclusions allowed us to formulate the
goal and the objectives of this work:

— The goal is to develop the mathematical mod-
el of VCR of p-n structures with QW with consider-
ation of their parameters and location in SCR;

— The objectives are to experimentally define
VCR properties common for all types of p-n LED
structures, to substantiate the necessity of devel-
opment of the mathematical model of VCR of p-n
structures with non-uniform distribution of recom-
bination centres in SCR, to define the dependence of
the n* factor and NF 7 on technological parameters
of the p-n structure .

It was initially assumed that p-n structures of
the LEDs under consideration are uniformly doped
both in p and n regions, have a barrier layer with
sharp boundaries, the Boltzmann distribution is true
in the barrier region for free CCs, the levels of the
recombination centres are located in the vicinity of
the middle of the forbidden region and the capture
cross-sections of electrons and holes are similar.

2. METHODOLOGY AND THE RESULTS
OF THE EXPERIMENT

VCRs of blue and green QW LEDs based on p-n
structures of AIGaN/InGaN/GaN manufactured by
Cree, blue, green and red LEDs (4/InGaP-based)
manufactured by Lumileds as well as white LEDs
manufactured in China were obtained (these LEDs
are identified in the experimental results below as
Al, A3, CC and CW respectively). Each lot con-
tained at least 10 LEDs and was selected from the
same technological group. The experimental results

A1 A3 CC_CWw

m

Fig. 1. VCRs of Lumiled’s red (AlInGaP-based) (R), green
(G) and blue (B) LEDs as well as of the white LED with
AlGaN/InGaN/GaN crystal structure (A1, A3, CC, CW)

manufactured in China

presented in the Figs. (1-3) are not for all studied
LEDs due to large volume of information, but the
main characteristics conform to those presented in
the work.

The LEDs used in the experiments had rather
long exponential regions of VCRs within the cur-
rent density range of (10-*-10-2) A/cm?. Different
characteristics if these LEDs, including VCRs, are
studied in, for instance, [25, 26]. Measurements at
lower values of current density were not conduct-
ed since probability of occurrence of creeping cur-
rents is high in this case: they would have provided
a background addition to the classic generation-re-
combination mechanism of forward current of the
LEDs under consideration.

VCRs of LEDs (Fig. 1) were measured by means
of a computerised installation with stabilised bias
voltage. Forward current varied within the range
of (107-10"1) A and current density of (10-4-102)
A/em?. Voltage increment was equal to (20£0.01)
mV. With such values of forward current density,
the high injection level mode is not generated and a
rather long exponential region is observed.

Moreover, in order to define the relationship be-
tween the form of VCR and distinctions of doping
of p-n junction, doping profiles (Fig. 2) were mea-
sured for some types of LEDs using the technique
and the installation described in [27]. Doping distri-

! The objectives of the work did not include determination of the relation between NF n with creeping currents or loss currents
through inner bridges of diode structures, consideration of series ohmic resistance of quasi-neutral regions and contacts and analysis
of the high injection level mode; the work considered only the forward bias condition mode, the main mode of LED.
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N, cm™

0,0 2,0x10° 4,0x10° 8.0x10° 8,0x10%

X, cm
Fig. 2. Doping profiles of the lightly doped region of QW
structures of AlInGaP-based red (R), green (G) and blue
(B) LEDs manufactured by Lumiled as well as the white
LED with AIGaN/InGaN/GaN crystal structure (A1, A3,
CC, CW) manufactured in China

bution is measured starting from the metallurgical
border in a relatively lightly doped region.

All measurements were made at room tem-
perature of (23-25) °C. Thermal potential k7" was
taken equal to 0.0259 eV for measurements and
modelling.

Processing of the experimental data and model-
ling of VCR were conducted using MathCad-14 and
Origin-8 software.

Fig. 2 shows that the doping profiles in the light-
ly doped region of p-n structures are very variable
while VCR forms of similar LEDs have almost no
differences. In semi-log coordinates, it is possible
to identify the long and almost linear regions of 2—4

LA

Fig. 3. Model VCRs of blue (B) and green (G) LEDs based
on AIGaN/InGaNGaN heterostructures with five QWs. The
contour shows the regions of VCR corresponding to the
experimental VCRs in Fig. 1, the inserts demonstrate cor-
responding dependences of NF 7 and factors n*
on bias voltage

magnitude orders of current with further significant
deviation from exponential dependence at current
density values higher than (1-2) A/cm?. The formu-
la (5) was used for calculation of #.

Increase in NF of the presented VCRs at current
values exceeding the ones corresponding to the ex-
ponential region occurs due to different causes con-
sidered, for instance, in [28] as well as due to spe-
cial phenomena, e.g. generation of a p-n junction
of an accelerating electric field within the SCR, but
these effects will not be reviewed in this article.
The measurements have shown that exponential re-
gions of different VCRs have significant variations
of NF n and saturation current even within the same
groups of LEDs.

3. RESULTS

The energy model of an asymmetrical structure,
e.g. p-n* (with the n region heavily doped) may be
presented in the form of a potential barrier with in-
finite length and height of ¢,. The front potential
forming the SCR of the p—n"- junction in the lightly
doped p layer rises in accordance with a certain law.
In the direction of this barrier, a flow of electrons
with a broad energy range moves from the qua-
si-neutral n"- region with thermal velocity V. The
electrons with energy exceeding (¢, — qU) cross the
SCR and move to the adjacent quasi-neutral p-type
region. There they form diffusion current of minor
CCs with its density at gU > 3kT expressed as

L, @, —qU
Jd,-/=qT—Ndexp(——" 1 j (6)

n

Dividing and multiplying the right part by V;

n

and identifying

as ry, let us write down the
n T
expression of the forward current of the diffusion

mechanism in the form

@, —qU
J. . =qr,V.N, exp| ———— |=
dir =4V Vg p( T )
Dy qU
=qr,V.N, exp| ——— |exp| — |=
qryVr iV, Xp( kT\J Xp(kTJ
qU
=J, exp| — |. 7
0 p(kT) (7

It is Shockley’s ideal VCR form with n = n*= 1
over the entire voltage (current) range. With the ide-
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b- exp( (@, —q )(x ))+ exp| — W) +g
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n kT

q

- CXp " -
n

kT
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al VCR, the multiplier J, does not depend on bias
voltage, therefore n = n™

The physical meaning of the factor ry
is the ratio of CC diffusion current veloci-
ty at the level of (¢ — qU) to thermal velocity;

k

%
Jo=qr,ViN, exp(— T

) is the density of satura-
tion current. After reaching the front of the barrier,

CCs with energy lower than (¢ — qU) will recom-
bine in accordance with the SNS model via the lo-
cal recombination centres with holes moved to the
SCR from the p-region. Total current will be equal
to the sum of diffusion and recombination currents.

The SNS theory is applicable also to p-n struc-
tures with QW if the latter are presented in the form
of recombination planes. Such idea was proposed
in [20, 21].

In this work, we propose to assume that a thin
QW located in any place of SCR serves as a single
recombination centre with capture cross-section o.
Positions of QW in VCR and distribution of recom-
bination centres of point defects in the barriers may
be described by some function N(x):

0 x<a,

N(x)=N,(x)+ Z

Ha>2x2(a+H),(@®)

O x>(a,+H)

where N, (x) is the concentration distribution of

point defects, i is the QW number, H is the QW

width, a is the location of the left edge of QW rela-

tive to the metallurgical border of the p-n structure.
Using the ideas of the SNS model, current densi-

ty may be expressed by the formulae

€))

. =qboN, OYWU)V,N,FU),
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(10)

where N4 (U) is the mean concentration of re-
combination centres of point defects and QW of the
SCR which depends on bias voltage due to change
of the SCR width and the number of QWs and point
defects located in it:

_ 1 . N(x)
N )= 505 f [N dv; f(x.U)= —
_W@O)-N, | _M
" N,+N, " N,+N,’
2e,(N, +Nd)-((p"—Uj
W(U) = 9 . (for uni-

qNaNd

form doping distribution), N, and N, are the concen-
trations of acceptor and donor dopants, b = N,/N,,
g =2n/N,.

Using the factor ».(U)=0
formula (9) is written as

N,,(U)-W(U), the
@
n"(U)-kT

Jrec = q”; (U)VTNd exp(
qU

jx
wloliinh]

n'(U)-kT
In the formula (10), there is an assumption that
the front of the potential barrier increases linearly,

(11)

therefore, itisidentifiedas ¢(x) = ﬂ( = X),
W)
Di L
J,(U)= U)Y,.N,exp| —————— | in it. The
S( ) qrr( ) T%d Xp( n*(U)ij

physical meaning of the factor 7, (U) is ratio of CC
recombinant current at the level of (¢ — qU)/n"
to thermal velocity.

The factor n* is defined using the formula
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(9, —qU) .
e iry] !

*
n (U)=-

Obviously, differentiation of (11) will provide
the values of NF 7 higher than those of n". It is rath-
er difficult to define n* experimentally.

The function f(x, U) in (10) leads to variations of
n” from 1 to 2 and dependence of the pre-exponen-
tial factor on voltage leads to high values of NF n.

High values of NF, from 3.3 to 5, are common
for p-i-n structures and with dependence of doping
concentration at edges of SCR on variation of bias
voltage, i.e. when N, and N, in the pre-exponen-
tial factor are the functions of bias voltage N,(U)
and N,(U). This situation is real, since the doping
concentration both in n* and p layers declines to-
wards the metallurgical border virtually exponen-
tially forming the compensated region in the vicin-
ity of it (Fig. 2).

Unlike the cases with homogeneous p-n struc-
tures and uniform distribution of recombination
centres, where recombination rate keeps its value
after changes of SCR width, the situation is more
difficult in structures with QWs. QWs keep their po-
sitions and the edge of SCR moves towards the met-
allurgical border with rise of voltage. The position
of maximum recombination rate changes relative
to QWs. This is related to variation of the growth
rate of forward current with change in voltage, i.e.
variations of NF n and »n” factor, as it can be seen
from the figures in [13, 14].

In structures with multiple QWs, with U =0, all
QWs are located in the SCR. As forward voltage
rises, part of QWs located closer to the edge of the
SCR of the lightly doped layer leave the SCR and
band-to-band recombination occurs in them due
to diffusion current flowing in the quasi-neutral re-
gion where QWs are located. Therefore total current
will be equal to the sum of these currents.

4. CONCLUSION

Based on the obtained mathematical models (9)
and (10), using Mathcad 14 VCR graphs were syn-
thesised for different LEDs. The modelled VCRs of
blue (B) and green (G) LEDs as well as dependenc-
es of NF 7 and factors n” on voltage U for them are
shown in Fig. 3. The width of QW is 4 nm; during
their movement, it is equal to 15 nm and 16 nm for
blue and green LEDs respectively. Doping level of
the relatively lightly doped region was taken equal
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to 7-10'® cm™ and that of the heavily doped region
(injector) was taken equal to 2+ 10'° cm™. The semi-
conductor parameters were taken from [29]. For
modelling of VCR in the current limitation region
within the range exceeding 1-10~* A, series resis-
tance R =10 Q.

5. RESULTS

1. The physical and mathematical model of VCR
of LED p-n structures with QW was developed. It is
different from the SNS model in that it includes the
function of non-uniform distribution of QWs and
point defects in the SCR of the p-n structure f{x, U).

2. In LED structures, QWs may be presented as
single recombination centres distributed over the
SCR, with capture cross-section 0. Recombination
rate in QW is defined by the position of maximum
distribution of recombination rate as per SNS rela-
tive to QW, and quantum efficiency is defined by the
relation of rates of radiant and non-radiant compo-
nents as per the ABC model.

3. The factor n* in the VCR exponent and the
derivative of the logarithm of current to voltage n
(NF) are different terms. The former parameter re-
flects the difference of the exponential factor from
the Shockley model and the latter characterises be-
haviour of the functional dependence of forward
current on voltage.

4. The physical meaning of the factor n” is ratio
of the value of contact potential ¢, to the efficient
level of energy of charge carriers flow to the recom-
bination region in the SCR.

5. The NF values exceeding 2 are attributed
to dependence of both the exponent and the pre-ex-
ponential factor on bias voltage.
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ABSTRACT

When simulating the propagation of light, lumi-
nance/radiance brought by a ray is calculated from
the optical properties of the scene objects it inter-
acts with. According to their optical properties, ob-
jects can be roughly divided into diffuse and specu-
lar. In Monte Carlo ray tracing luminance/radiance
is calculated only for diffuse surfaces. When a ray
hits a specular a surface, it is reflected (or refracted)
until it reaches a diffuse surface, and only then the
luminance/radiance is calculated. In the proposed
approach, diffuse elements are further divided into
genuine diffuse and quasi-specular elements. The
most natural criterion for the latter is that it scat-
ters light in a narrow cone about the specular direc-
tion. An element of the scene can also be a superpo-
sition of both types when its scattering function is a
sum of the genuine diffuse and quasi-specular parts.
This article shows how different components of il-
luminance/irradiance interact with quasi-specular
objects and describe how this works in the bi-direc-
tional stochastic ray tracing. The proposed approach
significantly reduces stochastic noise for multiple
scenes. This method is also applicable for simula-
tion of volume scattering, treating the phase func-
tion of the medium as quasi-specular. In this case,
the choice of quasi-specular objects is not based on
the nature of the bidirectional scattering distribution
function (BSDF): the medium is treated as com-
pletely quasi-specular while the surfaces, even if
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their BSDFs are narrower, remain genuine diffuse.
The article shows the advantage of this approach.

Keywords: calculation of illuminance, realistic
rendering, bidirectional ray tracing, stochastic ray
tracing, noise reduction, BSDF

1. INTRODUCTION

The bidirectional ray tracing using photon maps
is an efficient method for calculating the image of
a virtual scene [1]. Tracing rays from light sourc-
es creates a photon map that allows one to calculate
the illuminance of the scene surfaces. Then the ray
1s traced from the camera, and when it hits a diffuse
surface, it takes illuminance from the photon map,
“convolves” it with the surface bidirectional scatter-
ing distribution function (BSDF) at this point, and
adds the result to the accumulated luminance/radi-
ance of the pixel. This idea is implemented in sev-
eral modifications of the described method [2-5].

An important parameter of this approach is the
number of operators (events on the ray path) in the
products of integral scattering operators calculated
by the backward Monte Carlo ray tracing. Usual-
ly only diffuse events are considered, and the max-
imum allowed number is denoted by backward dif-
fuse depth (BDD'). The efficiency of the method,
that is, its convergence rate (or noise level, which is

' A specific parameter of bidirectional ray tracing: the ray
from camera terminates after BDD diffuse scattering events.
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the same) strongly depends on this BDD, and its op-
timal value differs for each scene.

The best approach would be to use different
BDDs for different parts of the scene [5], and even
mix calculations with different BDDs [5], as in
“multiple importance sampling”. It is often possible
to find the optimal BDD (automatically or manual-
ly), for which calculations become quite efficient.
However, this is not always possible, and in some
cases, changing the BDD does not help, i.e. whatev-
er value is taken, the image is very noisy.

We provide a simple method that helps in such
cases. Its idea is that those objects of the scene (sur-
face or volume scattering) that have a diffuse part
of BSDF are divided into two groups: genuine dif-
fuse and quasi-specular. Usually, the last ones will
be those for which the BSDF is a narrow near-spec-
ular cone. Although in principle the criterion can be
arbitrary, up to the point that the Lambert surface
will be treated as quasi-specular. As a rule, the sep-
aration treats the BSDF (for the surface or the phase
function for a volume) as a sum of the quasi-specu-
lar and genuine diffuse components, which are both
non-zero.

Quasi-specular scattering does not increase the
diffuse event counter (when it exceeded the BDD,
the ray is killed). Besides, the quasi-specular part of
the BSDF does not convolve with diffuse compo-
nent of illuminance (that is, those rays from the light
source that have been subjected to genuine diffuse
scattering). This change in backward ray tracing can
be applied to both surface and volume scattering,
to reduce noise and the amount of memory used.

An alternative approach is more attractive, in
which there is no fixed BDD, no a distinction be-
tween direct, caustic and diffuse lighting rays. At
each intersection of a diffuse surface by the cam-
era ray, all the lighting rays are collected, and the
contribution from various points is summed with
the weight depending on the full trajectory (joining
its parts from the light source and from the camera)
and calculated using the multiple importance sam-
pling (MIS) equation [6]. Unfortunately, despite
the convincing images in [6], the proposed meth-
od does not use photon maps at all, but instead trac-
es one ray from the camera and one ray from the
light source, then calculates the contribution from
the joining of these paths (it vanishes if they do
not meet with the desired accuracy), then forgets
this pair and starting a new one. When using pho-
ton maps, the same forward ray path is tried to join
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with each ray from the camera. At first glance, this
is all the same since contributions for different for-
ward paths are independent even for the same back-
ward path. In fact, this is not the case [7], and the
noise (that is, the variance of the accumulated pixel
luminance) is calculated using equations other than
those used for the simple Markov chain Monte-Car-
lo (MCMC). These equations include not only the
BSDF along the ray path and the light source go-
niogram, as in [6], but the geometric factors (dis-
tance between surfaces, etc.) as well. Therefore,
the method proposed in [6] cannot be used direct-
ly without improvement. Meanwhile, it requires
that integrating spheres have been installed at all hit
points for the camera ray, which increases the mem-
ory requirements. And in addition, the photon (the
ray from the light source) is checked for intersec-
tions with all of them, which slows down the pro-
cessing process. Therefore, the performance of our
proposed method based on a limited BDD is higher.

There are variants of the method [6], gradually
abandoning photon maps, for example [8], wherein
addition to vertex merging, which is much similar
to photon maps, the vertex connection is used when
the ends of the camera and light paths are not close
and connected by an additional segment of finite
length. Vertexes for joining can be selected probabi-
listically [9]. A detailed review can be found in the
dissertation [10]. All these methods use MIS, when
the merging of the camera and light paths is done at
different vertexes and summing the resulting contri-
butions with weights. In addition, in [8] MIS is ap-
plied to two possible approaches — vertex connec-
tion and vertex merging.

Unfortunately, as in [6], in these studies, the
equations for weight calculations are applied to pho-
ton maps or their equivalent when the same set of
paths from the source is reused for all camera rays.

2. THE RENDERING EQUATION

AND CALCULATION OF ITS NEUMANN
SERIES BY BIDIRECTIONAL RAY
TRACING

The light field in the scene is described by a
self-consistent equation that can be written in vari-
ous forms, such as the equation of global illumina-
tion [11], etc. The idea is that there is a light field in
the scene, it lights the surfaces that scatter it. This
is the transformation of irradiance £ (light incident
on the surface at a point x in direction v') into lumi-
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nance/radiance L (light exiting from a surface point
x in direction v) by the BSDF of the surface f:

L(v;x)= .[f(x; VaWEW, x)d*V .

Then this light emitted from the surface propa-
gates further across the scene and lights its surfac-
es. This transformation of luminance/radiance (light
emitted from the surface) into illuminance (light in-
cident on another point in the scene) is described by
the transfer operator. Since the explicit form of the
scattering and transport operators is not important
for us, we will use compact notation:

(1)
2)

L=F-

E,

E=T-L.

Note that here F includes only diffuse scatter-
ing; therefore, the caustic is non-scattered light, that
is, part of direct lighting.

Note that L is the luminance/radiance of scene
surfaces, while the camera image will be S’L, where
S describes a purely specular transformation be-
tween the scene and the camera (usually it is iden-
tity operator). Here and further, we will calculate
only L. Then, if necessary, we can apply its conver-
sion to the luminance of the image.

Full illuminance consists of direct and diffuse
components:

E=E" +E". )

By combining these three equations, we arrive
at the self-consistent global illumination equation,
used below in the form of the rendering equation in-
troduced by Kajiya [11]:

E=T-F-E+E", 4

In computational optics a combination of for-
warding and backward ray tracing is widely used,
when the forward part calculates illuminance of dif-
fuse surfaces E and stores it, for example, as a pho-
ton map [1], and then the backward tracing converts
it into an image visible by the camera. Note that the
illuminance obtained by stochastic tracing is noisy,
and this noise goes further to the image, its final am-
plitude strongly depends on how the tracing from
the camera works.
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The easiest way is to trace the rays from the
camera to the first diffuse surface, where the surface
luminance/radiance created by all components of
the illuminance is calculated (= FE ), which is then
added to the accumulated luminance/radiance of the
pixel. This provides an estimate of the luminance/
radiance of the surface (1), although the result is not
ideal, since the illuminance E calculated by the for-
ward ray tracing is usually subjected to a (spatial)
filtering to reduce noise. Because of this, small-
scale lighting details, such as glare, can be lost.

Instead, one can apply the Nth iteration of (4)
to illuminance, which leads to the luminance/radi-
ance equation:

_ (D N N1 A Bk B (0
L=(F-DF-E+Y (F-T)F-E”. (5

For the exact illuminance F, this naturally gives
the same result as the simple FE above, howev-
er for the actually used noisy E, this second form is
often better due to the lower noise level due to the
convolution with the power of operator FT. The
value N is nothing but the “backward diffuse depth”
or BDD described in the introduction.

The term FE is the luminance/radiance of the
surface under direct (including caustic) lighting.
The diffuse component of the lighting is considered
only at the last hit point of the camera ray: this is the
term (ﬁ T )N FE.

Integral operators can be calculated by the Mon-
te Carlo method: we launch rays from the camera
through a given pixel of the image, they hit a sur-
face, are scattered (left operator F ), spread across
the scene (operator T ; note that in the backward
ray tracing the order of events from camera corre-
sponds to the order of operators from left to right,
i.e. the leftmost operator corresponds to the trans-
formation in the segment closest to camera), and so
on until the Nth diffuse surface is reached, where it
terminates. At the kth diffuse hit point (i.e. immedi-
ately before the kth diffuse scattering), we calculate
the luminance/radiance of the surface under the di-
rect (including caustic!) lighting FE” if k <N, and
under the full lighting FE for k = N. Then the re-
sult is scaled to consider the attenuation of light due
to specular transformations in T and is eventually
added to the accumulated luminance/radiance of the
pixel. The average value over the ensemble of cam-
era rays converges to L.
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b)

Fig. 1. Camera images for the modified Cornell Box scene calculated during the same time (200 s) for the standard method
with BDD = 0 (a), the standard method with BDD = 1 (b) and for the quasi-specular method with BDD = 0 (c)

3. THE IDEA OF THE QUASI-SPECULAR
METHOD

Consider a modification of the well-known Cor-
nell Box benchmark scene. It is a box open from the
camera side with two parallelepipeds standing on its
floor. The light source is a transparent square locat-
ed very close to the ceiling of the box, which emits
upwards. The walls of the box have a Lambertian
reflection with an albedo of 50 %, and the paral-
lelepipeds have BSDF, which is a sum of the Lam-
bertian and narrow (almost specular) components.
To distinguish their contributions to the image, the
Lambert component is pure red (the normalized co-
lour is (1,0,0)), and the sharp component is almost
pure green (the normalized colour is (0.1,1,0.1)).
The albedo for the maximum colour component is
50 % and 25 %, respectively.

There is practically no direct lighting in the
scene (except for a small square of the ceiling above
the source).

Consider the case of BDD = 0. A ray from the
camera that hits any surface of the scene terminates
there (since there are no specular BSDFs in the
scene) and takes the luminance/radiance of the hit
point as a convolution of the BSDF with full light-
ing. There is a sharp BSDF on the surface of the
parallelepipeds, while the lighting is mainly second-
ary from the walls of the box. The convolution of a
sharp BSDF with wide noise lighting from photon
maps contains strong noise (green reflection at the
bottom of the parallelepipeds in Fig. 1).

In case of BDD = 1, only the direct and caustic
lighting, which is not present in this scene, except
for a small square on the ceiling above the source,
is taken at the first hit point of a camera ray. Then
the camera ray is reflected and either leaves the
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scene or hits one of its surfaces, where full lighting
collects. In this case, a very small part of the rays
hits the square of the ceiling located directly above
the source, where the lighting is orders of magni-
tude higher. Accordingly, the luminance/radiance
brought by these rays to the pixel is orders of mag-
nitude higher than the average value. Other rays hit
the walls of the box or parallelepipeds, where the
lighting is low, and accordingly, their contribution
to the pixel luminance/radiance is also small. As a
result, the luminance/radiance of the pixel is creat-
ed mainly by a small fraction of rays, which inev-
itably leads to a large amount of noise, see Fig. 1.
Note that the noise on the parallelepipeds is most-
ly not green, because the sharp BSDF part sends re-
flected rays to about the same place in the scene, so
either almost all of them hit the bright square on the
ceiling or none.

Higher BDD values also do not improve the
situation.

One could try to use BDD = 0 for camera rays
reflected by the Lambert part of the BSDF, and
BDD =1 for the rays that were first scattered by the
sharp BSDF part. This, however, does not work [5],
as was proved in [12]. That is when rays scattered
in the near- specular direction and off-specular ones
collect lighting differently, the accumulated lumi-
nance/radiance is incorrect. Thus, a more complex
criterion is required to determine at which point
to use which lighting rays, and which rays to ignore.

The key idea of the approach remains the same:
scattering from the sharp BSDF part is treated not
as genuine diffuse, but rather like specular. This
sharp BSDF (and the entire method of processing
the camera rays scattered by it) is therefore called
quasi-specular. The result of the calculation for
the same model scene using this method is shown
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in Fig. 1 (c), see section 7.1. for a more detailed
discussion.

4. OPERATOR SERIES IN PRESENCE OF
QUASI-SPECULAR BSDFS

Now let us go to the formal derivation of what
to do with the camera ray when the diffuse BSDF
is divided into genuine diffuse and quasi-specular
parts:

F=F+F,. (6)

The separation is arbitrary (although some sep-
arations are advantageous in terms of noise lev-
el and some are not), meaning that for any choice,
the image luminance/radiance converges to the ex-
act value.

Considering (6) the luminance at the point of the
surface x is

L(v,x) = (F, - E)v,x) + (F,)(v,%). (7)

Lighting is now also divided into three compo-
nents: direct (that was not scattered at all or was
purely specular BSDF), quasi-caustics (scattered
at least once by a quasi-specular BSDF, but never
by genuine diffuse BSDF), and diffuse (scattered at
least once by genuine diffuse BSDF), i.e.

E=E9 4+ gl L g®
so (7) takes the form

L=F-E=F (E”+E“)+

» (O (8)
+F -EO+F, -E.

Then, substituting our light separation into the
global illumination equation (4), we obtain

@) L ) — L F ) 4 )
EY+E" =T -F -(E7 +E")+
E EQ+T.

+7-F, F,-E.

The term TAVﬁ'qS -EY) +T-F,-E in its right-
hand side describes light that has undergone at
least one genuine diffuse scattering, while the term
T- f*“qx (EY + E“y describes the light that has un-
dergone at least one purely specular scattering, but
no one diffuse scattering. Considering our splitting
of lighting into three components, this means that

EV=T-(F,-E+F, -E?), )
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@) _ o g L o O

E“ =T -(F, -E“ +F -E"), (10)
which means that

E<")|=(1—f~ﬁqg)_]~f’~ﬁd~E, (11)

(q0) | — roE LT R (0)

E“\=Q-T-F )" T -F, -E. (12)

We assume that if the camera ray is subjected
to quasi-specular scattering, this does not increase
the counter of diffuse events, so the ray does not
terminate. Now we will derive which illuminance
components should be taken at which hit points of
the camera ray so that the mathematical expectation
of image luminance/radiance coincides with the ex-
act value.

By combining (8) with (11) and (12), after trivi-
al, though tedious transformations, it can be ob-
tained that the surface luminance/radiance calculat-
ed for BDD = N is equal to L|=]:“qy (E® + E“Y+

|+Z<(1—Q>-‘ By Ty -(1-0)" x

x B, (O + E%) 4+ (1= 0) ' (13)
xF,-T)"-(1-0)"F, - E),
where
O=F, -T. (14)

There is also an alternative form that gives the
same result for the exact luminance, while for a real
noisy illuminance £ may give different (in noise
level) result:

— N F (0)
L=(1-9) -F,-E
N-1 n n - n n
[+ (A=-0) " F 1) - (1-0) F, X
k=0
X(EQ +E“)+(1-0)" x (15)
xF,- 1) -(1-0)'F, - E).
The detailed conclusion is given in [12].

5. INTEGRATION BY CAMERA PATHS

By decomposing (l—QA)’1 from (13) into the
Neumann series, we see that, for example, for
BDD =2
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L=F-(E"+E"“)+Y 0"
k=1

C(EO+ B S 0 Fy 07 x
k,m=0

(16)

oo

+ ) oF
k,m,n=0

xQ"-F,-T-Q" - E,-(E” + E“).

~

xF,-(E® + E")

In this expression, a term of the form
ok -Fd T-0" -Fd -(E(O) +E(”")) means that:

1. The final (the last “before” camera) light trans-
formation is k > 0 quasi-specular transformations
with the corresponding transfer Qk = (F s T )

2. Prior to that (i.e. further from the camera), the
light undergoes a genuine diffuse transformation
with the corresponding transfer E y T

3. Prior to that (i.e. even further from the cam-
era), the light had undergone m > 0 quasi-specu-
lgr transforrpations with the corresponding transfer
0" = (£, -T)";

4. And all this affects the convolution of the gen-
uine diffuse BSDF component with direct and qua-
si-caustic lighting, i.e. on £, - (E" +E(q‘))

The action of the integral operators F and F
can be calculated by the Monte Carlo method trac-
ing rays from the camera. Here is the first ray trans-
formation (along the path from the camera) corre-
sponds to the leftmost operator in the product, and
the last transformation corresponds to the right-
most operator Thus, our term Q F T Q"’ F X
x(E” + E“))is estimated from camera rays that
first underwent k > 0 quasi-specular events, then one
genuine diffuse, then m > 0 quasi-specular, and then
took the luminance/brightness of the genuine dif-
fuse BSDF part under the direct and quasi-caustic
lighting (i.e. diffuse lighting is ignored).

A detailed derivation is given in [12].

The other terms of equation (16) can be similar-
ly calculated by the Monte Carlo ray tracing from
the camera. This leads to the algorithm of process-
ing camera rays in which the luminance/radiance of
the hit point is calculated as follows:

* Before (and including!) the first non-purely
specular event — F - (E + E¥));

* After the first quasi-specular event and until
the second genuine diffuse — 7, - (E O 4 gy,

* After the second genuine diffuse event — £ L E;

* And at the third genuine diffuse event the ray
terminates.
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This relates to BDD = 2. Similarly, the case of
another BDD is considered, as well as the alterna-
tive form (13). Trace the rays from camera until
they are subjected to BDD + 1 genuine diffuse event
(or are absorbed earlier); after that, the ray termi-
nates. When the ray hits a surface that has a diffuse
or quasi-specular BSDF, it takes a convolution of a
part of BSDF with a part of illuminance:

* Diffuse lighting — always only with a diffuse
remainder of the BSDF;

* Quasi-caustic lighting: the main variant is be-
fore the first quasi-specular event— with a complete
BSDF, after it — with the diffuse remainder of the
BSDF or the alternative variant is always with the
diffuse remainder of the BSDF;

* Direct and caustic lighting: the main variant is
before the first quasi-specular event — with a com-
plete BSDF, after it — with the diffuse remainder of
the BSDF or the alternative variant is before the first
diffuse scattering — with a complete BSDF, after it —
with the diffuse remainder of the BSDF.

6. VOLUMETRIC SCATTERING
6.1. Standard Method

It works the same way as for surfaces. For sim-
plicity, suppose that BDD = 1 and the camera is in-
side the scattering medium. Then the camera ray
propagates in the medium. When it undergoes the
first volume scattering, we collect direct and caus-
tic components of illuminance and convolve it with
the phase function. At the point of the second vol-
ume scattering, full illuminance is taken. After the
second diffuse scattering, the camera ray terminates.

Consider now a model scene in which the cam-
era looks through a layer of scattering medium at
an illuminated diffuse surface. Let the medium also
be non-absorbing and have a large scattering coeffi-
cient, so that the camera ray undergoes many scat-
tering events in it until it reaches this surface. And
finally, let the phase function be sharp so that each
scattering changes the ray direction only slightly.

In the standard method with a small BDD, the
camera ray terminates only near its entrance to the
medium, so that it does not reach the diffuse surface
behind the medium at all. Besides, since the phase
function is narrow, its convolution with the illumi-
nance coming from the surface of the scene leads
to strong noise, see section 3.
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Therefore, to reduce noise, it is necessary to use
a large BDD so that the camera ray penetrates the
medium and reaches the surface behind it, rath-
er than collecting diffuse lighting at the points of
volume scattering. However, this requires storing
all the volume scattering events along the long ray
path (since direct and caustic lighting are collected
there), which usually requires too much memory.

6.2. Quasi-Specular Medium

Using a quasi-specular approach can significant-
ly improve the situation for scenes of that kind.

Suppose that the surface of the scene is not qua-
si-specular (that is, it does not have a quasi-specular
component that is processed as described at the end
of section 5). Also, let the entire phase function be
treated as quasi-specular, i.e. its genuine diffuse part
vanishes: F ", = 0. Then, while the camera ray prop-
agates inside the scattering medium, it only under-
goes quasi-specular events that do not increase the
counter of diffuse events, and as a result, it propa-
gates in the medium until it leaves it and therefore
reaches the surface behind the medium.

Diffuse lighting now consists of the light reflect-
ed from the diffuse surface of the scene, quasi-caus-
tics is the light that has undergone at least one dif-
fuse event (and an arbitrary number of specular
scattering — but not diffuse surface scattering).

Since F, =0, the “main variant” (see the end
of section 5) assumes that at the points of volume
scattering:

* Diffuse lighting (from the scene surface) is
ignored;

* Direct, caustic, and quasi-caustic lighting
is used only at the point of the first volumetric
scattering.

As a result, for any BDD the camera ray leaves
the medium and reaches the surface of the scene. In
this case, only one (first) volume scattering is re-
membered, and the luminance/radiance of the me-
dium is not taken at the subsequent points. There
is also no strong noise from the convolution of the
sharp phase function in the diffuse component of il-
luminance (from the surface). However, there is its
convolution with the direct, caustic and scattered in-
side the medium light. But usually, they do not have
a wide angular distribution and therefore do not pro-
duce much noise.

The “alternative variant” (see the end of sec-
tion 5) is less good here since the direct and caus-
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a)

b)

Fig. 2. Camera images for the scene of a turbid medium
plate laid upon the paper sheet with a chessboard-like
texture. The left panel (a) was calculated in the “stand-
ard mode” and the right one (b) was calculated when the
volumetric scattering is treated as quasi-specular (in both
cases BDD=1)

tic lighting is now taken at all points of the vol-
ume scattering. Therefore, it is necessary to store
in memory all the points of volume scattering on a
long path, so that later it is possible to take a con-
volution of the phase function with direct and caus-
tic lighting from photon maps in these points. If you
first trace the rays from the camera (and only then
ray trace from the light sources), forming a back-
ward photon map, and the rays from the source are
not stored and processed on the fly, this will require
unacceptably large memory.

7. RESULTS
7.1. Surface Scattering

Calculations for the modified Cornell Box scene
described in section 3 were performed in the qua-
si-specular mode for BDD = 0 and under the same
other conditions and for the same time (200 s) as for
the standard model. The results for the standard and
the quasi-specular methods are shown in Fig. 1.

When applying the proposed method, it was pos-
sible to achieve the same low noise of the Cornell
Box walls as for the standard method with BDD =
0. At the same time, at the bottom of the parallelepi-
peds, we were able to reduce the noise in about the
same way as for the standard method with BDD = 1.
Thus, in a sense, the best result is obtained.

7.2. For Volume Scattering
The model scene is a 3 mm thick plate laid on a

piece of paper with a checkerboard texture, illumi-
nated by a self-luminous sphere above it. The scat-
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tering medium inside the plate has a refractive in-
dex of 1.5, a scattering coefficient of 7.5 mm-! and
a Henyey-Greenstein phase function [13] with pa-
rameter g =0.9.

Images calculated the equal time and with the
same other parameters are shown in Fig. 2. When
using the standard method, the borders of the tex-
ture squares are sharp, while they should be blurred.
When using the quasi-specular representation of
the phase function, these borders are blurred, which
corresponds to what one sees.

The left panel (Fig. 2 (a)) was calculated in the
“standard model” and the right one (Fig. 2 (b)) was
calculated when the volume scattering is treated as
quasi-specular. In both cases BDD = 1.
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ABSTRACT

In this article, construction schemes direct and
indirect control systems were analyzed, and new
construction, providing high operating character-
istics for optic filters, was introduced. Authors in-
troduce the original decision for creation modern
broadband optic control system. Based on the pro-
posed method, approbation of created system was
made, and output characteristics control system —
spectral transmission dependencies were introduced
as a result. Spectral transmission dependencies of
interference optical filters, made with different op-
tical control systems were analyzed. Conclusions
and prognoses about further developments of di-
rect broadband optic control system for thickness
sprayed coatings were made.

Keywords: interference optical filters, straight
broadband optic control, thickness of films, vacuum
system, spectrum, spectral transmittance factor (re-
flection factor) curve

1.INTRODUCTION

Nowadays, it is hard to find any optical device
manufactured without application of any coating on
its surface. For instance, coatings modifying sur-
faces to increase their resistance against external
factors (wear and tear, effects of aggressive sub-
stances), to enhance their optical properties (antire-
flection) and to provide them with new optical prop-
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erties (polarisation and radiation filtering, etc.) have
become widely used.

One of the most important components of spray-
ing equipment is the system for thickness of applied
films monitoring, which (primarily) defines pro-
cess capabilities of spraying equipment in applying
multi-layer interference structures. Moreover, mon-
itoring of optical constants is directly linked with
quality and repeatability of the process of formation
of multi-layer optical coatings [1].

2. CONTEMPORARY METHODS
OF OPTICAL COATING THICKNESS
MONITORING

Modern spraying equipment is based on the prin-
ciples of direct and indirect monitoring, and preci-
sion of measurement of thickness of the films of
applied optical coatings therefore is not always sat-
isfactory for customer’s requirements. Today, opti-
cal monitoring systems can be divided into 2 major
types [2]:

1. Indirect optical monitoring systems, which
apply accompanying samples (witnesses) for mea-
surement of spectral transmittance (reflectance) fac-
tor of an applied coating (usually placed in the cen-
tre of the vacuum jig);

2. Systems of direct optical monitoring, in which
measurement of spectral transmittance (reflectance)
factor is conducted directly on a product fixed in a
rotating vacuum jig.



Light & Engineering

Vol. 28, No. 5

Fig. 1. Example of an operating broadband optic monitor-
ing system

Only a broadband optical monitoring system
may provide the most complete information about
the structure of an applied film [3]. It analyses the
information on spectral dependence of transmit-
tance factor (SDT) of a coating in the set wave-
length range, allows us to define dispersion of op-
tical constants (refractive index and absorption
index) and thicknesses of sprayed films right in the
course of coating formation on a product in vacuum.
Usually contemporary equipment is equipped with
ion-assisted sprayers, which in turn provide per-
sistence of optical constants after a coated product
is taken out of a vacuum chamber. This fact demon-
strates undeniable advantage of modern spraying
equipment.

Functioning of the contemporary system of di-
rect broadband optical monitoring implies three
cycles of measurement at each rotation of the jig,
which is caused by necessity of high precision mea-
surements [4]. Fig. 1 shows the vacuum jig with 3
marked areas which relate to the system of direct
optical monitoring:

700 750 800 850 900

650
Wavelength, nm

| D = 1.018099

Fig. 3. Example of a design and experimental SDT of
multi-layer optic coating

Encoder

Product

Halogen lamp

Fig. 2. Structural diagram of the proposed system of direct
broadband optic monitoring of thickness of spray coatings

— Area 1 is the product on which SDT of the
sprayed coating is measured;

— Area 2 is the section of the jig that does not
transmit radiation (0 % transmittance) and used for
dark current measurement;

— Area 3 is the hole (100 % transmittance)
where transmittance factor has to be measured.

The proposed modern method of direct broad-
band optical monitoring of layer thicknesses has the
following features:

— Transmittance is measured right on a product
fixed in a rotating jig;

— To ensure high accuracy of measurement, a
digital encoder (Fig. 2) is used, which allows us
to make measurements almost at one physical point
of a product;

— At each rotation of the jig, measurements are
made in 2 major steps: calibration and measure-
ment; calibration consists of transmittance measure-
ments at 100 % and 0 % (areas 2 and 3 in Fig. 1),
then the transmittance factor of the product itself is
measured (area 1 in Fig. 1);

— Broad wavelength measurement range of
(400-1100) nm;

— Application of a mathematical apparatus for
processing of information on SDT of applied coat-
ings in a broad spectral range, which allows reanal-
ysis to conduct of the structure of a sprayed coating
and to correct errors made during application of pre-
vious layers in the course of application of the re-
maining non-sprayed layers of coating;

— Provision of virtually complete concordance
between the acquired design and experimental val-
ues of SDT.

Based on the proposed method, the authors con-
ducted testing of the monitoring system they had de-
veloped and the result of this test was the system’s
output characteristics: SDT. Fig. 3 demonstrates the
graphs of SDT which characterise precision of the
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design «OptiLayer»

Calculation loading into
monitoring system

Start of the spraying
process

Second stage: Control of the spraying process

Fig. 4. The process
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monitoring system by means of which thickness
of films sprayed during production of a 9-layer di-
chroic coating was measured. As the figure shows,
SDT of the manufactured filter (the red curve) al-
most completely corresponds with SDT calculated
by means of OptiLayer! (the black curve).

In the course of manufacturing, monitoring of
thickness of an optical coating is conducted by an
operator based on analysis of SDT calculated by
means of the said software for each layer of the
coating.

During spraying, SDT measured on the prod-
uct shall correspond with the calculated (theoret-
ical) SDT set by the operator. In case of superim-
position of the two SDT graphs, the operator stops
spraying of the current layer and launches spraying
of the following one. Fig. 4 contains the compre-
hensive algorithm of the developed system of mon-
itoring of thickness of applied coatings and the au-

! OptiLayer is the software for modelling, optimization and
calculation of optical coatings and their characteristics. The
scope of application is thin-film coatings. It allows the operator
to recalculate parameters of coating layers in order to correct
errors in previously applied layers [5].

tomated design system OptiLayer in the form of a
block diagram.

3. COMPARISON OF PRECISION
CHARACTERISTICS OF THE
DEVELOPED DIRECT MONITORING
SYSTEM AND THE SYSTEM

OF INDIRECT MONITORING

OF THICKNESS OF OPTICAL
COATINGS

Fig. 5 demonstrates spectral characteristics of
the filters manufactured by means of 3 different pro-
cesses using the indirect monitoring system with a
witness sample in the centre. The insert in this fig-
ure shows the variation of 4 5 within the spectral re-
gion of (605—620) nm equal to 14 nm in more detail.
Such variation leads to defects of some of manufac-
tured parts. More detailed analysis of the run of the
curves in the insert by means of OptiRe? shows the

2 The OptiRe software computation module is designed
for measurement of parameters of the layers of sprayed optical
coatings based on the data of spectral photometry and/or ellip-
sometry. The results obtained by means of OptiRe provide feed-
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values of random deviations of layer thickness-
es when repeating the optical structure within the
range of (3—5)%. Different runs of the curves in
each process confirm availability of a non-system-
atic error, which significantly complicates automa-
tion of the process of application and coating moni-
toring by an engineer.

It is likely that such high errors of repeating of
layer thickness are caused by the change in the solid
angle of the flow of vapours of the substance evap-
orated from the pot due to change in the shape of
the substance crater in the pot over the course of
the lengthy process which takes (4-5) hours. As a
result, the films with different thicknesses are ap-
plied on the witness sample and the product. The
nature of such errors is non-systematic, they depend
on many factors and are very difficult to forecast in
most cases.

In order to minimise the errors of the indirect
monitoring system, the system of direct broadband
optical monitoring was developed and experimen-
tally studied. Its structural elements are shown in
Fig. 2 and the results of the experimental studies are
shown in Fig. 6, which contains the graphs of spec-
tral dependences of filters obtained in the course of
three different processes with use of direct optical
monitoring of thickness of applied coatings.

The insert in Fig. 6 demonstrates the variation of
Ao.5 in more detail — it is only equal to 3 nm. With
that, the analysis of the run of the curves in this in-

back of the spraying process. Using these results, it is possible
to adjust the parameters of the spraying process or the process of
layer monitoring and thus to increase the quality of the sprayed
coatings. The module is a part of OptiLayer.
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sert makes it possible to conclude that, in the course
of application of the optical structure layers, thanks
to use of direct optical monitoring, high-precision
repeatability of each layer is observed in the series
of three processes. The analysis of the achieved re-
sults by means of the OptiRe modules shows that
deviations of actually applied layers from the design
ones are less than 0.5 %.

4. DISCUSSION OF THE RESULTS

The system of direct broadband optical monitor-
ing described above is currently being tested by Ro-
mashin ORPE Technologiya. It is planned to sup-
plement it with the OptiReopt software module (part
of the OptiLayer software) which is a library for
support of optical coatings application monitoring.

Since errors still accumulate in the course of
spraying (they are determined by the damper clo-
sure time, non-ideality of operation condition, etc.),
when a larger (>30) number of layers is applied,
these errors turn out to be significant, which may
lead to non-satisfactory quality of a product. More-
over, it is planned to implement a completely au-
tomatic spraying process eliminating the human
factor.

To conclude, as a result of the conducted studies:

— A prospective optical monitoring system is
developed — the system of direct broadband optical
monitoring, which has demonstrated high repeat-
ability of thicknesses of dichroic coating layers in
production conditions;

— The system of direct broadband optical con-
trol is practically implemented on an electron-beam
evaporation installation;
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— The system of direct broadband optical control
is introduced in the production process of dichroic
filters for optical devices (cut-off, narrow-band and
other types of filters).
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ABSTRACT

In the premises of residential buildings, there
are practically no requirements for the conditions
of visual work. The light environment is evaluat-
ed by the criterion of the saturation of the premises
with natural light. The required time of using natu-
ral light and providing natural lighting in space are
also of great importance here. The task for residen-
tial buildings is to link these criteria to create an in-
tegrated method of rationing natural lighting in such
rooms. The article discusses the modern trends in
development of regulations of natural lighting from
traditional, using Daylight Factor (D), to the mod-
ern ones, connected with dynamic evaluation of day
lighting in time and space, necessarily taking into
account real statistical brightness distribution on the
sky. Evaluation of Daylight Factor method analy-
ses its assessment, energy indicators and provides a
comparison with the norms of Germany DIN. The
results of research at MGSU on the evaluation of
day lighting using the spatial criterion of the light
field — cylindrical illuminance, which best describes
the saturation of the light of the room are present-
ed. It is noted that the full amount of natural light is
not required over the entire area of the living room
during the whole daylight hours. In this case, you
can find the relationship between D and the coeffi-
cient of natural cylindrical illuminance (D,;). This
provides a link between traditional regulation and
regulation on the saturation of rooms with natural
light. The final assessment of the standardized pa-
rameters of natural lighting in residential premis-
es is carried out using methods of psychophysics,
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which can connect the main and secondary factors
affecting the comfort of the light environment.

Keywords: daylighting, light environment, vi-
sual work, light saturation of premises, daylight ra-
tioning, cylindrical illuminance, daylight climate,
energy efficiency, static rationing, dynamic ra-
tioning, psychophysical assessment

1. INTRODUCTION

The twentieth century was the century when
the science of daylight of buildings developed and
flourished. All developments of this time were an
attempt to determine as accurately as possible the
conditions of day lighting in the rooms. Methods
were developed for calculating the coefficients of
daylight illuminance (D) [1, 2, 3], which with some
degree of accuracy could determine the conditions
of day lighting in the rooms. In order for the cal-
culation results to be comparable with each other,
we had to make the basic assumption about cloud
conditions, which is the most unstable and uncer-
tain characteristic. As a basic assumption, the In-
ternational Lighting Commission (CIE) adopted the
cloudy sky as the worst condition for daylight. Un-
der this condition, the values of D in the premis-
es for various purposes began to be compared with
the norms. Relative values of D were included in
the norms. However, these standards were based
on the required conditions for visual work in artifi-
cial lighting. These conditions were determined by
the methods of psychophysics in terms of speed and
accuracy of distinguishing observers of condition-
al objects (Landolt rings test) and in the fatigue of
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observers in time. In residential buildings, the tasks
of visual work are difficult to determine, therefore,
for living rooms, the standardized level of general
artificial illuminance is 150 1x, and the notes indi-
cate that this value is recommended. The norms of
natural lighting were obtained from the condition
that the amount of lighting under artificial lighting
for the year is equal to the amount of natural light-
ing for the year obtained by summing the integrals
of the average hourly values of the outdoor day-
light for each month during the daylight hours in
the area where the building in question is located
and multiplying by the number of days in a month.
The ratio of the first value to the second as a per-
centage will be the value of the average D. The av-
erage D should be distinguished from the D val-
ue in the centre of the room. It is about 1.5 times
larger. For example, standardized illuminance for
the Moscow City according to conditions of visu-
al work equal to 150 Ix during single-shift work for
8 hours and at 226 working days a year, the amount
of artificial lighting for the year A, igh/year 18 €qual:
A gritighttyear = 1508226 = 271200 Ix - h/year.

At the beginning of work, at 9.00 a.m., and
the end of work at 18:00 (1 hour lunch break) the
amount of natural light in the open air will be the
sum of the integrals of the functions of changing
the total natural light for Moscow according to SP
367.1325800.2017 “Residential and public build-
ings: Rules for the design of natural and combined
lighting”. This value will be 36160000 Ix - h/year.
The average value of D will be: D norms. =(271200/
36160000) -100 % = 0.75 %. In the centre of the
room, this value will be: D =0.75% /1.5 = 0.5 %.
This value is determined by the existing system of
rationing of natural lighting in the Russian Federa-
tion. But is it satisfactory for the comfort of the in-
ternal light environment in terms of light saturation
in the rooms? This was called into question in the
article of the graduate student of the Department of
Design of Buildings and Structures of the Nation-
al Research University of Moscow State Universi-
ty Muravyova N.A. [4]. The studies were based on
the work of M.M. Epaneshnikov and T.A. Sidorova
[5] for artificial lighting of subway stations. It was
found that the best characteristic that determines the
saturation with room light is the spatial character-
istic of the light field — cylindrical illuminance. At
the same time, the saturation with light of the under-
ground metro halls turned out to be acceptable for
observers even at 200 1x of cylindrical illuminance.
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2. THE RELATIONSHIP OF DAYLIGHT
FACTOR D WITH THE SPATIAL
CHARACTERISTIC OF THE LIGHT
FIELD — CYLINDRICAL ILLUMINANCE

How to connect the traditional planar character-
istic of the light field — D with the value, character-
izing the cylindrical illuminance D,; the coefficient
of natural cylindrical illuminance. This value is the
ratio of the internal cylindrical illuminance E, to the
simultaneous external horizontal illuminance E,,,
taken in %. It makes no sense to take the ratio of in-
ternal and external cylindrical illumination as D;,
since all data on the light climate around the world
are tied to £,, and data on external natural cylin-
drical illuminance simply do not exist. At the same
time, the external horizontal illuminance character-
izes well the change and the amount of natural illu-
mination [6].

Experimental studies were conducted at the NRU
MGSU under the guidance of the author, which
showed that in rooms with ordinary windows with a
windowsill at a height of 1 m from the floor, the D
and D,; graphs intersect almost exactly in the cen-
tre of the characteristic section of the room (D at the
level of the working surface and D,; at the observ-
er’s eye level at a height of 1.5 m from the floor)
[4] for any room parameters. Thus, these studies
have shown how the existing standardization sys-
tem can be combined with standardization accord-
ing to the light saturation of the room. Preliminary
studies in the living quarters showed that observers
considered acceptable saturation with room light at
120 Ix cylindrical illumination. This means that in
the centre of the room this value corresponds to a
horizontal illumination of 120 Ix. If we go to D,
then with artificial illumination of 120 1x, includ-
ed for 8 hours a day and at 30 days in a month, the
annual amount of artificial lighting will be equal
A arttightpyear =120%8x12x30 = 345600 Ix - h/year. The
value of the normalized D in the centre of the liv-
ing room at the level of the working surface will be:

E, = (345600 / 36160000) -100 % = 0.956 %,
i.e. approximately 1.0 %.

If compare the obtained value with the norms of
the Federal Republic of Germany (DIN5034—1 Ap-
pendix A.1), the norms are indicating that, in rooms
for long-term stays of people with windows for suf-
ficient lightness, the value of D should be in half of
the room depth at a height 0.85 m above the floor
and at a distance 1 m from the side walls is not less
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than 0.9 % in the middle between these points and
not less than 0.75 % in each of both points. Thus,
the obtained value is approximately consistent with
the norms of the Federal Republic of Germany, and
an experimental justification has been obtained for
this. Of course, the value obtained at MGSU re-
quires additional verification by additional psycho-
physical studies, but the principles of rationing set
forth in the article can be used.

It should be noted that in the scientific literature
there is no justification for both the norms of the
Federal Republic of Germany for residential build-
ings and the norms of the Russian Federation for
residential buildings, which require one, two and
three bedroom apartments in one of the rooms and
four or more room apartments in two rooms apart-
ments D equal to 0.5 % on the floor at a distance
of 1 m from the wall opposite the windows. In oth-
er rooms, this value should be in the centre of the
room.

3. CONSIDERATION OF THE REAL
LIGHT CLIMATE OF THE AREA WHEN
NORMALIZING DAYLIGHT

In the article of S. Darula [5], it was shown that
there are two ways to standardize day lighting:

— Standardization of day lighting according
to the simple “static” criterion of D in the sky, com-
pletely covered by clouds;

— The second way is based on the dynamic cri-
terion of “autonomy of daylight”, which is associat-
ed with the absolute values of daylight illuminance.

The last one method is currently being active-
ly implemented by the British Institute for Building
Research on Environmental Assessment (BREE-
AM). According to this method, the natural lighting
of the premises should satisfy two indicators:

— The minimum value of the average D should
be provided for 80 % of the room area at the height
of the conditional working surface;

— The average daylight illuminance should be
provided at a level of 200 Ix or more for 2650 hours
a year and at least 60 Ix or more for 2650 hours a
year in the worst places in terms of illuminance.

The average value of D in ordinary rooms de-
pends on the latitude of the area, varying from 1.5 %
for latitudes less than 40 degrees and up to 2.2 % for
latitudes more than 60 degrees north latitude. For
residential buildings, such regulatory data are not
provided.
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We see that, applying normalization according
to the dynamic criterion of “autonomy of daylight”,
we take into account the change in daylight ex-
posure by month and during the day. This can be
considered as a higher level of standardization, for
which, however, data are needed on the light cli-
mate of the area in dynamics by month of the year
and time of day. Of course, a simple “static” crite-
rion is easier to use, given the light climate by in-
troducing light-climatic coefficients into the calcu-
lation formula. But its accuracy is low. In general,
the concept of D is universal. The human eye cannot
evaluate the absolute levels of illuminance and eval-
uates this only in comparison with the illuminance
of something. In this case, it is outdoor natural light.
Therefore, it is impossible to refuse relative val-
ues when evaluating natural lighting, and D or D,
(or other relative spatial characteristics of the light
field, referred to as external illuminance) are full-
fledged estimated characteristics for natural lighting,
which we will operate in the future. Linking the stat-
ic and dynamic criteria for evaluating natural light
is an important task that specialists in the field of
daylighting will have to work on. And first of all it
concerns the light climate of the area. The light cli-
mate depends on many factors such as the latitude
of the terrain and, in connection with this, the height
of the sun rising above the horizon, the duration of
daylight hours, cloud statistics and its prevailing
species. R. Kittler and S. Darula proposed in arti-
cle [6] to classify 15 types of firmament according
to the distribution of luminance from clear to cloudy
sky, completely covered with 10-point cloud cover.
At the same time, D, as a constant value for a giv-
en room point, makes sense only with a cloudy sky
with a distribution of the luminance of the CIE ac-
cording to the law of P. Moon and D. Spencer and
with an equally bright sky, which is also sometimes
found statistically, especially for upper natural light-
ing systems. In all other cases, the D value depends
on the position of the sun in the sky, since an aura
of increased brightness forms around the sun, which
affects the D value. This halo during the day moves
relative to the orientation of the window.

Accordingly, at this point the value of D chang-
es. Therefore, it is necessary to choose a position
of the sun relative to the orientation of the win-
dow, which is suitable for the purpose of calculating
D. For example, comparing natural light in different
rooms or determining the energy consumption for
daylight devices.



Light & Engineering

Vol. 28, No. 5

Determining the type of firmament according
to R. Kitterler and S. Darule is quite complicated.
For this, there is not always enough data on the light
climate in a particular area. At MGSU, another pos-
sibility was developed to determine the luminance
distribution of the real sky by the value of the ratio
of the total and diffuse horizontal illuminace by the
hours of the day (for example, the 15th day of each
month). In the absence of data on illuminance, data
on the total and diffuse solar radiation, which are
available at numerous actinometric stations in all
cities of Russia, can be used. It is possible to con-
struct charts of the hourly stroke of outdoor illumi-
nance for any city using the light equivalent of solar
radiation [7, 8, 9]. Thus, in MGSU were obtained
graphs of the course of outdoor illuminance in real
average sky for cities in Vietnam.

4. DEFINITION OF THE AREA OF LIGHT
APERTURES AS A SIMPLIFICATION
FOR DESIGNERS OF DAYLIGHTING

Until the end of the first half of the twentieth
century, one of the methods of normalizing natural
lighting was the normative determination of the ra-
tio of the area of windows in a room to the area of a
floor. Now this is called the “opening of the room.”
This method is simple and convenient for designers,
but is not accurate. After that, the norms became
more complicated, new indicators were introduced,
the main of which was Daylight Factor D. Despite
this, attempts to simplify calculations and design
did not stop. This can be most simply represent-
ed by a characteristic expressed in terms of the ra-
tio of the area of windows to the area of the floor.
In the norms of SNiP P-4.79 “Daylight and Artifi-
cial Lighting” and in the subsequent Code of Rules,
it was recommended that the design of daylighting
systems has to be carried out in two stages. The first
stage involved an approximate determination of the
area of light apertures, which was based on formu-
las for lateral and upper daylight:

S
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where So, S, and Syare the areas of windows, day-
light ceiling, and floor respectively; e, — normal-
ized D; 7, is the total light transmission coefficient
of the openings; 7, and r, are the coefficients that
take into account the effect of reflected light from
the internal surfaces of the room at the design point
in lateral and upper natural light; K ;, is the coef-
ficient, taking into account the shading of windows
by opposing buildings; K, is the safety factor,
taking into account the pollution of openings; K,
is the coefficient, taking into account the type of
daylight ceiling; 5, is the light characteristic of the
window, showing the ratio of the windows area So
to the floor area Syin %, providing the value of D =
1 % at the calculated point in the depth of the room
on the conditional working surface; 7,, is the light
characteristic of the daylight ceiling.

For the most common geometric and lighting
parameters of the side and top light openings in
the later Code of Rules SP 23-102-2003, graphs
are given to determine the relative area of daylight
openings, somewhat simplifying the calculation by
equations (1) and (2). If we consider these graphs,
it can be noted that for light apertures of the upper
light, there is a direct proportionality between the
values of D and the ratio of the openings area to the
floor area, Sy/S;. For light apertures of lateral day-
light, the graphs are constructed according to a dif-
ferent principle. Here, as shown in Fig. 1, the ap-
erture is determined depending on the ratio of the
room depth d, to the height of the top of the window
above the working plane /. At the same time, there
is no shading by opposing buildings. The graphs are
represented by a series of curves. If we imagine the

250
— D=3%

—— D=25% /
—— D=2%
200 —— D=15%
D=1%

—— D=0,5%

[i}
djh,

Fig. 1. Dependence of the opening on the ratio of the depth
of the room to the height to the top of the window
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Fig. 2. The dependence of D from the magnitude
of the opening

dependences of D on the Sy/S; they will also ex-
press direct proportionality between these values.
To do this, you just need to select the characteris-
tic ratio of the depth of the room to the height of
the top of the window and build a series of graphs.
In Fig. 2, such graphs constructed at MGSU are
shown, for example, for the characteristic parame-
ters of working rooms.

To normalize daylight, perhaps we should return
to the definition of the “openness” of the premises,
but at a higher level that increases accuracy and is
most convenient for designers.

5. ENERGY EFFICIENCY OF WINDOW
OPENINGS

The area of windows is closely related to the
amount of energy spent on the device of light aper-
tures in the building. There are more apertures for
light transmission, the lower the cost of electricity
for artificial lighting. This is confirmed by the above
that the value of D is proportional to the ratio of the
area of the windows to the area of the floor (i.e., the
opening). But the larger the area of the windows,
the greater the heat loss through them in winter,
since the heat transfer resistance of good windows
is about three times less than the heat transfer resis-
tance of the blind parts of the walls. Of course, the
heat transfer resistance for hygienic reasons in mod-
ern windows can reach similar values for walls, but
based on the requirements of energy saving, this is
not yet possible.
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In summer, the larger the area of the windows,
the greater the heat input into the premises through
the windows of the south, west and south-east ori-
entation. Less heat passes through the east-facing
windows into the room, as the sun still does not
have time to warm the air after night. However,
nevertheless, solar thermal radiation in this case
should also be taken into account in the heat bal-
ance of the room. Mostly only heat losses and day-
lighting of the rooms occur through the northern
light paths. Therefore, on the north side should be
located rooms with reduced requirements for nat-
ural lighting and, accordingly, reduced size of win-
dow openings.

Thus, energy costs for electric lighting, heating,
ventilation and cooling in the summer should be
minimal. To do this, you need to find the appropri-
ate area of light apertures. This area may vary de-
pending on the climatic conditions of the construc-
tion site. This energy-efficient glazing area should
be compared with the required window area accord-
ing to the lighting conditions from the conditions of
saturation of the room with natural light, the condi-
tions of visual work, the necessary time to provide
it and the necessary area of the room on which it
should be provided at this time.

The methodology for determining the energy
costs for the device of light apertures was developed
back in 1985 at the Research Institute of Building
Physics [10]. It seems very reliable. But at present, it
is slightly changed by us in connection with the ad-
vent of new air conditioners and is somewhat sim-
plified [11]. We also developed a computer program
“ECON”, with the help of which the energy-efficient
dimensions of daylight ceiling openings in the cli-
matic conditions of Arkhangelsk were determined. It
seems that a detailed presentation of this technique
in this article would be interesting for designers.

The total energy costs should be calculated with
the conversion to equivalent fuel costs, since the
production of thermal energy and electric energy re-
quires different costs. Therefore, they should be cal-
culated by the formula:

VVquﬁtelcost = Al Wyt Az : (Wheat + (3)
+ ernt + Wcaolair + War‘tlight)’

where 4; = 41.2 kg/GJ and 4, = 0.33 kg/kW -h are
specific consumptions of equivalent fuel in power
plants of general use per 1GJ of thermal energy and
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1kW -h of electricity; wy, is the energy consump-
tion for replenishing heat losses through light gaps
GJ/m?/year; wy,,, is the specific annual energy con-
sumption for heating, adopted by the formula:

(4)

for air heating systems and equal to zero for oth-
er heating systems; w,,,, is the specific amount of
electricity for ventilation kW -h/m?2; w4 i the
amount of electricity per year spent on cooling the
supply air kW - h/m?; w,;. is the energy con-
sumption for artificial lighting per year kW - h/m?.
The determination of energy costs for heating, ven-
tilation, cooling and artificial lighting is carried out
according to the formulas given in [10]. Values w,,
determined by the formula:
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Here 1.1 is the coefficient taking into account
useless heat losses in the heating system; 3.6 is the
conversion factor of units kJ/W-h; 1.3 is the coef-
ficient taking into account heat losses due to heat-
ing of the outdoor air entering through light aper-
tures by means of infiltration, which can approach
1.0 with high sealing of openings; # is the coeffi-
cient taking into account additional heat losses, its
value should be taken according to SNiP “Heating
and Ventilation “; R, and R,,, — heat transfer resis-
tance of the translucent structure and the wall” on
the surface ; ¢, and ¢, are the calculated tempera-
tures of the indoor air and in heating period too; Z,
is the duration of the heating period (days); 24 is the
hours in days; Sjenpening @nd Syare the areas of light
apertures and floor indoors (m?).

The cost of electric energy for cooling with the
help of air conditioners is determined if the air con-
ditioners in the house exist. In this case, their value
is determined by the formula:
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where ¢, ,, is the average outdoor temperature
during the cooling period, determined by the ref-
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erence SNiP P-A. 6—72 [12] in accordance with ta-
ble of temperature repeatability in hours, in de-
scending total hours at a temperature above 28 °C;
tmax 1S the maximum permissible temperature of
the internal air during the cooling period, taken
for hygienic reasons (in Russia, there is no such
standardized temperature, however, from the ex-
perience of application household air condition-
ers, it can be accepted as 24° C; T4 is the duration
of cooling period in the days, taken in the same
directory [12]; N, is the specific consumption of
electric energy for cooling, kW-h/m3; L, is the per-
formance of the ventilation system in the chilled
air distribution devices (“fan coil”) and in general
in ventilation systems m3/h per 1 m? of flow area,
calculated as:

_36-qu;
LO a % p : (t(lvc’rt'l)()] - tmax ),

where ¢ = 1 kJ/kg/°C is the specific heat capacity of
air; p = 1.2 kg /m? is the air density; ¢ is the val-
ue of radiation entering the room in W/m?, the main
part of which is determined by the maximum value
of the total solar radiation incident on the plane of
the light openings of this orientation during the day

and determined by the formula:
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where O, is the maximum value of solar radia-
tion arriving in a given area on a vertical surface
of the most unfavourable — western orientation in
July; 7, is the heat transfer coefficient of windows;
7, is the light transmittance, depending on the type
of binding (for single-chamber double-glazed win-
dows in plastic binders 7,= 0.69, for double-cham-
ber 7, = 0.57); MF is the operating factor taking
into account pollution; £, is the heat transfer co-
efficient of sunscreens (if any), relative units. The
corresponding coefficients are determined by SP
367.1325800.2017.

Energy costs for artificial lighting are calculated
by the formula:
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where E is the normalized value of artificial illumi-
nation, @; is the luminous flux of artificial lighting
lamps, T,,, is the time of use of artificial lighting, P,
is the power of the lamps, and K}, is the coefficient
of use of the luminous flux of the lighting device
[13], a is the coefficient taking into account energy
losses in the ballast; 3 is the same in the network;
Z is the coefficient taking into account the illumi-
nance non uniformity (it is taken equal to 1.15 for
spot lamps and 1.1 for fluorescent lamps).

To determine the time of use of artificial light-
ing, you can use the tables [10] or use the analyti-
cal method with approximation of the graphs of the
course of outdoor natural illumination depending on
the sinus of the height of the sun with small correc-
tions for cloudiness.

Thus, using this technique, it is possible to de-
termine the energy efficiency of the “opening” for a
given construction site and, if necessary, adjust the
size of the windows taking into account their orien-
tation to the cardinal points.

6. CHECKING THE RATIONING
OF NATURAL LIGHTING USING
METHODS OF PSYCHOPHYSICS

Finally, all methods for determining regulatory
requirements for daylighting in residential premises
should be checked by the method of psychophysics.
Indeed, we can calculate the physical parameters of
natural light in a room, determine the requirements
for daylight levels based on the conditions of some
visual work with the determination of normalized
values of D, but only the needs of residents, deter-
mined by the method of psychophysics, can give us
the final answer.

At the Moscow State University of Psychology,
psychophysical research was carried out at the end
of the twentieth century in relation to the issues of
the movement of human flows and the application
of the spatial characteristics of the light field to im-
prove the conditions of visual work with volumet-
ric and relief objects of distinction. These studies
were carried out in conjunction with existing at that
time laboratory of psychophysics at Moscow State
University, in accordance with methods developed
in this laboratory and applied to our tasks. Current-
ly, when conducting research, we used the work of
the American scientist H. Helson [14], in which he
proposes to consider any questions of sensation and
perception associated with a subjective assessment
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by observers, as the sum of the main, secondary and
background factors raised to a degree, the indicators
of which show the significance of these factors in
the assessment. The calculation formula of H. Hel-
son is as follows:

A=XP - B P, (10)
where X? is the main factor. If this is the illumi-
nance, then this is the quantity necessary to ensure
that the main task. In rooms where the main is visu-
al work, artificial lighting is normalized. In rooms
where the basic requirements are imposed on the
saturation of the room with natural light, this is cy-
lindrical illuminance, determined according to the
results of psychophysical studies conducted by a
similar technique [15]. For residential premises, this
factor 4 will be the main factor, and the normalized
artificial lighting will be a secondary factor (B9).
Background factor P for residential premises may
not be present at all. Values of weights coefficients,
P, q, and r, may vary depending on the situations
being evaluated. Moreover, in residential premis-
es, the main and background factors can be estimat-
ed, for example, at p = 0.7 and ¢ = 0.3. This should
be determined by analysing the time of use by resi-
dents for different types of activity at home.

CONCLUSION

This article shows the results of scientific devel-
opments carried out at NRU MGSU and in many
other research organizations of the world, which,
with appropriate refinement, can be used as the ba-
sis for normalizing the daylighting of residential
buildings. Based on these results, possible direc-
tions for further research in this field can be formu-
lated. Briefly, for residential buildings these areas
are as follows:

* Determination of the required average illu-
minance in Ix, which must be provided in the liv-
ing room during a certain period of daylight hours
during the year, and determination of percentage of
the area of the room on which it is necessary to pro-
vide the required amount of average illuminance
during a certain period of daylight hours during the
year;

* Determining the period of the year during
which, at a given percentage of the room’s area, it
is necessary to provide the required average illumi-
nance at time of the daylight hours;
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* Determination of the average value of Day-
light Factor D, which must be provided at a given
percentage of the area of the room, and determina-
tion of the “openness” of the room;

* Checking the energy efficiency of the obtained
glazing area for the equivalent fuel consumption
for heating, cooling and artificial lighting per 1sq.m
of the room; and it should be noted that the energy
consumption for artificial ventilation for residen-
tial buildings may not be taken into account, since
ventilation during the outdoor temperature period
of more than 21 degrees in the housing, as a rule,
is carried out by natural ventilation by opening the
windows;

* Correct the “opening” according to the orien-
tation of the openings to the cardinal points;

* Calculate the required illuminance according
to the Helson’s formula, depending on the require-
ments for the room according to the magnitude of
the main factor, for example, the saturation with
natural light of the room, and the value of the sec-
ondary factor, for example, the requirements for the
conditions of visual work;

* Determine the normalized average value of D
in the room from required luminance value.

Each of the topics can be an independent study,
especially if we consider not only residential build-
ings, but also buildings and premises, where the
conditions of visual work are determining. In the
case of volumetric and relief objects of distinc-
tion, one should use such spatial characteristics of
the light field as average spherical illuminance, av-
erage hemispherical illuminance, light vector, and
their relationships [16]. Using the spatial charac-
teristics of the light field only due to its own shad-
owing can significantly save energy costs for arti-
ficial lighting.
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ABSTRACT

In this paper, we analysed and implement clear
sky and array performance models to achieve max-
imum electrical energy produced from the photo-
voltaic (PV) panel. The selected models just not
only include location dependent parameters but
also include environmental factors such as Linke
Turbidity (include aerosols, absorption due to as-
sorted gases, Rayleigh scattering), cloud cover, al-
bedo, perceptible water vapour. 250 W PV panel
was used as a reference to check the output electri-
cal energy in a given location by inputting the