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INTERRELATION OF ARCHITECTURAL CONCEPTS AND PRINCIPLES  
OF ARTIFICIAL LIGHTING IN THE MOSCOW  

CONCERT HALL ZARYADYE

Mаria M. Ilyevskaya

TPO Reserve, LLC, Moscow Institute of Architecture (State Academy), Moscow 
E-mail: research@reserve.ru

ABSTRACT

The article is focused on the analysis of the 
Zaryadye Concert Hall building in Moscow in terms 
of the significance of artificial lighting for the cre-
ation of the imagery and perception of this facility 
within the typology of entertainment music-oriented 
buildings. Through the example of modern places of 
entertainment, the author reveals a number of for-
mal features (typological attributes), which, being 
common to buildings of this function, constitute the 
basis of their image and become obvious due to the 
realized lighting concept. The interpretation of these 
attributes in the interaction of architectural planning 
and lighting concepts in the Zaryadye Concert Hall 
is traced. In conclusion, the distinctive features of 
the building under consideration are determined. 
At the same time, they reflect a new understanding 
of concert halls as a building type, the changes re-
lated to the overall development of architecture, as 
well as the elements of the individual architectural 
language.

Keywords: Zaryadye Concert Hall, architecture 
of concert halls, places of entertainment, the light-
ing of public buildings, artificial lighting, building 
typology

1. INTRODUCTION

The Zaryadye Concert Hall in Moscow is 
the newest architectural work, officially opened 
on September 8 of 2018, and it became the first 
place in the Russian capital similar in function and 

capacity to the opened in 2002 Moscow Interna-
tional Music Centre. It is important to note that the 
planning of the Zaryadye Hall took place against 
the background of the incredibly active construc-
tion of musical theatres and concert halls around 
the world, which makes the new discussion of this 
type of buildings relevant, if not comprehensive, at 
least in some aspects.

The concert halls as a special type of buildings 
have been repeatedly discussed both in Russian 
and foreign literature. In the national sources, the 
approach prevails related to the functional evalu-
ation of the auditorium regarding its varieties and 
their connection with forms of concert activities. 
Abroad, a rapid reaction to the “musical build-
ing boom” in the architectural periodicals to be 
recorded, which published special issues dedicated 
to the new objects, and among them such journals 
as Archi (No. 2 2018), Baumeister (No. 3 2017), De-
tail (No. 3 2018). However, according to experts, 
the study of this area still lacks consistency, at least 
in the domestic interpretation [1]. Therefore, when 
evaluating the new Moscow object, it seems in-
teresting to distinguish a set of features system-
atically characterizing it as a building type, first 
of all, in the perception of the viewer. The emo-
tional feedback in the press after the opening of 
the Zaryadye Hall, establish an interesting base for 
this purpose.

The attempt of such architectural evalua-
tion on pages of the Light & Engineering Journal is 
not coincidental. Going beyond the technical topics 
and commitment to the interdisciplinary approach 
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is one of the strategic tasks that the editorial board 
has set [2]. At the same time, it is crucial for archi-
tects to draw the attention of technical specialists 
to the humanitarian concerns related to their field, 
to the issues of architecture perception and to those 
aspects of architectural practice that are directly re-
lated to the choice of lighting solutions.

The significance of artificial lighting to identify 
the special nature of the subject to typology has al-
ready been discussed in the journal in respect to in-
dustrial facilities [3]. As for concert halls, this is 
a type of building, for which artificial light in most 
cases becomes a necessary condition for percep-
tion of architectural design. The main functional 
unit (auditorium/auditoria), with few exceptions, 
is closed to natural light, due to the acoustics re-
quirements. Displaying by lighting the individual 
plasticity of the hall, as well as the relationship be-
tween the hall and the rest of the audience complex, 
becomes one of the key artistic goals. The appear-
ance of the building in the city, of course, is deter-
mined by the urban development situation. But its 
urban image, perceived by the viewers, due to the 
work pattern of musical halls, is most often associ-
ated with the memorable light image of the build-
ing. That is the understanding of the architecture of 
a place of entertainment requires attention to light-
ing solutions, and, on the contrary, when choosing 
the lighting solutions it should be considered what 
typological features they highlight.

This article is aimed at analyzing the lighting 
solutions of the new Moscow Concert Hall in terms 
of their relationship with a number of plastic and 
spatial features that make up the typological at-
tributes of concert halls. The typological attributes 
herein will be understood as organizing elements 
in the architecture of the building, which have been 
the subject of artistic development as a result of the 
building type evolution.

The research methods are selected such as ar-
chitectural analysis with the inclusion of visual 
analysis of artificial lighting techniques and com-
parison of the considered building with other build-
ings within the typology, and in some cases besides 
concert halls object is comparing with opera build-
ings and musical theatres. The focus of the review 
is the audience complex, while the administra-
tive and service unit is concerned only in connec-
tion with the description of the space-planning 
solution.

2. GENERAL URBAN PLANNING AND 
ARCHITECTURAL SOLUTIONS OF THE 
ZARYADYE CONCERT HALL

After the competition for landscape and urban 
planning concept of Zaryadye Park held in 2013, its 
implementation was entrusted to the winner of the 
first prize – ​a consortium led by Diller, Scofidio + 
Renfro NY, American architectural firm. The design 
of the concert hall within the park concept was as-
signed to the second prize winner, to the Moscow 
architectural bureau TPO “Reserve”.

2.1. The Site Conditions

The Zaryadye Concert Hall building closes the 
east side of the landscape urban complex “Zaryadye 
Park”, which is located in close proximity to the 
Moscow Kremlin on the territory of the historic 
Zaryadye district and on the site of the Hotel Rus-
sia dismantled in 2010, that is, between Vasilievsky 
Descent, Varvarka Street, Kitaygorod Passage and 
the Moscow River Embankment. The implementa-
tion of the concert hall design as a part of the park 
complex project entailed a number of conceptual, 
planning and structural limitations. The most sig-
nificant are:

–  Limitation for the vertical development of the 
building. This does not refer only and mostly to the 
urban height limits, but to the concept of the glazed 
spatial structure covering the hall, presented by 
American architects at the contest stage and given 
to the authors of the concert hall for further elabora-
tion. In addition, the idea of a microclimatic recre-
ation area on the concert hall roof also related to the 
contest concept by Diller, Scofidio + Renfro NY was 
to be realized. In other words, the concert hall build-
ing received geometrically pre-installed “fifth fa-
cade”, which excludes light openings on the side of 
the park as well as in the covering of the building.

–  Limitation for development in width due 
to the car-parking space adjacent to the concert hall 
site and cut off by straight walls. These walls be-
come the physical contour of the building, predeter-
mining a large area of utility rooms without natural 
light, as well as position of a small hall.

–  The location of the major hall within the site 
recorded at an early stage of the project. At the be-
ginning of design process, the concept of visual 
opening of a large hall to a new “floating bridge” 
through a glazed opening of the end wall was devel-
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oped, but it was rejected according to the acoustics 
requirements [4]. However, the orientation of the 
longitudinal axis of the hall was maintained, and it 
predetermined the development of the foyer space 
along the eastern wall of the building. On the south-
ern facade a blind fragment of the wall emerged, 
requiring definition in respect of architectural and 
lighting aspects.

Thus, the design situation can be described as 
a rectangular niche, covered on the top, in which 
the hall is inscribed diagonally, occupying more 
than a third of the floor area. The area of the site 
under design is 18,450 m2. The principal entrance 
is located in the northeast and is oriented towards 
the most vibrant pedestrian traffic from the Kitay-
Gorod metro station; it is accentuated by a small 
square formed by the incurved facade surface un-
der the overhanging part of the spatial structure. 
The primary area of perception of the building is 
the space about 25 m wide between the Kitaygorod 
wall and the eastern facade of the concert hall, par-
tially open to the embankment and Zaryadye Park 
(Fig. 1).

2.2. Architectural Solutions

Being part of the park complex the building, 
however, can be considered as an independent ar-
chitectural work of entertainment, as in terms of 
functional organization it has no continuous con-
nection with park facilities (Fig. 2).

The foyer envelopes the large hall on the north 
and east sides, developing on two levels and actively 
using the slope of the site towards the Moscow 
River. The outer contour of the foyer is completely 
glazed, and the adjacent interior areas are mainly 

high, multi-light spaces. In the southern part of the 
building on the second level there is a viewpoint, 
overhanging above the lower level and oriented to-
wards the embankment panorama. Cafes and bars 
are designed as open areas within the foyer.

The cloakroom is located under the entrance 
area of the foyer, in the underground part of the 
building.

The large hall with 1,588 seats is designed as 
a space with natural acoustics for musical perfor-
mances of different genres with arena-type stage 
and the possibility of various transformation of the 
spectator area. The spectator area includes the stalls, 
the tiered stalls, the dress circle around the stage, 
as well as one level of the upper circle. The cen-
tral axis length of the hall is about 50 m, the largest 
width is 33 m, and the height above the tiered stalls 
is 20 m.

The small hall is designed for 400 seats. It is 
thought for both rehearsals and chamber concerts, 
and has an irregular shape close to a trapeze. Its 
height is 14.5 m and its area on the lower level is 
300 m2. At a height of 5 m the hall is surrounded 
by a narrow gallery with additional spectator seats.

Fig. 1. Zaryadye Concert Hall in Moscow, view of the 
entrance area (photo: A. Naroditsky)

Fig. 2. Zaryadye Concert Hall in Moscow, scheme of the 
ground floor plan (TPO Reserve):  

1 – ​foyer; 2 – ​main hall; 3 – ​small hall
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The administrative unit is located above the sec-
ond level of the foyer and is partially opened by the 
glazed front into the inner multi-light space.

Overall dimensions of the building are: length of 
the eastern facade (on the overhanging part) is 100 
m, length of the southern facade (glass part) is 25 m, 
and blind part length is equal to 45 m. Height to the 
top of the glass parapet is from 18 up to 23 m (with 
regard for changes in topography). The total area of 
the building is 25,870 m2.

3. THE SHAPING OF THE BUILDING 
LIGHT IMAGE IN THE URBAN 
ENVIRONMENT

The forced inbuilt configuration, mentioned 
above, could not but influence the choice of ex-
pressive means, including the approach to lighting. 
The idea of glowing “insides” of a large body, vis-
ible from the outside through the open hollows of 
relief (or rather, the roofs of built-in facilities), is 
common to the entire park complex. It involves, 
for example, such an interpretation of the building, 
where it appears as buried to a large extent in the 
construction of the park complex, and the illumi-
nated interior is visible only on one side. Side fa-
cades are half hidden in relief, which requires a spe-
cial ingenuity in their design. The same principles 
are applied to the architecture of other facilities of 
the park, mainly intended for entertainment. In the 
concert hall building these conditions entailed two 
solutions, each of which, even for the separate city 
places of entertainment, can be considered the ty-
pological attributes. This is the principle of the “ex-
posed interior” on the east side and the applica-
tion of the media facade on the south side (Fig. 3).

3.1. “Exposed Interior” as an Inviting Element

In Modernist architecture, the facade showing 
the depth of the interior is perhaps one of the cru-
cial achievements associated with the new possibil-
ities of constructions. In Postmodernist architecture, 
especially in relation to places of entertainment, 
it is one of the most often used solutions because 
of its performing and communicative features. By 
virtue of it, the performance begins already on the 
way to the building, when the viewer perceives 
the atmosphere of the foyer from the city space. 
Therefore, the lighting techniques supporting the 
idea of a “showcase facade” are no less devel-
oped than the space-planning solutions represent-
ing it. Such buildings as Metropolitan Opera in New 
York, USA (1966, architect W. Harrison), Win-
spear Opera House in Dallas, USA (2009, Foster + 
Partners), Stavanger Concert Hall, Norway (2012, 
RATIO arkitekter AS) are just a few examples of 
convincing disclosure of this topic in architectural 
and light terms.

As noted by the chief architect of TPO Reserve 
Vladimir Plotkin, the theme of the exposed interior, 
a complex illuminated sculpture visible from the 
outside through the glass, became decisive for the 
solution of the eastern facade [4]. This intention is 
perfectly read by observers. The author of an essay 
about the Zaryadye Hall Konstantin Savkin takes 
the idea of depth as a title, understanding it not only 
as a facade inviting idea, but also as the essence of 
this building [5].

Logic suggests that the greatest effect here is 
achieved with minimal illumination of the exterior 
facade plane and luminous interior. In the Zaryadye 
Hall these light relations are generally preserved. 
The authors refused to illuminate the glazed facade. 
In the entrance area, only local illumination of the 
canopy is used with LED luminaires built in the 
paving. In addition, in the canopy there are LED 
strip lights, illuminating the surface of the ground 
in front of the entrance1. A special role in the fa-
cade design is played by light graphics in the in-
terior, which will be discussed further, and a num-
ber of transparent fins that create a resemblance of 

1  Here and further technical data on light sources are pro-
vided in accordance with the project documentation on the 
“Concert Hall of Philharmonic Music for 1,500 seats, Varvarka 
Str., estate 6” volume 5.1.2 “Interior Lighting”, volume 5.1.3. 
“Architectural lighting of facades”.

Fig. 3. General view from the southeast; on the southern 
facade there is a LED screen and the wall plastic is illumi-

nated (photo: A. Naroditsky)
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a glass curtain refracting the light along the build-
ing perimeter.

Performed by the TPO Reserve architects, this 
rather popular facade interpretation reflects one of 
the basic items of the bureau’s artistic language: 
a kind of universal space concept in form of the 
structure of overlaid grids and separate filling ele-
ments (Fig. 4a) [6].

3.2. The Media Facade as a Manifestation 
of Commercial Component in the Typology 
of Concert Halls

It is also necessary to focus on the light solu-
tion of the southern facade of the concert hall facing 
the Moscow River, the only blind fragment of the 
visible part of the building. A large LED screen is 
placed in a niche resembling an acute-angled portal. 
According to the architects, this is a kind of tech-
nical replacement of the rejected idea of the hall 
opened in the park: the screen is intended for broad-
casting the events from the main hall to the open 
air amphitheatre, as well as for informing about 
the program of the concert hall [4]. The screen has 
a variable height from 8 to 14 m, and a length of 
22.4 m. The screen is based on LED modules with 
a physical pixel pitch of 10 mm, the screen bright-
ness is not less than 6,000 cd/m2 2.

2  The technical data on the media facade are given in ac-
cordance with the project documentation of the “Concert Hall 
of Philharmonic Music for 1500 seats, Varvarka Str., estate 6”, 
volume 5.6.15 “Media facade”.

Media facades have already firmly entrenched 
in the urban environment: a “talking surface” – ​the 
surface of communication – ​is an element that refers 
to the advertising backlit panels of Las Vegas. But 
the entertainment and commercial component of 
the “pavilion in the entertainment garden”, being 
present along with the strict image of the “palace of 
music worship” in the typology of concert halls [1], 
leads the media facade to become a full attribute of 
buildings of this type. The architects, the authors of 
concert halls, do not refuse this means of clearly ad-
vertising nature, its potential for creating large-scale 
facade solutions combined with the ability to attract 
attention is very seductive. In this regard, it is worth 
mentioning again the Stavanger Concert Hall, which 
uses the LED screen in a similar situation to the 
Moscow Hall, as well as the Danish Radio Concert 
Hall in Copenhagen (2009, architect J. Nuvel), with 
the facade completely formed by the LED system, 
the Harpa Concert Hall in Reykjavik, Iceland (2011, 
architect H. Larsen), New World Centre in Miami 
Beach, USA (2011, architect F. Gary).

The concept of the walls framing the screen al-
lows speaking about the next attribute of music 
halls. These walls are designed plastically as a sys-
tem of thin vertical pilasters. The portal area cor-
responds to the organ’s area in the interior of the 
hall, so you can see again the projection of the in-
ternal content on the facade, this time by architec-
tural details. Illuminated by a top-down system of 
spotlights of 12 white LEDs each, with correlated 
colour temperature Tcc = 3,000 K, with a power 
of 27 W, this fine plastic continues to be perceived 

Fig. 4. Light themes of facades: a – ​
“exposed interior”; b – ​lighting of wall 
plastic on the southern facade (photo: 
M. Ilyevskaya)
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in hours of darkness (Fig. 4b). But in addition to this 
“literary” reading, it is of much importance to out-
line the theme linking more deeply the architecture 
of concert halls with music, namely, the active use 
of rhythmic series in concepts of buildings of this 
type. We will discuss this in more detail in the next 
section.

4. IDENTIFICATION OF TYPOLOGICAL 
ATTRIBUTES THROUGH THE LIGHT 
SCENARIO OF THE INTERIOR OF THE 
SPECTATOR COMPLEX

In the internal arrangement of concert halls there 
are three major issues that can be considered as 
the attributes of type, namely: reading the foyer as 
an autonomous spectacular space; architectural 
elaboration of “core-and-shell” relationships; ac-
tive use of rhythmic rows. Their disclosure in the 
Zaryadye Hall building through interior lighting 
shows how the context of a particular building af-
fects their modification.

4.1. Foyer as an Autonomous Spectacular 
Space

The architecture of the foyer is a big issue in the 
evolution of places of entertainment with musical 
profile, which should be associated with the changes 
in relationship of the society to the music presenta-
tion activity over time. Speaking about the musical 
centres of the second half of the 20th century and 
the beginning of the 21st century, it is worth noting 
the trend of increasing autonomy of the foyer and 
extending of its functional understanding. “Less is 

a bore” maxim, driven by the hand of architect and 
theorist R. Venturi, which determined the mental-
ity of postmodern society, determines, among other 
things, the situation when the vision of foyer solely 
as the distributive space prefacing the main hall, 
even if elegantly designed, would be an anachro-
nism. Such a foyer would seem “boring” today. 
It acquires the character of an open and universal 
space, which is expected to be architecturally com-
plex and well staged. A possible condition of auton-
omy is the connection with the outer space, direct or 
visual. The foyer as if “given” to the city, not only 
serves a hall. As noted by Western architectural crit-
ics, the spectacular foyer and its role in the city to-
day become the key to success for a musical insti-
tution no less, and sometimes more, than what is 
happening on the stage [7]. As a result, the foyer 
is increasingly becoming venues for events not re-
lated to concert activities, as was the case with the 
Zaryadye Hall, which long before the opening be-
came a platform for Moscow Urban Forum 2018. 
A good example of how the foyer of a concert hall 
can turn today into architectural and light show, is 
the building of the Elbphilharmonie in Hamburg, 
Germany (2017, Herzog & de Meuron). And the 
true historical manifesto of the autonomous foyer is, 
from our point of view, the magnificent Opera and 
Concert Hall complex in Sydney, Australia (1959–
1973, architect J. Utzon). The approaches to the de-
velopment of a complex spatial scenario can be dif-
ferent, but the lighting, as well as in the space of 
the performance, plays the role of an emotional 
manipulator.

In analyzing the foyer of the Moscow Concert 
Hall, written feedback from visitors was essential 

Fig. 5. Foyer lighting: 
entrance area, light 
graphics against 
the background of 
floodlighting (photo: 
A. Naroditsky)
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reference. The thing attracting them is the percep-
tion of the foyer space as a labyrinth, a place with 
a confusing structure, a feeling of being “inside the 
mechanism” [8], appreciated, however, as “con-
templative journey” [5]. In our opinion, the crucial 
role in such a picture is played by the lighting prin-
ciple, although the complexity of utilities (stairs, 
ramps, balconies and viewpoints) cannot be under-
estimated, as well as the use of a large amount of 
materials with a reflective surface (polished gran-
ite on the floor, large stained glass surfaces, mirror 
panels in wall decoration). The light scenario can 
be described as “bright on bright”. In other words, 
against the background of matt, almost shadowless 
floodlight, more active elements of light graphics 
are applied (Fig. 5).

The floodlighting is provided by built-in LED 
luminaires of 13 W and Tcc = 3000 K in the sus-
pended ceilings (the total number of such lumi-
naires at all levels of the foyer is 878, and in the 
cloakroom is 425). The principal design concept 
was their visually disordered arrangement. In the 
multilight areas of the foyer, wall spotlights (30 W, 
radiation angle 32°, Tcc = 3000 K) focused down-
wards are also applied. The elements of light graph-
ics (such as cornice lighting of ceiling levels, light 
strips on the ceiling in the cloakroom) are formed 
by hidden LED strips and emphasize the geometry 
of the ceilings.

The absence of an explicit light-and-dark sce-
nario brings the foyer closer to commercial public 
spaces, creating an indirect response to the trend 
of universalization of this area. But this light solu-
tion opens another aspect: it is in such a uniform, 
matt light that the foyer elements, such as ramps, 

supports, roof trusses, acquire a detached, abstract 
character, they are more like geometric bodies than 
functional architectural details. This adherence 
to mathematical thinking is a special component 
of the TPO Rezerve architecture [9]. And in this re-
gard, the autonomous performance of the foyer is 
one of the architects’ signs in the building.

4.2. Architectural elaboration of “Core-and-
Shell” Relationships

Handling the “core-and-shell” relationships, 
where the core is the auditorium and the shell is 
the surrounding functions, is connected as an ar-
chitectural task with the emergence of precise 
acoustic calculations and requirements for the hall. 
Modelling with large surfaces, the use of wooden 
finishing, the applying of micro-relief in the walls 
and ceiling surfaces predetermine the saturated 
colouristic and emphasized materiality of the hall. It 
is clear, that the decorative lighting of these details 
becomes an essential element of the interior. At the 
same time another trend is growing: the hall begins 
to be treated as a body (“core”) of one material in-
side the “shell”, which is the foyer of another mate-
rial, usually contrasting. Lighting is used to visually 
separate the “core” and the “shell”. This is achieved 
either by intensive illumination of the outer sur-
face of the hall walls facing to the foyer and having 
a special “precious” finishing, or by cornice (hid-
den) lighting of this surface in places of conjunc-
tion with the foyer constructions (floor slabs, stairs 
etc.). In modernist buildings, this theme is calm 
and sometimes absent; with the advent of Post-
modernism, and later, of digital technologies, it be-

Fig. 6. Exposition of the concept idea 
of a layered structure in the main hall 
by virtue of cornice lighting: a – ​gen-
eral view (photo: A. Naroditsky); b – ​
“rhythmic rows” of the acoustic panel 
(photo: I. Ivanov)
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comes more dramatic. Direct examples of its im-
plementation in the latest architecture are the Royal 
Opera building in Copenhagen, Denmark (2005, 
architect H. Larsen), mentioned above Winspear 
Opera House, Harbin Opera House, China (2015, 
MAD Bureau). Let us follow what its interpreta-
tion is in the Zaryadye Concert Hall.

Three groups of light sources are used in the 
lighting of the major hall, and for all lighting there 
is a light regulation system. In the acoustic ceil-
ing there are luminaires of general and stage light-
ing 3. To illuminate the space under the balconies 
the LED directional lights of 23 W with a radia-
tion angle of 50° are built in the lower surface of 
balcony volume. Finally, the mahogany walls are 
illuminated with flexible LED luminaires (power 
10.6 W/m, Tcc= 3000 K, colour rendering Ra in-
dex > 80) hidden behind the balconies and repeat-
ing their outlines by cornice lighting. The lighting 
of the main hall walls veneered with the same wood 
species on the foyer side, contrasting to the dom-
inant white acrylic stone, is arranged in the same 
way.

It is the last lighting technique that is responsible 
in the Zaryadye Hall for maintaining the relation-
ship between the “core” and the “shell”. The authors 
of the project describe this relationship as a layered, 
sequential disclosure of space from the hall to the 
foyer and further to outdoor environment [10]. The 
independence of multifarious layers is emphasized 

3  This group of lighting devices refers to the stage lighting 
project not covered in this article.

by the illuminated gaps between them. In the foyer, 
the “core” does not give itself away other than by 
the similarity of the material with that of the in-
side wooden finishing of the hall – ​this solution is 
rather close to the modernist examples. And the ap-
pearance inside the hall of white strips of balconies 
referring to the “shell” is a specific feature of the 
Zaryadye Hall, indicating the figurative priority of 
the layer structure over the proper idea of the “core” 
(Fig. 6a). Curiously, this vision of space and its light 
solution also have analogues: National Concert Hall 
in Dublin, Ireland (2008, contest project by 3XN Ar-
chitects Bureau) and the Paris Philharmonic, France 
(2018, author of the original concept J. Nouvel).

4.3. Active Use of Rhythmic Series

Active use of rhythmic series is no less com-
mon attribute of musical halls. The original com-
monality of concepts in music and architecture 
makes it an almost inevitable expressive means, and 
at the same time its use in concert halls can have 
functional and figurative, as well as decorative task.

The functional aspect again refers to the re-
quirements of acoustics. Acoustic calculation leads 
to the fact that in the architecture of the auditorium 
the large or small rhythmic elements appear to en-
sure the quality of sound, and you can read them 
in a dark hall only thanks to artificial light. We have 
already discussed the cornice lighting of wooden 
acoustic finishing in the hall. Thanks to it we per-
ceive not only spatial layers, but also complex relief 
of repeated small modules, and realize its purpose 

Fig. 7. Cornice lighting 
of acoustic panels in 
the small hall (photo: 
A. Naroditsky)
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(Fig. 6b). It is also worth noticing the lighting solu-
tion in the small hall, where with the same cornice 
lighting by the LED strip the tiers of large acous-
tic panels are underlined (Fig. 7). Due to its light-
ing atmosphere, the small hall in Zaryadye is re-
lated to the hall in Bleibach, Germany (2014, peter 
haimerl.architektur bureau). While the rhythmic 
pattern, arising the association with textile drapery, 
displayed by surface-mounted luminaries of 6 LEDs 
in each (12.6 W, radiation angle is 41°) arranged 
in a dotted line in the lower surface of the balcony 
that is what makes this chamber space a subtle find 
of the Moscow musical complex.

Decorative understanding of rhythmics is also 
present in the building. The already mentioned il-
lumination of the plastic of the southern wall is 
a good illustration of this aspect in the external de-
tail. In the foyer, by means of rhythmic elements, 
both material and light, its special ambience is cre-
ated. In an essay by art critic Yu. Tarabarina, the ex-
perience of this ambience sounds like the leitmo-
tif of the building. “Hatching” is the concept, by 
which she denotes rhythmic elements of all kinds, 
from glass fins of stained-glass windows to mirror 
stripes of cladding, stands for de-materialisation of 
architecture [8]. They are not highlighted in a spe-
cial way, but rather coexist and overlap in the uni-
form light environment of the foyer, as discussed 
above. Special mention should be made of the solu-
tion that has become a kind of hallmark of the build-
ing – ​it is LED backlight in the form of thin verti-
cal lines, integrated into the acrylic stone along the 
entire length of balcony fencing of the second floor. 
The decorative role of this detail is underlined by 
the colder correlated colour temperature Tcc (8,000–
9,000) К than the one used throughout the building.

5. CONCLUSION

With a moderate palette of used technical means 
and techniques of artificial lighting in the building 
of the Zaryadye Concert Hall the attributes are read, 
which for today still determine the concert halls as 
a building type. When comparing with other ob-
jects within the typology and studying the light so-
lutions applied in them, regularities and changes 
are revealed that are associated both with the evolu-
tion of the building type itself and with the general 
development of the architecture. In addition, a num-
ber of individual peculiarities of the Zaryadye Hall 
are covered related to both the initial design condi-

tions and the author’s language of the architectural 
bureau; their connection with the lighting approach 
is traced.

The analysis revealed five major constitutional 
principles supported by lighting concepts:

–  The technique of “exposed interior” as an 
inviting element;

–  Application of a large-scaled media façade;
–  Interpretation of the foyer as an autonomous 

space with rich architectural scenography;
–  Identification of the architectural relationship 

between the volume of the hall and the foyer: the 
“core-and-shell” conception;

–  Active use of rhythmic series both in facade 
plastic and in an interior.

The specificity of the building considered is that 
due to its in-built position in the park complex the 
artificial lighting becomes crucial for it. Some typo-
logical attributes are not only common for concert 
halls technique; they become the only convincing 
solution in this case. First of all, it concerns the ex-
position of the foyer through the glass facade by the 
intensive interior floodlight. In interior solutions, 
the same floodlighting is responsible for the visual 
consolidation of the interior “mechanism”, which is 
played on a narrow site of complex configuration. 
Numerous rhythmic elements of the foyer, placed 
in a uniformly illuminated environment, create the 
effect of overlaying different layers both on the fa-
cade and in the interior. In this solution an individ-
ual language of the architectural bureau is mani-
fested, and at the same time, a figurative link with 
the music language is created.

The concept of layered space disclosure moves 
organically into the main auditorium, which is not 
displayed as a “core”, but interpreted as another 
layer exposed by illuminated gaps between visually 
independent wall elements.

At the same time, there are means showing one 
of the two historical roots of concert halls and char-
acterizing this type of buildings as entertaining and 
commercial public space. In external solutions, they 
include the interpretation of a part of the facade as 
an information luminous surface. In interior, the 
foyer ambience is responsible for this component, 
with its openly installed LED-lamps of general 
lighting combined with the selection of finishing 
materials. An atmosphere which implicitly sug-
gests a broader purpose of the foyer than just that 
of pending the concert – ​this is another sign of time 
uniting today’s places of entertainment.
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The carried out formal analysis of the new 
Moscow Concert Hall can be useful for the system-
atic study of the concert halls typology in the aspect 
of form building, expressive means of architecture 
and emotional perception. For practicing architects, 
architectural lighting specialists and students of ar-
chitectural universities, it can become an impulse 
for a new creative understanding of this complex 
and interesting building type.
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ABSTRACT

The review summarizes the modern knowledge 
of the impact of day-night, light-darkness rhythm 
disorders on the aging process and on the risk of de-
velopment of the age-related conditions. Significant 
evidence has been obtained of that the constant ar-
tificial illumination and the daylight of the North 
has a stimulating effect on the occurrence and de-
velopment of tumours in laboratory animals. It has 
been shown that long-term shift work, trans-merid-
ian flights (jet-lag) and insomnia increase the risk of 
cardiovascular diseases, diabetes mellitus, and ma-
lignancies in humans. Particular attention is given 
to the studies where the relationship between light 
intensity, light wavelength and its ability to sup-
press the synthesis of melatonin produced at night 
in the pineal gland, are investigated. It has been es-
tablished that melatonin synthesis is most effec-
tively suppressed with blue light sources of a wave-
length from 446 to 477 nm. The use of exogenous 
melatonin prevents premature aging of the repro-
ductive system and the body as a whole prevents 
the development of immune-suppression, metabolic 
syndrome and tumours caused by light pollution. 
An urgent task is to develop recommendations for 
optimizing the illumination of workplaces and res-
idential premises, of cities and towns as a preven-
tion measure for premature aging and age-related 
pathology, which, ultimately, will contribute to the 
long-term maintaining of performance and improv-
ing the quality of life.

Keywords: night light, light pollution, circadian 
rhythm, melatonin, aging, cancer

1. INTRODUCTION

The most vital phenomenon of nature on the 
planet Earth is the alternation of day and night, 
light and darkness. The axial rotation of our planet, 
and at the same time, around the Sun, measures 
the days, seasons and years of our lives. We accu-
mulate the knowledge increasingly regarding the 
role of the pineal gland as the main pacemaker of 
body functions. Light inhibits the synthesis and se-
cretion of melatonin hormone in the pineal gland, 
and therefore the maximum blood level of this hor-
mone in humans and animals of many species is ob-
served at night, and the minimum level – ​ during 
daytime hours. The convincing data regarding cir-
cadian rhythm gene expression violation during ag-
ing has emerged in recent years [1]. It is significant 
that with aging, the activity of the pineal gland is re-
duced, which is seen, first of all, by a rhythm distur-
bance and a decrease in melatonin secretion level 
[2]. If the epiphysis can be considered as a biolog-
ical clock of the body, then the melatonin can be 
considered as a pendulum that runs these clocks; the 
decrease in the amplitude of the pendulum causes 
the clocks to stop. Perhaps it will be more accurate 
to compare the epiphysis with the sundial, in which 
melatonin plays the role of a shadow from the an-
cient astronomical instrument, i.e. the gnomon – ​
a rod casting a shadow from the sun. In the after-
noon the sun is high, and the shadow is short (the 
level of melatonin is minimal), and in the middle of 
the night, there is a peak of melatonin synthesis and 
its secretion into the blood from the pineal gland. At 
the same time, it is important that the melatonin is 
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synthesized in a daily rhythm, i.e. its measuring 
unit is the chronological metronome, namely, the 
daily rotation of the Earth around its axis [3]. If the 
pineal gland is the body’s sundial, then, obviously, 
any changes in the length of daylight should have 
a significant impact on its functions and, ultimately, 
on the aging rate. The circadian rhythm is essential 
not only for the temporal organization of the phys-
iological functions but also for the human life ex-
pectancy. In a number of works, it has been shown 
that the violation of photoperiods can lead to a sig-
nificant decrease in the life expectancy of animals 
[4, 5].

2. EFFECT OF LIGHT ON THE 
SYNTHESIS OF MELATONIN BY THE 
PINEAL GLAND IN HUMANS AND 
ANIMALS

Day and night (light and dark) is the main syn-
chronizer (Zeitgeber) that regulates melatonin syn-
thesis in the appendage of the brain – ​the pineal 
gland (epiphysis). The endogenous rhythm man-
aging the synthesis and secretion of melatonin is 
adjusted to the duration of night-time in various 
mammalian species, regardless of whether they 
are of nocturnal or daytime habits [6–9]. In people 
who are active throughout the day, the high mela-
tonin concentration and excretion in epiphysis are 
observed over the night. In addition to its effect as 
a circadian clock adjusting agent, the light acts as 
a masking factor when the body is exposed to light 
during the usual light phase of the day. The pho-
toreception system involved in the regulation of 
clocks is different from the pattern recognition sys-
tem. The daily change of light and darkness ad-
justs the endogenous circadian clock in the special 
brain structure – ​the hypothalamus – ​to the astro-
nomical duration of the day (24 hours). The con-
genital period of the hypothalamic clock is slightly 
longer than 24 hours. Retinal receptors contain-
ing photo pigment constitute about 1 % of retinal 
ganglion cells and directly respond to light, acting 
as a synchronizer to the hypothalamic suprachias-
matic nucleus. The photo-pigment is melanopsin, 
an opsin/vitamin A complex with a blue spectrum 
sensitivity peak at 480 nm [10]. The radiation ef-
fect of different wavelength on melatonin synthe-
sis in epiphysis was investigated, as it was found 
that melatonin synthesis is suppressed in a rather 
wide range of wavelengths, from 420 nm up to 600 

nm, but most effectively in the interval from 446 
nm to 477 nm. Suppression of the nocturnal peak of 
melatonin synthesis by illuminance exposure (200–
500) lx for 1 hour is the same for men and women 
and is proportional to illumination. Low illumi-
nance (90–180) lx, which is often present in living 
rooms, is enough to suppress melatonin synthesis. 
In apparently healthy subjects, the maximum sensi-
tivity to light is within the range of very short wave-
lengths (420, 440 and 470 nm) [11–14].

Photosensitivity, assessed by suppressing mela-
tonin levels, partly depends on the subject’s previ-
ous exposure to light. It increases after exposure 
to the dark or to the dull lighting, which suggests 
an adaptation of photoreceptors or a response to the 
previous light exposure.

It was shown in [15], that at illuminance 800 lx 
the use of protective glasses blocking the most ac-
tive short-wavelength part of the spectrum (lower 
than 530 nm), prevents light-induced suppression of 
nocturnal melatonin content in saliva. At the same 
time, individuals maintain night melatonin levels 
similar to those under dim lighting, and subjective 
drowsiness, anxiety and ability to act are not dis-
turbed. Bright light at night causes a phase shift and 
a switching of the circadian phase. A phase shift can 
be observed even with much less illumination (for 
example, at 180 lx, normal lighting in a residential 
area). Moreover, it has been shown that very dim 
lighting (20 lx) can synchronize the circadian sys-
tem in humans, normalizing sleep, awakening, and 
meal times. The circadian phase shift caused by 
short wavelengths radiation (with two peaks at 436 
nm and 456 nm) during a 4-hour exposure (8 lx, 29 
μW/cm2) after a normal awakening led to a mela-
tonin profile phase shift comparable to that of white 
light (12000 lx, 4300 µW/cm2), despite the fact that 
white light contains many more photons than short 
wavelength radiation [15].

In addition to information on turning on and off 
the daily photoperiod, melatonin provides informa-
tion about the length of the day. Melatonin synthesis 
and secretion duration in animals and humans varies 
depending on the duration of the dark hours. The 
longer dark period of the day takes in the laboratory 
or the longer the night takes in nature, the longer 
melatonin synthesis and secretion – ​regardless of 
whether this period is the time of activity of noctur-
nal rodents or the time of rest of animals with day-
time activity, including humans [6, 14]. In ordinary 
laboratory animals, it is not possible to increase 



Light & Engineering 	 Vol. 27, No. 3

16

daytime melatonin levels when placed into a dark 
room, but there is strong evidence of a decrease 
in their melatonin night time levels after exposure 
to the short light flashes over the night. Most mam-
mals use changes in the length of the day and night 
to determine seasonal changes, thus adjusting the 
seasonal and/or synchronizing the near-year be-
havioural rhythms. Seasonal differences in repro-
duction are directly controlled by the relative length 
of light and dark periods [6, 7].

In modern urban conditions of electrification, the 
daylight and night time duration seasonal changes 
and, accordingly, the duration of melatonin secre-
tion in humans, are obviously masked. In a number 
of studies, it was acknowledged that at low and mid-
dle latitudes the seasonal changes in melatonin se-
cretion are absent. In contrast, seasonal changes as-
sociated with longer melatonin secretion in winter 
were observed in sub polar and polar high latitudes, 
with significant changes in photoperiod and illu-
mination level, and high daytime levels of mela-
tonin [7].

Light is the most powerful circadian synchro-
nizer in humans and can have a prominent influence 
on the phase and amplitude of a human circadian 
pacemaker. Relatively intense illumination over 
the night almost completely suppresses the night 
peak of melatonin synthesis and secretion. Table 1 
summarizes data on the extent of the blood mela-
tonin inhibition in humans exposed to light, pro-
duced by incandescent and fluorescent lamps with 
different intensity. Fluorescent lamps reduce the 
melatonin concentration more intensively. The il-
lumination level in residential areas rarely exceeds 
200 lx. The data regarding operating rules adopted 
in Russia of illumination level in different facilities 
are summarized in Table 2. It is easy to see that the 
light exposure of such intensity over the night can 
significantly suppress the blood melatonin level.

Studies of melatonin synthesis suppression with 
light made it possible to calculate a threshold illu-
mination sufficient to decrease it by 15 %, which, 
on illumination with white light and 30-minute ex-
posure, is about 30 lx at the cornea level. It is impor-
tant to note that in residential areas, when additional 
light sources are turned on with a special purpose, 
for example, for reading, sewing on a sewing ma-
chine or washing, the illumination at the level of the 
cornea can reach as much as (150–200) lx.

In the literature reports the individual variability 
of sensitivity to light at night hours [2] was noted: 

deeper melatonin suppression with brighter light, 
the ability of light to shift the melatonin rhythm 
phase, with bright light in the morning moving it 
forward, while in the evening it causes night mela-
tonin peak to delay. A valuable biomarker for cir-
cadian rhythm disorders may be a quantitative 
measurement of the time dependence of the mela-
tonin renal excretion level [2].

In turn, melatonin, depending on the stage of 
the circadian rhythm, can synchronize it and shift 
it to an earlier or later time. Low doses of mela-
tonin (0.3–10) mg being administered during “bi-
ological day” when endogenous melatonin level is 
low, can cause drowsiness or sleep and decrease the 
body temperature [6]. The daytime single admin-
istration of 5 mg of highly soluble melatonin can 
shift the internal clock forward by 1.5 hours. The 
timely administration of melatonin (0.5–5) mg at 
24-hour intervals, preferably before bed, can com-
pletely fine-tune the free-running circadian rhythm 
in most blind patients. Acting as circadian synchro-
nizer between the central and peripheral “clocks”, 
melatonin optimizes phases in relation to the exter-
nal time, thus providing the optimization of cellular 
and systemic processes and enhancing the action of 
defence systems, which significantly expands the 
ranges of its possible therapeutic use.

Noteworthy, the effect of light on melatonin syn-
thesis may depend on the season and individual sen-
sitivity to light. In winter, the light inhibits the level 
of human melatonin in saliva 2 times more intensely 
than in summer [17]. Interestingly, the Arctic sea-
sonal workers who worked in December in the open 
air demonstrated the night melatonin secretion level 
2 times higher than in April [18]. Authors suggest 
that that the diffuse light reflected by snow in April 
is enough to reduce melatonin levels.

3. GEOGRAPHIC LATITUDE 
AND HEALTH

It is known that health and life expectancy indi-
cators in different geographic regions can vary sig-
nificantly. I.A. Gundarov and N.L. Zilbert hypoth-
esized that there is a connection between public 
health indicators and such an important parameter 
as the location of the region relative to the equa-
tor [19]. To establish this, a geographic latitude was 
used as an indicator. The statistical analysis between 
1986–1987 showed that mortality rate in USSR 
constituent republics increased almost in a linear 
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fashion progressively from the South to the North, 
with a correlation coefficient of 0.82 (p<0,01). 
Even more marginal association was between ge-
ographic latitude and incidence of malignancy. Ac-
cording to the WHO data, the total mortality rate 
in 72 countries in Europe and America in 1980–
1985 increased progressively with the increased 
distance from the equator, with a correlation co-
efficient of 0.65 (p <0.01). The value of standard-
ized mortality from malignancies between males of 
45 countries in Europe and America in 1981–1985 
differed 8.7 times: from 38.1 in Honduras to 330.0 
in Hungary. The relationship with geographic lat-
itude was shown with a correlation coefficient of 
0.70 (p <0.01). Also, a positive correlation with ge-
ographic latitude was observed for hypertension, 
atherosclerosis, and the incidence of hypercholes-
terolemia [19].

Considering that there is a long night in polar 
region, Erren and Pekarsky [20] suggested that the 
indigenous population of the Arctic region should 
have a reduced incidence of malignancy as com-
pared to the residents of temperate latitudes. Indeed, 
the incidence of malignancies is reduced in Saami, 
a nationality living in the North of Europe [21]. 
At the same time, the mortality from breast can-
cer (BC) among Alaska Natives (Eskimos, Indi-
ans, and Aleuts) has tripled since 1969 – ​accord-
ing to the authors, for an unknown reason [22]. 
In 2008 Cirсumpolar Inuit Cancer Review Working 
Group published the results of cancer study in po-
lar Innu (umbrella term which replaced the term 
“Eskimo”), living in Alaska territory, in Canada and 
Greenland, between 1989 and 2003 as compared 
to the period between 1969–1988, i.e., for the total 
of 35 years [23]. It was noted that there is a signif-
icant increase in the incidence of BC, uterine cor-
pus cancer, lung cancer and colon cancer, which 
is related with lifestyle changes of the natives due 
to its so-called westernization. For the period of 
1974–2003, the incidence of BC in female natives 
of Alaska has been increased by 105 %, whereas 
in Caucasian females of the USA – ​by 31 %. In the 
same years, the incidence of uterine corpus can-
cer has increased among Alaska native females by 
500 %, while among white Americans it has de-
creased by 30 %. The analysis showed that a sig-
nificant increase in the incidence of breast and en-
dometrial cancer in the Alaska natives can be best 
explained by environmental changes. The authors 
noted that in women of Alaska the incidence of obe-

sity and diabetes has significantly increased for 30 
years, and this increase is associated with a change 
in dietary habits. However, along with the western-
ization of food, there is a significant increase in the 
level of light pollution due to the doubling of the 
population over the same time and the industrializa-
tion, which, in our opinion, can play a leading role 
in the observed phenomenon. According to IARC 
data for 1985 and 1992, the incidence of BC, uter-
ine corpus cancer, ovarian cancer and colon cancer 
in females was higher in countries located closer 
to the poles (North and South), and less in equato-
rial countries [3, 24–26].

It should be considered that the differences 
found (or the absence thereof) are not necessarily 
related to the light regimen, and therefore, with ge-
ographic latitude. It is known that the above-men-
tioned malignancies have multiple etiological fac-
tors. As mentioned above, features of reproductive 
status, excess fat, and carbohydrates in the diet, 
etc. play their important role in the development 
of female reproductive system neoplasm. There-
fore, despite the character of the light regimen, it 
is necessary to consider climatic conditions related 
to geographic latitude, the extent of industrializa-
tion and lifestyle features. In general, it is not pos-
sible to state certainly that the light regimen or geo-
graphic location are the key factors of malignancies 
development, but this statement should not be un-
derestimated whatsoever [27, 28].

4. SHIFT WORK: TERMINOLOGY 
AND PREVALENCE

Shift work is referred to as a method of ar-
ranging the work process in a duty fashion where 
workers change each other at one workplace 
in a certain sequence, in accordance with approved 
schedule. In addition to these definitions, in scien-
tific literature the term “Shift work” is commonly 
used, and normally includes any forms of workflow 
arrangement different from the standard daytime 
work (from 7–8 a.m. till 5–6 p.m.).

According to the International Agency for Re-
search on Cancer (IARC) [29] data, there are sev-
eral types of shift work:

·  Constant work – ​ employees regularly shift 
only for one period, for example, morning, day or 
night, or rotation takes place – ​employees change 
their job shifts more or less periodically;
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·  Continuous work  – ​ employees work all 
days of the week or carry out work intermittently 
on weekends or on Sundays;

·  Night work – ​ working hours include all or 
part of the night, and the number of working nights 
per week/month/year can vary significantly. The pe-
riod of night work may differ across countries: from 
8, 9 or 10 p.m. until 5, 6 or 7 a.m., or from 11 or 12 
p.m. until 5–6 a.m.

Arrangement of shift work can also vary sig-
nificantly [29], and this can variously affect the 
health of workers, leading to circadian rhythm dis-
turbances and important physiological dysfunctions, 
including insomnia.

In modern industrial society, also called “24-
hour”, “round-the-clock” society, shift and night 
work is becoming more and more common. Shift 
work is required in many technological processes 
(for example, power plants, oil refineries, and met-
allurgical production), social services (hospitals, 
transport, police and security services, fire fighting 
services, hotels, telecommunications), some indus-
tries and services (for example, in manufacturing of 
textile, paper, food, chemicals). According to the In-
ternational Labour Organization, more than 2.5 mil-
lion people officially have shift work, 2/3 of them 
located in Asia. In European countries, more than 
17 % of employees are shift workers.

5. SHIFT WORK AND HEALTH

A frequent sequel of internal circadian desyn-
chronise with external environmental rhythms is the 
development of various diseases. As shown in nu-
merous studies, shift workers often develop ma-
lignant neoplasm, diabetes mellitus, peptic ulcer 
disease, hypertension and cardiovascular diseases, 
psychogenic disorders and many other diseases [4, 
5, 30–34].

In all mammals, the cardiovascular system is 
a highly organized system in terms of timing. It was 
well documented in epidemiological studies that 
many cardiovascular pathological processes, such 
as myocardial infarction, stroke, arrhythmia, most 
frequently occur in the early morning hours, and 
this is the time when fatal outcomes are also more 
common.

In a survey covering 17 studies where the re-
lationship between shift work and cardiovascu-
lar diseases was investigated, it was estimated that 
shift-working people have a 40 % increased risk of 

cardiovascular diseases when compared with indi-
viduals with the daytime job [32]. The duration of 
the shift work is also important: the morbidity was 
higher in those who had it for more than 6 years.

Approximately 20 % of all workers cease work-
ing in shifts shortly after the start of such working 
due to serious health problems, 10 % do not have 
any problems associated with shift work during 
their entire work activity, whereas 70 % are faced 
with certain problems of varying severity, mani-
fested as discomfort, everyday life troubles or dis-
eases [29]. Some individual habits and features can 
modify the effects that shift work has on health. For 
example, it is believed that there are more smok-
ers among shift workers, they more often consume 
caffeinated beverages or alcohol at night, eat more 
sweets and carbohydrates. They are more likely 
to have metabolic disorders, an increased risk of 
cardiovascular diseases and obesity [29].

During long-distance trans-meridian flights, cir-
cadian systems do not immediately adjust to the 
new local time. This requires several days, depend-
ing on the number of crossed time (hourly) zones, 
and the more zones are crossed, the more time is 
needed for normalization. It is believed that human 
circadian systems adjust to no more than (60–90) 
min per day [29].

Recovery is faster during the flights to the west 
(about 1-day recovery for 1-hour shift) than for 
flights to the east (about 1.5 hours for a shift of 
1-hour time zone). Full recovery after 6-time zone 
travel takes 10 to 13 days, depending on the direc-
tion of the flight (to the west or east, respectively) 
[29]. In addition, aircraft crew members are affected 
by other additional factors such as cosmic radiation, 
electromagnetic fields, illumination, noise, acceler-
ation, vibration, psychological stress, low mobility, 
high atmospheric pressure [36].

Seafarers often have a rotation (shift) working 
during the entire trip, and they also move through 
time zones, although not as quickly as aircraft crews 
do. Merchant seamen often use a 4-hour shift rota-
tion, although the 6-hour shift is becoming increas-
ingly popular. For oil workers, the rotation nature of 
working usually includes a 12-hour work shift for 
several weeks, followed by a rest at home. Similar 
problems are observed in truck drivers, the so-called 
“truckers”, train locomotive drivers and conductors 
on long-distance passenger trains.

In Japan, there was a study of the incidence of 
diabetes mellitus in 2,860 “white-collar workers”, 
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“blue-collar workers” with a fixed daytime job, 
and “blue-collar workers” in shift work. The rel-
ative risk of diabetes in shift workers was 1.33–
1.73 times higher than in “daytime blue collars” 
and 2.01 times higher than in white-collar work-
ers [37]. In shift “blue collars” body mass indices 
and cholesterol level were significantly higher than 
in daytime workers [38].

In [39], it was shown that shift work contributes 
to an increase in the incidence of GI disorders in car 
factory workers. Sleep disturbances reported in shift 
workers play an important role in the higher inci-
dence of peptic gastric and duodenal ulcers in this 
population [40]. There are findings indicating a sig-
nificant increase in the risk of duodenal ulcer devel-
opment in shift workers infected with Helicobacter 
pilori [41].

The exact mechanisms of cardiovascular dis-
eases development in shift workers are not com-
pletely understood, although circadian rhythm 
disorders and concomitant factors like smoking, ir-
regular diet, and social issues are considered to play 
a key role, causing usual stress in shift workers [29, 
42].

Desynchronisation of circadian clocks that can 
be caused by shift work, leads to hypertension, 
dyslipidemia, insulin resistance and obesity [29]. 
The serum level of total cholesterol and low-den-
sity lipoproteins in shift workers was significantly 
higher as compared with the controls, i.e. those 
working in daytime, which allowed shift working 
to conclude in a risk factor for employees.

Glucose tolerance has fluctuations from day 
to day, and the observed variability is due to in-
constant cortisol level during the day. Glucose tol-
erance decreases in normal individuals through the 
day-time, and eating at night is, therefore, a cause 
of increased obesity and weight gain, which are of-
ten seen in shift workers [29]. Abdominal obesity, 
hypertriglyceridemia (> 1.7 mmol / l), low level of 
high density liptoproteins (<1.03 mmol / l in men 
and <1.29 mmol/l in women) and impaired glucose 
tolerance were detected more often in night shift 
workers, more susceptible to the development of the 
metabolic syndrome [43].

6. ILLUMINATION OVERNIGHT 
AND CANCER

A number of papers have convincingly demon-
strated an increased incidence of spontaneous and 

chemically induced malignancies in laboratory an-
imals kept under the constant illumination condi-
tions or those of the Arctic region [3–5, 26, 28, 44, 
45].

Using satellites, the level of light pollution over 
night was investigated and evaluated in 147 Israel 
municipalities, after which, using the method of 
multiple regression analysis, the relationship be-
tween night illumination and the frequency of breast 
cancer and lung cancer in women were calculated. 
After allowance for corrections on the ethnic com-
position, number of births, population density and 
income level, a high degree of correlation was es-
tablished between the intensity of night illumina-
tion and the frequency of breast cancer (p <0.05), 
moreover, this association increased (p <0.01), when 
statistically significant factors only were considered 
for the regression analysis. On the other hand, no 
association has been found between the night illu-
mination intensity and the frequency of lung cancer 
[46]. It was noted that 73 % of the maximum breast 
cancer frequency estimates were in those public en-
tities with maximum illumination at night.

Using the same approach, the relationship be-
tween night illumination and the frequency of the 
three most common malignant tumours (prostate, 
lung, colon cancer) in men in 164 countries was 
studied. A high positive association was found be-
tween the light exposure of the population at night 
and the incidence of prostate cancer, but not lung or 
colon cancer [47]. The authors explain the presence 
of the found association between prostate cancer 
and night time illumination by suppressing the level 
of melatonin and clock-genes dysfunction. The risk 
of prostate cancer in countries with the most inten-
sive night illumination was 110 % higher than that 
in countries with the lowest light pollution.

Subsequently, the same authors compared the 
frequency of the five most common neoplasm 
in women in 164 countries with the level of night il-
lumination and found a high positive correlation be-
tween illumination and the frequency of breast can-
cer [48]. No such correlation was found between 
night illumination and colon cancer, and malignan-
cies of larynx, liver, and lungs. The breast cancer 
risk in countries with the highest night illumina-
tion was 30–50 % higher than in countries with the 
least illumination.

Several cohort studies have shown that women, 
who often turn on lights in the bedroom at night, 
have an increased risk of breast cancer [29, 49, 50].



Light & Engineering 	 Vol. 27, No. 3

20

An analysis of the effect of night-time bedroom 
illumination intensity performed in Israel found that 
this factor is very significant and increases the risk 
of breast cancer in women with a habit of sleeping 
with the lights on (OR = 1.22, p <0.001) [48].

Comparing their own data with the results ob-
tained in [49], the authors of [48] note that dur-
ing the 15 years since this study (1992–95), the 
light pollution has been increased, and currently 
women are exposed to a more intensive illumina-
tion as energy-saving lamps emitting in the blue 
spectrum (at 460 nm) are increasingly used. It is 
emphasized that this is the first large-scale random-
ized study where a positive correlation between illu-
mination in the bedroom (habit to sleep in the light), 
light overnight hours (light pollution) and breast 
cancer (BC) has been established, and where the ev-
idence was provided that the relative risk of BC in-
creases proportionally to the intensity of night-time 
illumination in the bedroom. Therefore, not only the 
shift work over night hours is a risk factor for BC, 
but also the habit of sleeping in the light [4, 5, 29].

According to the International Agency for Re-
search on Cancer in 2000 BC accounted for the ma-
jority of cancer cases in developed countries. The 
most common malignancy among women – ​breast 
cancer – ​each year affects about 1 million women 
(22 % of all female malignancies with the num-
ber of deaths of 375,000). More than half of all 
new cases are reported in economically developed 
countries: around 335,000 in Europe and 195,000 
in North America [51]. Breast cancer is still not the 
most common among women in developing coun-
tries, but even in those countries, there is a steady 
increase in incidence. Increasing risk of breast can-
cer is caused with high socio-economic status (an-
nual income, education, housing, etc.), because it 
is related with such health indicators as the onset 
of menstrual activity and menopause, obesity, big 
height, alcohol consumption, late age of first birth, 
small number of births, hormone replacement ther-
apy, dietary patterns, etc. Two more factors charac-
teristic of developed countries that may be of im-
portance: the increasing night illumination exposure 
[29] and low-frequency electromagnetic fields (50–
60) Hz [52].

Much higher mortality rates from malignancies 
are reported in shift workers who worked in pro-
duction for at least 10 years, compared with those 
employed only in day shifts. In Denmark, in a large 
controlled randomized study (about 7,000 subjects 

in each group), it was shown that evening work 
significantly increases the risk of breast cancer 
in women aged 30 to 54 years. Among those work-
ing at night, the most reliable results were found 
among waiters of restaurants working on night shifts 
(300 cases). Similar observations were made during 
a survey of flight attendants in a large breast can-
cer risk cohort study in Finland. In California flight 
attendants, breast cancer was found 30 % more of-
ten and malignant melanoma was detected 2 times 
more often than in the rest of the population of Cal-
ifornia [29].

An epidemiological randomized study con-
ducted in the US in 813 breast cancer female pa-
tients investigated the lifestyle features of these pa-
tients over the past 10 years compared with healthy 
women. At the same time, the light exposure at 
night was considered, based on the following pa-
rameters: night insomnia, lighting level in a bed-
room at night and working in night shifts (at least 3 
nights per month). It was found that the risk of can-
cer increases with increasing night insomnia, in-
creased lighting level in a bedroom and when work-
ing on night shifts. In the latter case, the risk also 
increased with work experience [49].

According to [53] data from health research 
among nurses, which included questions on their 
experience, shift work, day, night and evening 
shifts, among nurses with more than 30 years of ex-
perience and shift work, the relative BC risk was 
1.36 when compared to those nurses not working 
in shifts. Nurses who work for a long time with 
night shifts had a reduced level of melatonin and 
an increased level of oestrogen in the blood. The 
meta-analysis based on 13 studies, including 7 stud-
ies in workers of airlines and 6 studies in workers of 
other professions with night shifts, shown that the 
overall risk assessment was 1.48. The flight crew 
of airlines and women working on night shifts had 
a significant risk of developing BC.

The study, which focused on the health data of 
almost 45,000 nurses in Norway, found that work-
ing at night for 30 years or more poses the addi-
tional risk of breast cancer of 2.21. An increased 
risk of BC and colon cancer was found in Seattle 
residents who worked for a long time at night shifts 
[29].

The risk of colon cancer and rectal cancer was 
reported to increase in women working on radio and 
telegraph. The authors of [53] examined the Har-
vard data on the health research of 79,000 nurses 
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and found that nurses working at night shifts have 
a higher risk of breast cancer. The authors also 
found that colon and rectal cancer are more com-
mon among workers who have at least 3-night shifts 
per month for 15 years or more. The mechanisms 
underlying this increased risk of cancer among night 
workers and flight crews may be similar. Probably, 
the circadian rhythms disturbance and the forced 
light exposure at night both lead to a decreased pro-
duction of melatonin, which is a known biological 
blocker of the development of malignant tumours.

7. THE EFFECT OF MELATONIN ON 
THE DEVELOPMENT OF TUMOURS IN 
ANIMALS AND HUMANS

In experiments using various carcinogens and 
experimental designs, it was found that the use of 
melatonin has a suppressive effect on the develop-
ment of tumours in animals. The spectrum of the an-
ti-carcinogenic effect of melatonin is quite wide – ​it 
inhibits the carcinogenesis in the skin, subcutaneous 
tissue, breast, cervix and vagina, endometrium, 
lung, liver, and colon [27, 28, 55, 56]. Experimen-
tal data are in compliance with the results of clinical 
observations. So, the work of Canadian researchers 
provided the results of a meta-analysis of 10 ran-
domized controlled studies of the effectiveness of 
melatonin for the treatment of solid cancer patients 
[58]. In total, 643 patients received treatment. The 

use of melatonin reduced the relative risk of death 
within 1 year to 0.66, and no side effects of the drug 
were recorded.

Possible mechanisms of the inhibitory effect of 
melatonin on carcinogenesis have been intensively 
discussed recently [54]. Melatonin has been found 
to have effects on both systemic and tissue levels 
and on cellular and sub cellular levels. At the same 
time, the action of melatonin prevents processes 
leading to aging and cancer. In particular, at the sys-
tem level, melatonin reduces the synthesis of hor-
mones that contribute to these processes and stimu-
lates the immune surveillance system. At the same 
time, the formation of oxygen free radicals is sup-
pressed, and the antioxidant defence system is stim-
ulated. Melatonin inhibits the proliferative activity 
of cells and increases the level of apoptosis, pre-
venting the tumour onset and development. At the 
genetic level, it inhibits the effect of mutagens, and 
also suppresses the expression of oncogens [55, 57].

8. THE EFFECT OF MELATONIN ON 
LIFE EXPECTANCY

Numerous studies have shown the ability of 
melatonin to slow down the aging process and in-
crease the lifespan of laboratory animals (fruit 
flies, flatworms, mice, rats) [26, 57]. Some opti-
mism is raised by publications about the ability 
of melatonin to increase resistance to oxidative 

Table 1. The Degree of Suppression of the Night Melatonin Level Under the Illumination with 
Incandescent Lamps (IL) or Fluorescent Lamps (FL) [16]

Illuminance, lx

Suppression of melatonin concentration after turning on the light,%

After 30 min After 60 min After 90 min

IL FL IL FL IL FL

0.1 0 0 0 0 0 0

0.3 0 0 0 0 0 1

1 0 1 1 1 1 1

3 1 2 2 3 2 4

10 3 6 5 9 5 10

30 8 14 11 19 13 20

100 19 29 25 36 27 39

300 35 47 42 53 45 55

1000 54 62 59 65 60 66

3000 65 69 68 71 69 71
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stress and reduce the manifestations of some age-
related diseases, such as retinal macular dystro-
phy, Parkinson’s disease, Alzheimer’s disease, di-
abetes, etc. [55, 58]. Comprehensive clinical trials 
are needed for melatonin use in various diseases, 
which, as we believe, will significantly expand its 
use for the treatment and prevention of age-related 
desynchronosis.

9. CONCLUSION

Data provided in a new atlas of artificial night 
sky lighting, suggest that 80 % of the world and 
99 % of American and European populations live 
under light pollution [59]. 23 % of the Earth’s sur-
face between 75◦ N. and 60◦ S, 88 % of Europe and 
almost half of the United States are subject to light 

pollution. The light exposure overnight has been in-
creased and became an essential part of the modern 
lifestyle, being accompanied by many serious be-
havioural and health disorders, including premature 
aging, cardiovascular diseases, obesity, diabetes and 
cancer [14, 28, 29, 45, 60]. Obtained in animal ex-
periments, strong evidence of carcinogenicity of 
light-induced desynchronosis, caused by constant 
lighting or daylight of the North, served as a ba-
sis for recognizing circadian rhythm disorders by 
the International Agency for Research on Cancer as 
a factor increasing the risk of cancer in humans [29, 
33]. In experiments using various carcinogens and 
experimental designs, it was found that the use of 
melatonin has a suppressive effect on the develop-
ment of tumours of different localizations. Convinc-
ing experimental evidence has also been obtained 

Table 2. Some Russian Regulatory Values of Light Illumination in Public, Residential and Auxiliary 
Premises (SP52.13330.2016)

Type of room
Illuminance of working 

surfaces in general  
lighting, lx

Administrative buildings

Computer rooms 200–400

Business and work facilities, offices 300

Conference rooms, meeting rooms 200

Recreations Coulouirs, lobbies 150

LABORATORIES 400

Institutions of general education, primary, secondary and higher

Classrooms, schoolrooms, secondary school rooms 500

Sports halls 200

Classrooms, training rooms, laboratories of technical schools and universities 400

Classrooms and teachers’ rooms 300

Recreations 200

Medical institutions

Adult wards 100

Procedural, manipulation rooms 500

Operating rooms 500

Massage and physical therapy exercises rooms 200

Shops

Supermarket retail spaces 500

Trading rooms of the shops without self-service 300
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that the use of melatonin prevents premature aging 
of the reproductive system and the body as a whole 
prevents the development of immune-suppression, 
metabolic syndrome and different tumours caused 
by light pollution. The widespread introduction of 
LED light sources sets a problem of developing 
guidelines for optimizing the light mode of working 
and living areas, for lighting cities and other settle-
ments, which will ensure long-term maintenance of 
working performance, high quality of life, and ulti-
mately will contribute to the prevention of prema-
ture aging and the development of diseases, includ-
ing malignant neoplasm.
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ABSTRACT

The article is focused on the general and instru-
mental survey of historical translucent structures 
in the Pushkin State Museum of Fine Arts in 2018. 
It is shown that they don’t complying with the cur-
rent requirements, neither in heat transfer resistance 
nor in air permeability. The improvement recom-
mendations have been developed. It is noted that 
in case of preservation of metal window frames 
(according to the requirements of the law on pro-
tection of cultural heritage sites) the large-scale 
computer calculations should be performed to de-
termine the best ways of window restoration.

Keywords: restoration, historical translucent 
construction, frame, sash, survey, testing, heat 
transfer resistance, air permeability, condensate, 
recommendations

In 1990–2000, many people lamented, see-
ing the destruction of entire quarters of old build-
ings in many large and small Russian cities. Often 
the sites “necessary” for new construction were 
simply burned out. In their place the elite hous-
ing, huge shopping and entertainment malls, of-
fice centres appeared, and the spirit of the old cities 
was lost. For example, the charming cosy places 
of Zamoskvorechye in Moscow, two-three-storey 
buildings with amazing balconies in Kazan (when 
preparing for its millennium anniversary) and many 
others disappeared. (By the way, many cast iron bal-

conies appeared later (some say) in the dachas of 
rich Tatarstan officials.)

Fortunately, the situation has changed dramat-
ically – ​ today there is just a boom of construc-
tion restoration. In Moscow alone, more than 300 
old buildings were renovated in 2017. Externally, 
they look beautiful, according to ancient drawings 
and photographs, and inside the amazing halls are 
furbished up.

Unfortunately, very often on the renovated fa-
cades “false teeth” can be found – ​plastic windows 
(mostly white), which in no way fit into the beauty 
of buildings of the 18th – ​early 20th centuries: be-
cause then there were no window structures made 
of PVC profiles.

This is due to the fact that one of the re-
quirements for modern reconstruction (in addi-
tion to restoring the old facade) is to increase the 
energy efficiency of old buildings to current indica-
tions. And it is very difficult to do this with old win-
dows for several reasons:

–  Modern window technologies provide very 
high indicators of thermal and luminous efficacy of 
structures, which even at the beginning of the 20th 
century, the engineers and the architects could not 
dream of;

–  All technologies of old windows produc-
tion are lost – ​to replace the rotten and lost parts of-
ten needs to “reinvent the wheel”;

–  Full restoration of historical translucent struc-
tures with bringing their characteristics to the mod-
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ern level will be much more expensive than the 
windows, which domestic builders used to install 
in typical modern buildings.

That is why there are many restored old build-
ings with white PVC windows in almost all cities 
(for some reason most of all in St. Petersburg [1]), 
which should not be. By the way, it is in St. Peters-
burg very often at night the old windows and 
stained-glass doors are stolen (so that there is noth-
ing to compare with, probably).

It is difficult to find interesting domestic publi-
cations on the restoration of historical translucent 
structures (on the Internet for such a request you 
get a lot of proposals not for reconstruction, but for 
replacement of windows). The authors were able 
to find only one such article [2]. At the same time, 
our colleagues abroad understand the importance of 
preserving the historical heritage. In particular, His-
torical Windows of New York, Inc., is successfully 
functioning in the not so old New York.

Probably, it is necessary to establish the super-
vision over the restoration of translucent structures 
in complex works on old buildings and to change 
the price approach to these works – ​ the quality 
restoration of windows cannot be cheap.

The authors had the opportunity to participate 
in the survey of historical translucent structures of 
the major building of the Pushkin State Museum of 
Fine Arts in the first half of 2018, and to develop 
recommendations for their improvement.

The works were carried out as part of the restora-
tion works for this site under the general name 
“Complex reconstruction, restoration and adapta-
tion to modern museum technologies of the major 
building of the Pushkin State Museum of Fine Arts 
(Moscow, Volkhonka Str., Bld. 12)” [3].

The museum was built on the initiative of 
Ivan V. Tsvetaev by architect Roman I. Klein. Most 
of the funds for its construction were donated by the 
Russian philanthropist Yuri S. Nechaev-Maltsov.

The Museum of Fine Arts named after Emperor 
Alexander III (so it was called before the Revolu-
tion) was opened in a solemn ceremony on May 31 
(June 13), 1912 (Fig. 1).

Today, after the transfer to the Museum of 
many unique collections (including famous col-
lectors, Moscow Old Believers merchants 
Sergey I. Shchukin and Ivan A. Morozov), it is 
the largest collection of foreign art in the Russian 
Federation.

The major building of the Museum is recognized 
as a cultural heritage site of federal importance and 
is subject to the state protection.

Many engineering structures have not been re-
paired since the building was put into operation (that 
is, more than 100 years), have become relatively un-
usable and, mainly, do not comply with the require-
ments of current construction regulations.

Due to the fact that a decision was made to es-
tablish Volkhonka Street and the adjacent streets 
of the Museum Quarter, the nearby buildings were 
handed over to the Pushkin State Museum of Fine 
Arts, where, like in the major building, large-scale 
reconstruction is being performed.

The goals of our work were to survey the ex-
isting historic windows on the first floor in order 
to identify the possible causes of condensate forma-
tion and to develop anti-condensation recommen-
dations and a set of measures to modernize exist-
ing windows.

In the light openings of the first floor of the ma-
jor building there are windows with steel sashes 

Fig. 1. The Museum of Fine Arts named after Emperor Alexander III before opening in 1912
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made at the beginning of the last century (Fig. 2). 
They are external and internal massive steel sashes 
with a single glass thickness of 6 mm, spaced by 
0.5 m. Most of the translucent first floor struc-
tures installed around the perimeter of the building 
have the dimensions of about 1560 (width) × 3740 
(height) mm.

Historical windows installed in the major build-
ing of the Pushkin Museum of Fine Arts as well as 
most other its structures are the cultural heritage 
sites and their replacement is impossible under the 
protection terms.

The surveys were conducted several times 
in different periods of the year – ​ from February 
to June 2018. When conducting a visual examina-
tion on February 26, at the external air temperature 
te = –15 °C, the internal air temperature ti = + 20 °C 
and the relative humidity of the internal air (52–
63)%. In almost all rooms on the inner surface of 
all windows, there was abundant condensation from 
top to bottom, flowing down to the window sill and 
even to the floor (Fig. 3).

The condensate on the interior surfaces 
of translucent structures is absolutely unac-
ceptable in the premises where the works of art are 
exhibited. In addition, moisture on the windows and 
slopes contributes to the appearance of mildew and 
fungi on the inner slopes of windows, which is also 
not useful for paintings – ​they can also be infected.

The survey of historical translucent structures re-
vealed the following (Figs. 4 and 5):

–  Structures are made of iron, repainted mul-
tiple times, but never (judging by their condition) 
treated with special anti-corrosion compositions;

Fig. 3. Condensate formation on the inner surface of trans-
lucent cladding

Fig. 2. Historical windows in the major building of the 
Pushkin State Museum of Fine Arts:

a – ​view from the outside, b – ​metal bonding (“ladder”) 
between external and internal sashes

Fig. 4. Corrosion effect on one of the imposts of the inner 
frame (a) and the main (vertical) mullion  

of the inner frame (b)

Fig. 5. Elements of historical translucent structures
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–  External and internal frames are made of suf-
ficiently material-intensive corner iron, U-bars, T-
bars, I-beams and shaped profiles;

–  Ordinary transparent glass with a thickness of 
6 mm is installed on external and internal frames;

–  Translucent structures are installed in light 
openings without thermal insulation layers;

–  The basic vertical imposts of window struc-
tures are very massive, and there are very strong 
corrosion processes inside;

–  Under the blind casing on the internal frame 
structures, which are made with the use of suffi-
ciently massive corner iron, the extensive corro-
sion damage is detected (probably the inner an-
gle elements are to be replaced – ​they are almost 
decayed);

–  In order to provide natural ventilation of exhi-
bition premises in the early last century in translu-
cent structures the ventilation windows were pro-
vided, which – ​in addition to exclusively original 
fittings – ​today (with the equipped air conditioning 
systems in the near future) are completely useless 
and even harmful.

According to the results of field surveys of his-
torical translucent windows, their basic general di-
mensions and dimensions of structural details were 
obtained (in Fig. 6 the elements of the external 
frame are shown).

As a result of numerous field surveys of histor-
ical windows of the first floor of the major build-
ing of the Pushkin Museum of Fine Arts, it became 
clear that it is necessary to carry out additional in-
strumental surveys and calculations for develop-
ment of reasonable recommendations for restora-
tion of historical translucent structures 1.

Detailed measurements of historical win-
dows (Fig. 6) will be extremely useful for restora-
tion works.

The NIISPh of RAACS (Russian Academy of 
Architecture and Construction Sciences) proposed 
to conduct a field survey of the existing structure 
in one of the premises of the Pushkin State Mu-
seum of Fine Arts at sub-zero te (which was carried 
out on 26.02.2018 at te = – ​15оС), and the evalua-
tion of numerous possibilities of reconstruction of 
historical translucent structures by means of com-
puter modelling.

In order to determine thermally homogeneous ar-
eas of the examined translucent cladding and to de-
tect infiltration areas, a field survey was conducted 
using thermal imaging filming by the NEC TH‑910 

1  They are in a terrible condition: Rust (almost on all 
structures), slits, inoperable fittings, etc.

Fig. 6. Dimensions of external frame parts of historical 
translucent structure

Fig. 7. Thermograms of upper (a) and lower (b) parts of unshadowed historical translucent  
structure at te = –15 °C and ti = + 20 °C
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series thermal imager, in accordance with the rele-
vant requirements [4, 5]. Some thermograms of the 
examined structures are shown in Fig. 7.

To determine the reduced Ro heat transfer re-
sistance of translucent structure, a full-scale test-
ing was carried out using heat flow and temperature 
meters in accordance with national standards [6]. 
The measurements were carried out within the pe-
riod from 28.03.18 to 02.04.18. To perform the cal-
culation, the period with the established temperature 
differential was selected: 28.03.18 23:00–29.03.18 
04:00. During this period te and ti were –10 and 
+ 19.6 °C respectively. The testing result is: Ro = 
(0.37–0.39) m2 °C/W.

The temperature distribution in the interglass 
space of the historical translucent structure is given 
in Table 1.

The testing of the historical translucent cladding 
for air permeability was carried out in the utility ser-
vice room of the restoration workshop. The doors 
and other possible air infiltration areas were sealed 
before the testing. The “Blower Door” complex was 
installed in the doorway. The testing was carried out 
according to national standard [7]. Positive and neg-
ative differential air pressure Dp equal up to ± 60 
Pa respectively were set during the full-scale test-
ing. At each Dp value air permeability measure-
ments were made. Then, on the basis of the obtained 
data, the air permeability values of the window at 
different Dp were calculated (Fig. 8 and Table 2).

As a result of the conducted surveys of historical 
translucent structures, it became obvious that they 
do not comply with the current requirements, nei-
ther on heat transfer resistance nor on air permeabil-
ity. In case of preservation of metal window frames 
(according to the requirements of the law on protec-

Table 2. Air Permeability of Translucent Cladding at Positive Pressure Differential Δp

Δр, Pа Volume air flow, m3/h Mass air flow,  
Ga, kg/h

Air permeability

by volume, m3 / (h · m2) by mass, kg / (h · 
m2)

15 16 19.1 2.7 3.3

20 18 21.5 3.1 3.7

25 20 23.9 3.4 4.1

30 23 27.5 3.9 4.7

35 33 39.5 5.7 6.8

40 33 39.5 5.7 6.8

45 35 41.9 6.0 7.2

50 40 47.8 6.9 8.2

55 44 52.6 7.5 9.0

60 47 56.2 8.1 9.6

Table 1. Dependence of Temperature in the Air 
Layer of Translucent Structure on Height

Height, m Temperature, o C

2.9 9.5

1.5 7.0

0.76 4.8

Fig. 8. The values of air permeability of the premises at 
positive and negative Dp
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tion of cultural heritage sites) the large-scale com-
puter calculations should be performed to determine 
the best ways of window restoration.

The authors express deep gratitude to the staff 
of the NIISPh (A. Verkhovsky, S. Potapov, V. Bryz-
galin and E. Dalichik) and GC ROBITEX, LLC 
(N. Rumyantsev and I. Istomina) for assistance 
in carrying out field surveys of historical translu-
cent structures of the Pushkin State Museum of Fine 
Arts.
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ABSTRACT

The article is devoted to contemporary overview 
of development of a number of display technolo-
gies, which have been applied or may be applied for 
creation of new prospective light engineering solu-
tions. The emphasis is on OLED-based technolo-
gies and liquid crystals-based technologies. Exam-
ples of their application in automotive industry and 
architecture are given with consideration of vari-
ous economic indicators and hygienic and usabil-
ity limitations.

Keywords: light engineering, optoelectronics, 
lighting specifications, solid and organic LED, dis-
play technology, nanotechnology

Nowadays, development of light engineering has 
been being significantly promoted by new inven-
tions in different areas, primarily in electro-optics 
and optics. This leads to appearance of new market 
niches for devices with increased light engineering 
specifications or improved functionality. A classic 
example is light emitting diodes (LED) and LED 
luminaires. Their application is safer, more environ-
mentally-friendly and more ergonomic from differ-
ent points of view than application of other lighting 
devices [1].

Such area of science and technology as informa-
tion displaying systems or displays has a good out-
look for lighting engineering. Some technological 
solutions for displays, including organic light emit-
ting diodes (OLED), had been originally designed 
for formation of flat images without application of 
backlighting but turned out to be prospective for 

creation of flat and very thin light sources (LS) [2]. 
Another important technology for flat screens is liq-
uid crystals technology (LC). Because back light-
ing is necessary for LC displays (LCD), develop-
ment of this technology required development of 
many types of accessories for formation and control 
of a light beam: FL, LED, light-guiding plates and 
other elements.

Development of nanotechnology led to appear-
ance of materials influencing on luminous efficacy 
and chromaticity of existing LSs or optical elements. 
Among the most well-known are quantum dots ma-
terials which have already been manufactured.

Development of display technology requires dif-
ferent usability studies: careful study of human vi-
sion system and impact of different LSs with differ-
ent chromaticity and capability of light adjustment 
on it. Among the rapidly developing areas there are 
car displays, displays for industrial and military ap-
plications, etc., where light control is an important 
element.

This review briefly examines the contemporary 
level of development of different display technolo-
gies which have been applied or may be applied 
for creation of new prospective light engineering 
solutions.

The world leading companies, such as Kon-
ica Minolta, LG Chem, AcuityBrands, OLEDWorks, 
BMW, Audi, etc., are developing and manufactur-
ing different types of OLED-based lighting devices 
(LD) with new functional capabilities as compared 
with conventional ones [2]. The OLED-based LDs 
may be flat and flexible and very thin at the same 
time, as well as be capable to be placed on sur-
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faces of almost any shape and flexion. Their big ad-
vantage is capability to vary their radiation spec-
tra in space and time. Modern OLED technologies 
allow LDs creation with rather high luminance and 
luminous efficacy adopted for application in ex-
treme environment, for instance, in motor cars some 
part of which are under high mechanical and tem-
perature loads.

In the field of semiconductor lighting tech-
nology, the LED LSs, which have been becom-
ing cheaper and cheaper are dominating, but illu-
mination based on OLED LSs with characteristics 
and capabilities supplementing the previous has 
been rapidly developing and becoming more com-
mercialised. With OLED, it’s possible to construct 
large-area LSs with diffuse radiation and excellent 
colour rendering. And application of plastic sub-
strate allows manufacturing of very thin and light-
weight LD with any shape and flexion. Unlike the 
most of conventional LDs, OLED-based LD do not 
cause dazzling and exclusion of such components 
as diffusers significantly reduce their prices, which, 
by the way, positively affects the luminous efficacy 
of LD.

Nowadays, many companies manufacture 
OLED-based illumination panels for a number 
of applications including one of the major ones – ​
lighting of motor cars. Such companies as Audi, 
BMW and others have shown that special OLED-
based LDs provide more design freedom than others 
mostly thanks to OLED panels with different shape 
and extremely uniform illuminance distribution [3]. 
Also not without interest are applications of plastic 
OLED-based LDs in airplane interiors.

The target and prospective indicators of LD’s 
based on white OLED are shown in Table 1 [3].

As for profitability of these LDs, according 
to the Department of Energy of the USA [4], as 
compared with conventional ceiling luminaires, 
the OLED-based flat luminaires used in corridors 
reduce power consumption by 73 %, which at the 
level of 2020 will allow saving up to USD $1.7 bil-
lion per year. The ownership forecasts for 2020 for 

4 types of ceiling luminaires presented in Fig. 1 
show that at equal level of illumination of a 6 m2 of-
fice space for 10 years (more precisely, taking office 
non-operational hours into account, 20,800 hours of 
operation), the luminaire based on a combination of 
LED and OLED is more economically efficient than 
the OLED-based luminaire. The latter here is infe-
rior not only to the LED-based luminaire but even 
to the fluorescent luminaire. It is anticipated that the 
cost of 1,000 lm will be equal to $30 for fluores-
cent luminaires, $24 for LED-based luminaires, and 
$100 for OLED-based luminaires in 2020.

The US Department of Energy has compiled 
2025 roadmaps for luminous efficacy and the cost 
of manufacturing of OLED panels (Tables 2 and 
3). It is anticipated that the general colour ren-
dering index Ra will exceed 80 and the correlated 
colour temperature Tcc will be equal to 3,000K. 
Within a decade, the luminous efficacy should in-
crease by 2.5 times due to improvement of materi-
als and control devices (CD) efficiency. This should 
be achieved by multiple increase of investments 
in facilities for manufacturing of OLED panels with 
their technical and economical specifications com-
parable with LCD panels. Moreover, the cost of all 
materials and production operations should be sig-
nificantly reduced. As a result, the cost of manufac-
turing of 1 m2 of an OLED panel should reduce by 
33 times within 10 years.

Table 1. Prospective Specifications of White LED Light Sources

Characteristics Target and practiceable limit

Luminous efficacy of radiation 350 lm/W

Internal quantum efficiency 95 %

Luminous efficacy of a pixel 180 lm/W with luminance of 3,000 cd/m2

Fig. 1. Ownership cost estimation of ceiling illuminaires 
with FL, LED, OLED and combination of LED  

and OLED for office spaces (as of 2020)
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In study [5], capabilities of comfortable illu-
mination options formation adjustable for differ-
ent environments are overviewed. The strategy of 
energy efficient lighting is aimed to achievement 
a required level of illuminance and spectrum of the 
light in the right place at the right time. Herewith, 
such adjustable luminaire should contain a bright 
source of white light and a non-bright source of am-
ber light integrated with the illuminance and an oc-
cupancy sensors. Signals from the illuminance sen-
sor are used for turning off of both LS’s at daytime 
and for turning on at night. Signals from the other 
sensor are used for turning on of bright white light 
in presence of a person and it turning off during ab-
sence of a person.

Today automobile manufacturers keep demand-
ing increase of functionality of LED for support of 
innovative features of their cars and ease of infor-
mation reading from the relevant LED devices dur-
ing daytime. While in 2010 there were 50 LEDs 
in a typical car for sale, their number should ex-

ceed 300 by 2021 (Fig. 2) [6]. Such increase occurs 
primarily by application of LEDs with three major 
colours (red, green and blue) connected in the united 
LS. In this case, it is necessary to develop relevant 
CD’s with pulse-duration modulation to obtain re-
quired colours, which adds non-required complexity 
as compared with systems applying platforms with 
white and monochrome LEDs dominated in the 
market several years ago.

Fig. 3 shows that interesting capabilities of mo-
tor car illumination with different chromaticity and 
intensity are obtained by application of light guides 
with end or side location of monochrome or poly-
chrome LEDs.

OLED-based LSs are flexible, light-weight and 
thin, but despite such unique features, there are se-
rious problems in development of this market. For 
market expansion, Konica Minolta has proposed 
the True Value concept for flexible OLEDs [4]. This 
concept considers “uniform light radiated by a sur-
face with an extremely thin installation space” as 

Fig. 3. Colour lighting of motor car interior with mono-
chrome or polychrome LED’s with application of a light 

guide and a colour adjusting device
Fig. 2. Number of LED’s for interior lighting of one pre-

mium class motor car (according to data of BMW)

Fig. 4. Application of special composite 
film as a dimmer for backlighting of a 
wide colour spectrum display: a – ​com-
posite film with red quantum dots and 
polystyrol as well as green MAPbBr3 
and polystyrol under impact of UV 
radiation; b – ​the diagram of white 
light generation by means of above 
mentioned films integration with a blue 
LED; c – ​white radiation spectrum of 
a system with above mentioned films 
(green and red) used as a radiation con-
verter of blue LED. The dashed lines 
are Gaussian approximations of the 
green and red components of the spec-
trum; d – ​the chromaticity diagrams of 
the white LED system (blue line), of 
the system with Adobe RGB spectrum 
(grey line) and of the system comply-
ing with the CIE recommendation for 
2020 (black line) as compared with the 
CIE chromaticity diagram for 1931
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the main value. This value is increased by three 
main drivers: “weight reduction”, “Twilight light 
control” and “opportunity to touch LD without 
burning oneself”; in case of transparent LD’s, there 
can be another driver: “invisible magic”.

As a result, different flexible OLED-based LD’s 
can be built-in in ordinary objects, such as umbrel-
las, hand fans, clothes, overhead moving structures, 
and so on.

Apart from classical quantum dots, perovskite 
mineral nanoparticles are widely applied in fluo-
rescent materials. In particular, there is a report [7] 
about a recent invention of organic and non-organic 
hybrid perovskites (ONHP) added to compound 
polymer films with exceeded efficiency of photolu-

minescence, higher monochromaticity (spectral line 
half-width is <20 nm), unprecedented water and heat 
resistance, applicability for backlighting in LCD 
screens as well as for sensors and light therapy. 
LEDs based on quantum dots and ONHP (QLED) 
already created and being manufactured, and their 
colour gamut, energy efficiency and cost can be bet-
ter than those of OLED (Fig. 4). It is anticipated that 
for QLED-based LS luminous efficacy will exceed 
359 lm/W and Ra will be equal to at least 91.

But the service life of such devices is still 
less than 30,000 h which is required for applica-
tion in LDs. Currently it is equal to 2000 h with lu-
minance of 500 cd/m2 and 7000 h with luminance 
equal to100 cd/m2 [8].

Table 2. 2025 Roadmap for OLED-based LD’s

Characteristics 2015 2017 2020 2025 Target

Luminous efficacy (of a 
panel), lm/W 60 100 125 160 190

Optical efficiency,% 100 90

CD efficiency,%
85

90 95

LD efficency,% 81 86

Luminous efficacy of 
LD, lm/W 51 85 106 130 162

Table 3. 2025 Roadmap for Manufacturing Cost of OLED Panels

Parameter 2015 2016 2018 2020 2025

Base area, m2 0.17 0.17 1.38 2.7 5.5

Capital investments, million 
$USD 75 75 200 300 400

Production cycle duration, min 3 2 1.5 1 1

Performance, thousand m2 per 
annum 14 25 300 1,000 2,400

Life cycle cost, $/m2 1050 600 125 60 35

Cost of organic materials, $/m2 200 150 100 35 15

Cost of non-organic materials, 
$/m2 200 200 120 50 30

Cost of work, $/m2 150 100 20 10 5

Other costs, $/m2 75 50 15 10 5

Full cost without product yield 
taken into account, $/m2 1,675 1,100 355 160 90

Product yield,% 50 60 70 80 90

Full cost, $/m2 3350 1850 550 200 100
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OLEDWorks LLC has developed the second gen-
eration of high-performance amber-colour OLED 
panels for medical institutions [9]. As compared 
with the first generation panels, their luminance ef-
ficacy is increased to 60 lm/W by using phosphores-
cent materials. Moreover, their laminar design in-
creases service life and uniformity of glow.

Pixelligent Technologies LLC has developed the 
technology of manufacturing of PixClear® mate-
rial on the basis of dispersions and nanocomposites 
with nanocrystals of ZrO2, which allows the light 
extraction ratio to exceed 100 % for OLED-based 
LSs [10]. These materials have significantly in-
creased refractive index of monomers and polymers 
with content of nanoparticles of ZrO2 up to 90 %. 
Wherein, visible transparency of the material is 
high.

Usually LCD devices are used for formation or 
processing of images. But resent years, LCD de-
vices for application in headlights of motor cars or 
architectural lighting has been intensively devel-
oped. LCD materials for such applications should 
be more resistant against extreme environment as 
well as against very bright light. To obtain required 
optical specifications when using in architectural 
lighting, LCD should have very high double refrac-

tion with high light-resistance. The German com-
pany Merck has developed such LCD mixtures, 
whereas Hella KGaA Hueck & Co [11, 12] has de-
signed a luminaire with application of such LCD for 
operation in extreme environment (Fig. 5). The new 
monochrome structure is distinguished by avail-
ability of double light polarization (vertical and 
horizontal), and its polarization efficiency is 76 %. 
The LS is a LCD-matrix panel with relatively low 
resolution.

The structures allowing consumers to adjust 
them on the basis of their personal needs have been 
becoming more popular in the market. One of the 
ways to resolve this problem is to build in a dimmer. 
A good example is the Hue series of smart lighting 
devices by Philips Lighting. Not long ago, LensVec-
tor developed methods of changing the shape of 
light spot from local lighting. LCD elements can be 
used for adjustment of light direction or it’s focus-
ing (Fig. 6) [12].

The study being fulfilled in the National Tsing 
Hua University (Hsinchu, Taiwan) shows that it is 
not necessary to consider only the luminous efficacy 
and energy efficiency to obtain “proper” lighting for 
a user [13]. The scientists had studied the process 
of suppression of melatonin secretion under influ-
ence of three types of LSs (a Planck radiator, LED 

Table 4. Impact of Adjustment of Tcc on Maximum Acceptable Duration  
of Retina Irradiation t with illuminance of 500 lx

Tcc, K
Planckian radiator LED OLED

t, s

2,000 407 370 369

3,000 146 155 153

5,000 63 74 70

8,000 40 50 47

Fig. 5. Diagram of the structure of a directional luminaire 
with a LC light source

Fig. 6. Two concepts of light guides for architectural 
application: focusing or shape changing and direction 

adjustment
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and OLED) with Tcc varying between 2,000 and 
8,000 K. Table 4 shows maximum acceptable val-
ues of retina irradiation for these three LSs in terms 
of photobiological safety [14].

Usually it is believed that the white light with 
Tcc of about 6000 K is more suitable for displays 
of TV’s, monitor units and mobile phones than 
the light with Tcc equal to 7,000 K (with relatively 
higher content of blue colour).

The combination of the “proper” light and en-
ergy-saving technologies allows to avoid sleep dis-
ruption and risk of retina damage or diseases.

The Lighting Research Centre of the Rensse-
laer Polytechnic Institute (USA) conducted a study 
of synchronisation of circadian rhythms of differ-
ent groups of people including those suffering vari-
ous neurological disorders with local time [15]. The 
study also included research of potentially useful 
impact of lighting display panels on sleep and feel-
ing. In the pilot experiments, a 70-inch display panel 
by Japanese company Sharp was used, the publica-
tion does not specify whether it was a plasma panel 
or a LCD panel. In the course of the one-week ex-
periment, the people suffering Alzheimer disease 
sat at the table made of a lighting display panel dur-
ing the light day from 7 in the morning till 6 in the 
evening. At the specified time, they had meal at 
this table. The table could be used also as a sensor 
screen for games and entertainment. As a result, suf-
ficient improvement of sleep and reduction of de-
pression and irritation were witnessed. The glow of 
the panel was either blue or red depending on the 
time period (Fig. 7), which allowed the circadian 
rhythms adjustment. Moreover, there were vertical 
display panels in the room so that their light could 

reach retina. This cannot be always reached if LS is 
located on the ceiling.

CONCLUSION

The article contains a brief overview of con-
temporary safe, environmentally friendly and er-
gonomics technologies based on LED and OLED 
and application of some new composite materi-
als. New fields of application of such devices are 
overviewed with consideration of economical 
prospects; possibility to apply such technologies 
in medicine is noted.
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ABSTRACT

Uncontrolled daylight brings visual and thermal 
problems that may result in negative interactions 
with user comfort, productivity, well-being, and hu-
man health. Library spaces, in which reading, writ-
ing, and computer task activities are performed, 
need to be well designed in terms of daylight per-
formance to enhance user satisfaction. The focus of 
this study is to make a performance test of a light 
shelf-reflective louver system to improve the visual 
performance conditions of a library reading room. 
First, the instrumental monitoring of existing day-
lighting conditions was performed. Second, Relux 
model was prepared to evaluate luminance patterns 
and illuminance distribution. Third, a new light 
shelf-reflective louver system was proposed based 
on the insufficiencies of the simulation results. The 
performance of the new system was found highly 
satisfactory based on the findings of enhanced lu-
minance patterns and uniformity ratios especially at 
the points near the windows.

Keywords: daylighting, visual performance, li-
brary, illuminance, luminance, light shelf, reflec-
tive louver

1. INTRODUCTION

Libraries are the spaces where people fulfil both 
their learning and working activities; so, visual per-
formance ought to be considered initially. These 
kinds of spaces have to be responsible for users 

to execute their work efficiently with no deficiency 
in visual acuity or comfort considering the whole 
aspects of performance issues associated with light-
ing [1]. Required illuminance values are needed 
to be satisfied; luminance/contrast relationship is 
to be well controlled with luminance ratios, which 
are determined by illuminance and reflectance of 
surroundings in the visual field. Eyes can adapt 
to varying luminances rapidly in a properly de-
signed visual environment; their tiredness can de-
crease as well.

A well-daylit library stimulates success, in-
creases the duration of stay, enhances well-being, 
and regulates the seating distribution [2, 3]. Benefits 
of daylight have become more significant in library 
planning within the context of visual comfort for 
various intended usages such as paperwork, com-
puter-based work, bookshelf browsing, and read-
ing books, journals, and digital sources [4, 5]. The 
amount of daylight for different purposes is associ-
ated with the luminance of surfaces within the field 
of view [6]. To obtain good visibility, an adequate 
amount of light for the task and the glare control are 
ought to be precisely existing [7].

Daylight redirecting systems provide such solu-
tions to block the excessive illuminance that causes 
glare and heat gain problems and supply daylight 
to deep spaces [8]. Kontadakis et al. tested move-
able mirrors fixed on a light shelf that are able 
to track the sun in a south facing deep office. Illumi-
nance increased during both 152 % in summer and 
12.5 % winter solstices comparing to the actual case 
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[9]. Dogan and Stec developed a horizontal light 
shelf with a row of mirror tiles that can be tilted 
in two-axis according to sun movement. They ob-
served almost 20 % daylight performance improve-
ment and decrease in glare [5].

This study focuses on the evaluation of visual 
performance conditions in terms of illuminance 
and luminance distributions in an academic library, 
due to the above considerations and lack of stud-
ies to improve the visual quality of users in library 
spaces. The aim is to examine the effectiveness of 
a light shelf and reflective blinds in such problem-
atic zones that are exposed to unsatisfied or ex-
cessive luminance and illuminance distributions 
on both VDU and paper tasks.

2.  METHODOLOGY

2.1.  Library Reading Room

The experiments were conducted in the li-
brary of Izmir Institute of Technology (38.19°N, 

26.37°E). It has an orientation along the 60° east 
of south axis. The reading room (L 29.70m x W 
19.00m x H 4.30m) has north-east, south-west, 
and north-west oriented facades, which are fully 
glazed. The workplane layout is divided into three 
zones: two seating zones and the center zone with 
bookshelves (Fig. 1).

Material characterization was performed on-
site using luminance/illuminance based technique 
to practically and basically get information about 
materials on-site due to the literature [10]. An illu-
minance meter and a luminance meter were used 
(Table 1). The equation of Lambertian reflectance 
was the basis for the reflectance calculation. The 
windows consist of double layer glazing, whose 
transmittance was measured and calculated due 
to the literature [11].

2.2.  Validation Process

Horizontal illuminance was chosen as the indi-
cator, where the paper task was performed. Mea-
surements were carried out with an illuminance 
meter on June 20 and July 20. In total, 131 measure-
ment points were set with a height of 0.76 m above 
the ground. The readings were afterwards compared 
with illuminance outputs from Relux-based simula-
tion model, which was generated with identical 
building characteristics. The coefficient of determi-
nation (R2) values ranged between 51 % and 78 % 
for all simulations on the above dates indicating the 
acceptable accuracy of the simulation model. Keep-
ing in mind the large floor area of the experimental 

Fig. 1. Measurement 
locations: NE1-NE36 
(nort-east points), 
SW1-SW36 (south-
west points), and C1-
C12 (centre zone)

Table 1. Photometrical Features of the Surfaces

Surface Reflectance/Transmittance [%]

Walls 73

Floor 37

Ceiling 78

Desks 47

Glazing 80
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space and furniture, the error margin may be con-
sidered acceptable. Further, mean percentage error 
(MPE) values and coefficient of variation (relative 
mean square deviation) (CV(RMSD)) are calculated 
to indicate the averaged error and deviation of mea-
sured to simulated illuminance values (Table 2).

2.3.  Identification of the Problem

The library reading room was analyzed in Relux 
under CIE intermediate sky with sun, on the solstice 
and equinox dates at 12:30 pm within the scope of 
illuminance and luminance based ratio standards 
of library spaces. A total of 84 points were stud-
ied at a height of 0.76 m on the centre of each study 
desk, which was arranged with a computer screen 
and a white paper placed in front of the occupant 
(Fig. 1). The objective in this section is to identify 
the problem in daylight distribution measuring hori-
zontal illuminance on the workplane and luminance 
pattern analysis in the visual field.

2.3.1.  Luminance Pattern Analysis and 
Determination of the Most Problematic View 
Points

Luminance distribution of each viewpoint was 
analysed on the solstice and equinox days at 12:30 
pm. Three points were determined as receiving the 
least uniform luminance distribution due to recom-
mended luminance ratios. To achieve this, lumi-
nance on screen, white paper, desk, partition, wall, 
general surrounding, and sidewall adjacent to the 
window were evaluated according to the luminance 
maps of each view (Fig. 2).

Luminance map analysis showed that particu-
larly southwest perimeter zone had the most critical 
luminance distribution within the visual field, which 
ranged from 13 cd/m2 to 2 050 cd/m2. Three view-
points (SW3, SW10, SW12) with the least uniform 
luminance pattern were identified, which were un-
surprisingly located near the south-west facing win-
dow (Fig. 2). In the case of SW3, i.e, the luminance 
ratio between the VDU task and the side wall adja-

Fig. 2. Viewpoints with 
the poorest luminance 
distribution and lumi-
nance maps

Table 2. Statistical Кesults of Errors

R2 MPE CV(RMSD)

June 20, 2.00 pm 0.51 10 % 21.1 %

July 20, 11.00 am 0.67 20 % 21.7 %

July 20, 12.30 pm 0.78 20 % 19.8 %

July 20, 3.30 pm 0.71 55 % 31.1 %
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cent to the window was found 1:43 on December 21 
at 12:30 pm, which is excessively high comparing 
to the recommended 1:10 ratio. In all cases, the lu-
minance ratio between the paper task and VDU task 
ranged from 1:12 to 1:158, which again violates the 
recommendations and leads to an unsatisfactory 
perception for the library users.

2.3.2.  Illuminance on Workplane and 
Uniformity

Illuminance in all cases shows an uneven dis-
tribution with a wide range of variation from very 
low levels to thousands. Peaks of illuminance oc-
cur at points (SW1-SW12), which were placed next 
to the south-west facing glazings. Rapid decreases 
are observed with the distance from the windows 
in the same zone (SW25-SW36). Illuminance dis-
tribution of north-east oriented points (NE1-NE36) 
appears relatively more uniform ranging from 46 lx 
to 1180 lx, while it shows the lowest values, i.e. be-
tween 95 lx and 396 lx, at the centre zone. To con-
clude, uniformity on the workplane throughout the 
room inherently appears poor, which is consider-
ably lower than the standards (recommended illu-
minance for paper-based tasks in libraries in IES 
standards is between 500–1000 lx; useful daylight 
illuminance in workspaces is between 100–2000 lx) 
(Table 3).

2.4.  Daylighting Strategy Proposal

New daylighting strategies were proposed for 
south-west facing (a  light shelf made of translu-
cent material with a reflective coating shelf and re-
flective louvers) and north-east facing windows 

(reflective louvers) to improve illuminance and lu-
minance distributions (Fig. 3). The systems are cho-
sen based on the conclusions drawn from the lit-
erature and actual products [12–14]. A light shelf 
was positioned to the south-west facade through-
out the glazing at 3.00 m from the floor with a depth 
of 1.6 m. The light shelf modelled as external and 
internal was defined as specular with a reflectance 
value of 85 %. The internal reflective louver chosen 
from Retrolux Archive [14] components with a re-
flectance value of 85 % for the south-west facing 
window were placed between 1.40 m and 2.85 m 
above the ground. It provides shading additionally. 
Each lamella has 13 mm depth, and the spacing be-
tween two lamellas is 0.5 cm. The identical reflec-
tive louver system was applied to the north-east fac-
ing window as well.

3.  RESULTS

3.1.  Luminance Based Findings

The luminance ratios within the field of view 
have substantially found the balance regarding vis-
ual performance standards. The shading-redirecting 
function of the system played a strong role in that 
sense. Viewpoints SW3 and SW10 were the worst 
ones due to the very bright side wall surfaces just 
in front of the viewers, which are fully covered by 
sun patches. Improving the impact of the redirecting 
system on luminance distribution on the wall sur-
face is much stronger and clearer in SW3 and SW10 
than SW12. Nevertheless, the shading-redirecting 
effect of the system can be seen well in all three 
viewpoints perceiving the surfaces within the field 
of views with a more balanced luminance distribu-

Fig. 3. Daylighting 
strategy on the plan 
layout and the cross 
sectional views show-
ing its shape and 
principle
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tion. The excessive daylight on desk surfaces is bal-
anced in all viewpoints providing a clear visual per-
ception on the writing/reading task area.

The system functions as desired, i.e. on Septem-
ber 23 for SW10 and SW12, but less for SW3 that 
slightly observes sun patch traces on the wall sur-
face particularly in the winter solstice. The most 
dramatic reductions in luminance ratios defined 
on screen, on paper, and on partitions were observed 
during the equinoxes. Luminance ratio between the 
paper task and desk partition on 21 March changed 
from 13.5:1 to 1.9:1 (SW12), 14:1 to 2.9:1 (SW10), 
13:1 to 1:1.6 (SW3), which are providing recom-
mended ratio (≤5:1) based on the standards. Lumi-

nous variability is slightly higher in SW3 than in the 
others, but still within the recommended values; i.e. 
desk-to-side wall luminance ratios are 1:3 in SW12, 
1:3 in SW10, and 1:3.8 in SW3 in spring equinox. 
Or, paper-to-desk ratios in spring equinox are found 
to be reasonably good indicators of the performance 
of shading-redirecting system as respectively 1.6:1 
in SW12, 1.6:1 in SW10, and 1.8:1 in SW3.

Luminance values were substantially fixed with 
respect to the recommended ratios, except the ratios 
between screen and paper luminance when com-
pared to the actual case. Paper-to-screen ratio is 
identified as between 1:2.5 to 1:3 in standards; how-
ever, results are higher, i.e. spring equinox indicated 

Table 3. Illuminance on Workplane and Uniformity Ratios (E: illuminance, avg: average,  
min: minimum, max: maximum, U: uniformity).

12:30 pm Eavg (lx) Emin (lx) Emax (lx) U1(Emin/Emax) U2(Emin/Eavg)

March 21 1 358 114 6 610 0.017 0.083

June 21 430 48 1 060 0.045 0.111

September 23 1 686 97 7 970 0.012 0.057

December 21 910 46 4 700 0.009 0.050

Fig. 4. The illumi-
nance based effect of 
daylighting strategy on 
measurement points
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that the average paper-to-screen ratio decreased 
from 1:174 to 1:15 for SW12, from 1:191 to 1:35 
for SW10, from 1:216 to 1:42 for SW3, which are 
considerably high.

3.2.  Illuminance and Uniformity Based 
Findings

Illuminance on almost every point experience 
diminution in all cases, resulting in a decrease 
in the average horizontal illuminance (Fig. 4). Th-
ese findings may be considered adversely since the 
percentage of points between recommended values 
falls; i.e. from 1358 lx to 454 lx (–66 %) on March 
21, from 430 lx to 302 lx (–29 %) on June 21, from 
1686 lx to 431 lx (–74 %) on September 23, from 
910 lx to 378 (–58 %) lx on December 21, respec-
tively. Yet, considering the recommendations of 
useful daylight illuminance values (100–2000) lx, 
the average horizontal illuminance of March 21, 
September 23, and December 21 have come close 
to the recommended range after the retrofitting ap-
plications. Almost 80 % of the calculated region be-
low the IES standards satisfies the useful daylight 
illuminance range with a reasonable daylight avail-
ability. The potential reason, why only a few points 
are within the recommended range in June, can 

be explained with the high solar altitude during 
the summer solstice, which was already insuffi-
cient before the daylighting strategy. Illuminance 
falls the most dramatically at near window loca-
tions, but not at the centre zone. The system actu-
ally works as planned by mostly diminishing the 
excessive amounts of illumination near windows 
and not much affecting the points that are far from 
the windows.

Illuminance based improvement of 24 mea-
surement points near the window (NE1-NE12 and 
SW1-SW12) are shown in Fig. 5 emphasizing the 
shading efficiency of the daylighting strategy. The 
most striking change appears in terms of illumi-
nance variation, particularly on southwest points. 
The system balanced the illuminance distribu-
tion among the aforementioned measurement points 
as it was expected, i.e. the trendlines on March 
21, June 21, September 23, and December 21 ap-
pear to be almost linear throughout the majority 
of southwest points, but not much in the sense of 
northeast points. Illuminance range of northeast 
points was already between 220–1160 lx, which 
is an acceptable range according to the standards. 
In this case, the main consideration while applying 
the reflective louver system was to deliver daylight 
to the deeper parts of the space instead of blocking 

Fig. 5. Illuminance 
variation of the points 
near the windows 
(NE1-NE12 and 
SW1-SW12)
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the sunlight. The system was successful to satisfy 
higher uniformity in every season in the third mea-
surement row (NE25-NE36), specifically in Decem-
ber showing the strong redirecting effect of the sys-
tem. The majority of northeast points remained very 
close to the base case illuminance, neither showing 
noticeable decrease nor increase, as desired at the 
beginning.

Fig. 6 illustrates the uniformity ratios (Emin/Emax) 
across the whole space in solstices and equinoxes. 
Even the worst uniformity ratio of the base case 
performed an improvement of 53 %, which be-
longs to the winter solstice, while the rest of the ex-
periment days showed an improvement between 
166 % and 340 %. Still being below the current uni-
formity standards, these ratios are found to be ac-
ceptable considering the large floor area of the case 
and the high number of measurement points. Specif-
ically, better uniformity ratios are attained, except 
in NE in June.

4.  CONCLUSION

The application of a translucent light shelf and 
reflective louvers improved the uniformity of both 
illuminance and luminance distribution by mini-
mizing the incoming daylight near the window and 
maintaining or slightly maximizing it at the deep.

The most striking improvement observed af-
ter the daylight system application was the lumi-
nance distribution, since it blocks the excessive day-
light filtering inside the space and redirects it to the 
deeper parts of the library. Specifically, the system 
with its shading-redirecting impact performed the 
best during equinoxes improving the unbalanced lu-
minance distribution on surfaces within the visual 
field, i.e., the ratio of paper-to-desk partition was 
found to be significantly improved (79–85 %) and 
provided the recommended ratios.

The system notably maintained the target illu-
minance specifically on the most problematic mea-
surement points, which are the nearest row to the 

window. Reaching up to 80 % of improvement rate 
when compared to the base case, 75 % of these 
points satisfied the IES standards that are required 
for meeting visual tasks, while 100 % of them were 
calculated within the UDI range. Uniformity ratios 
were positively and significantly correlated with 
the more balanced illuminance distribution across 
space. Though still can not meet the required uni-
formity ratios of IES standards, an improvement of 
(53–340) % was observed when compared to the 
base case. To satisfy the target uniformity ratio 
in such spaces with a fairly large floor area is a chal-
lenging and almost impossible task to accomplish. 
The improvement of the uniformity ratio here may 
remain to be a successful step.

In overall, the big picture gives the clues on how 
a proper design of a daylighting system provides 
a noticeable improvement in visual performance of 
a library having these building specifications; yet, 
one should keep in mind that in some cases even the 
proposed design solutions are not able to guarantee 
the ratios suggested in literature.
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ABSTRACT

This paper demonstrates the research-based 
lighting design process of Yushu Library, a new li-
brary built after the 2010 Yushu Earthquake. The 
design goal is to recreate the Tibetan traditional 
lighting in this local modern library without sac-
rificing functional needs. The research methodol-
ogy is comprised of a literature review, site visit 
and measurement, user interview, and daylighting 
simulation.

Keywords: lighting design, Tibetan tradi-
tional architecture, lighting evaluation, daylighting 
simulation

1. PROJECT BACKGROUND

1.1. Post-Earthquake Reconstruction

The 2010 Yushu Earthquake registered a mag-
nitude of 6.9 Mw and originated in Yushu Tibetan 
Autonomous Prefecture, Qinghai Province, China. 
Over 85 % of buildings in Gyegu, the seat of Yushu 
County, were destroyed. The post-earthquake recon-
struction plan included a library, a theatre, a cinema, 
and a cultural centre. Yushu Library was designed 
and built serving as the core project in rebuilding 
the town and community after earthquake [1].

1.2. Unique Traditional Architectural  
Lighting

In China, Yushu is in Lighting Climate Zone I, 
which has an average daylight illuminance of 
28,000 lx [2]. At an elevation of 3,700 meters, 
Yushu has a harsh alpine subarctic climate with 
2 496 sunshine hours annually. The sunshine hour 
was defined as the period, during which direct solar 
irradiance exceeds a threshold value of 120 W/m2 
[3]. The cold climate, the large temperature differ-
ence between day and night, and strong ultraviolet 
radiation have historically led to an inward archi-
tectural form with small windows and thick walls 
to prevent heat loss and an atrium to get an access 
to daylight in public buildings [4].

This traditional architecture form creates 
a unique lighting, which is experienced daily by lo-
cal residents, 97 % of whom are Tibetan and have 
Tibetan culture deeply rooted in their daily life. The 
new Yushu Library is designed for the local users 
to enjoy a modern library, which embodies a tra-
ditional Tibetan architectural environment through 
space geometry, interior furnishings, and lighting. 
This is a library in Yushu and for Yushu and would 
not be the same as a library in Beijing, New York, 
or London.
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1.3. A Current Design Problem

The obvious difference between new and tradi-
tional architectural lighting is a rising issue in Yushu 
post-earthquake reconstruction projects. New pub-
lic buildings kept traditional space form and deco-
ration style, but their lighting directly followed the 
national standards in China [5, 6]. By simply fol-
lowing the standards, designers on some projects 
introduced excess daylight or electrical lighting 
into new buildings. This increased the illuminance 
level and decreased the luminance contrast, which is 
on the contrary of Tibetan traditional lighting.

For electrical light, the standard [6] requires 
300 lx for library reading rooms. According to the 
recommended light levels from the IESNA Lighting 
Handbook [7], the light level in a Library – ​Reading 
/ Studying is (300–500) lx. For daylight, the stan-
dard [5] requires minimum 2 % Daylight Factor 
for library reading rooms. In [8], Section 2.2.2.1, it 
states that “An average daylight factor below 2 % 
generally makes a room look dull; electric lighting 
is likely to be in frequent use.” [5] is aligned with 
[8].

If the characteristics of a traditional lighting 
could be quantified, could a new lighting be designed 
to resonate with traditional lighting? This is the 
question we asked in the beginning of this research- 
based design.

2. CONNECTION BETWEEN THE NEW 
LIBRARY AND THE TRADITIONAL 
CHANTING HALL

2.1. Yushu Library

Yushu Library has four floors with a gross 
area of 4300 m² (Fig. 1). Architects learnt from tra-
ditional Tibetan architecture and kept the architec-

tural elements including small windows and atrium, 
which provided a solid foundation of further design 
to recreate traditional lighting. The window size in-
creases from the bottom to the top, and the atrium 
is the library core space with a clerestory as the 
main daylight path. There are 3 reading programs 
in the library (Table 1).

2.2. Case Selection on Traditional Tibetan 
Lighting

Traditional Tibetan architecture is a broad defini-
tion, which includes public religious buildings and 
private residential buildings, among which Tibetan 
Buddhist monastery buildings are the most well- 
studied type. Monasteries concentrate religious con-
sciousness, aesthetic concept, local context, and ad-
vanced building technology for the time [4]. Among 
Tibetan Buddhist monastery buildings, a Chanting 
Hall is a significant public venue for religious ac-
tivities and events, where monks read daily and vil-
lagers read during religious events. The visual tasks 
in a chanting hall are similar to the ones performed 
in a library by users. The chanting central area is 
similar to the atrium in Yushu Library in terms of 
function and space geometry.

The traditional Tibetan lighting is a result of how 
architecture responds to local climate and cultural 
context. Small windows in thick walls, a clerestory 
for daylight access, high luminance contrast, low 
average illuminance, and dark areas shape the light-
ing in a traditional Tibetan building. The daylight 
path of a typical chanting hall is distinctive. In most 
of the chanting halls, the clerestory around the lifted 
roof is the daylight path for chanting area.

The Damkar Main Chanting Hall is located at 
the Damkar Monastery, which was initially built 
in about 1190 (the Song Dynasty) and has been used 
for local religious events and daily chanting since 

Fig. 1. Yushu Library physical model and window system
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then. The Main Chanting Hall and Yushu Library 
have similar visual tasks and daylight path. Site 
visit, measurement, interview, and simulation were 
performed to evaluate lighting of the Damkar 
Main Chanting Hall.

3. METHODOLOGY: THE BRIDGE 
FROM RESEARCH TO DESIGN 
PRACTICE

The project goal is recreating the traditional 
lighting in the new library via evaluating the light-
ing in both the traditional chanting hall and the new 
library. The methodology has been developed for 
general instances, in which local traditional context 
and elements are valued by both users and designers 
of the new buildings. The methodology layout is:

a)  Quantify the local traditional daylighting 
through simulation and field measurement;

b)  Transfer the traditional daylighting into the 
new building and fulfil the light level requirement 
in a modern library;

c)  Evaluate the design environment in the li-
brary through simulations on both daylight and 
electrical light, and adjust the furniture layout, 
interior material, and fixture control schedule 
to achieve the designed effect and reduce energy 
consumption.

The methodology guides research steps and de-
sign actions in order to apply research discoveries 

in design practice. Fig. 2 maps the integration of re-
search and lighting design.

4. LIGHTING RESEARCH FOR MAIN 
CHANTING HALL

4.1. Objects of Study

Yushu Library has an atrium with four floors, but 
by the current lighting standards, daylight only can-
not provide enough illuminance for the ground floor 
reading area. Electrical lighting is needed as a sup-
plement to daylight during open hours. The object 
of research is the atrium space (Fig. 3) (Table 2).

The models of the Main Chanting Hall and 
Yushu Library were built in Rhinoceros based 
on building measurements and drawings and cali-
brated with field measurements.

4.2. Field Measurement and User Interview

Field measurements taken in the Main Chant-
ing Hall included Daylight Factor (DF), material 
reflectance and transparency, and a close observa-
tion of user behaviour. DF was measured for fur-
ther calibration of model simulation result, since the 
digital model was simplified by excluding decora-
tion and structure details. Material reflectance was 
measured by spectrophotometer, which provided 
material parameters in the simulation.

Fig. 2. Methodology map of research-based design

Table 1. Reading Programs in Yushu Library

Reading Area Number of seats Daylight Source Can daylight achieve 300 lx 
standard?

Atrium centre 24 atrium clerestory No

Around atrium 72 atrium clerestory No

Wall niche 76 side windows Yes
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The average DF in the Main Chanting Hall is 
0.22 %, and the standard-required minimum DF 
for library reading rooms is 2 % [5]. However, the 
monks use the centre of the atrium for chanting, 
where the daylight condition is the best with di-
rect sunlight. The chanting time is when direct sun-
light reaches the centre of the atrium. The illumi-
nance of the reading area could achieve 200 lx at 
noon on a sunny day. When it gets dark in the after-
noon, the main tasks are cleaning and maintenance. 
Fig. 4 shows the daylighting difference between 

chanting time and maintenance time in a day. It also 
revealed the limitation of DF as an indicator of day-
light availability.

Observation and interview of users (15 monks as 
daily users) provided first-hand information on how 
users react to lighting. All interviewees said the 
daylight was enough for chanting. While chanting, 
monks sit on seats that are 400 mm tall. All words 
are in Tibetan Uchen script in about size 11, and the 
reflectance of the paper is 0.91 (Fig. 5).

4.3. Daylight Autonomy and Illuminance 
Pattern

Diva for Rhino was used in the simulation for 
annual daylight evaluation in the Main Chanting 
Hall. The calculation of annual daylight autonomy 
(DA) was based on the local weather data from En-
ergyPlus weather file of Yushu, Qinghai [9]. Annual 
daylight autonomy takes the local climate into con-
sideration, which is critical to this project: the local 
climate provides generous sunlight almost all the 
year, which shaped the unique architectural space 
and its lighting. For DA (50 lx), only the centre of 
the atrium, where monks sit and chant, has a higher 
daylight autonomy of 50 %. The perimeter along 
the wall is the dark area with only 10 % daylight au-
tonomy, but it is only used for circulation.

In Fig. 6, annual daylight autonomy revealed 
that the large cloth decorations in the Main Chant-
ing Hall played an important role in reflecting direct 
sunlight from the south-facing clerestory, to provide 
an even and bright reading area in the centre.

For quantifying daylight information, the chant-
ing hours on typical days were taken as study 
hours: 9 am to 12 pm on March 20–22, June 20–22, 

Fig. 5. Chanting material and typical chanting position in 
the Main Chanting Hall

Fig. 3. Yushu Library section, first floor plan,  
and daylight path

Fig. 4. 12:00 pm (a) and 4:00 pm (b) at the Main Chanting 
Hall (December 8, 2012)
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September 20–22, and December 20–22. The accu-
mulated illuminance of each point during the study 
hours was from the data file generated by the an-
nual daylight autonomy simulation. The accumu-
lated illuminance of chanting hours on those sample 
days was used to extract daylight illuminance pat-
tern. On the horizontal surface, the average accumu-
lated illuminance of each area was the average of 9 
test points in the Reading area (R) and 30 test points 
in the Circulation area (C). Accumulated daylight il-
luminance ratio of R: C is from 8.5:1 to 10:1.

On the vertical surface the average accumu-
lated illuminance of each area was the average of 
4 test points in the Top area (T), 4 test points in the 
Clerestory area (C), and 4 test points of the Bottom 
area (B). The Clerestory area was affected by direct 
sunlight, so the ratio was not constant. Accumulated 
daylight illuminance ratio of T: B is from 4:1 to 6:1.

These illuminance ratios of the Main Chanting 
Hall were used as references for the illuminance ra-
tio of the Yushu Library.

4.4. HDR Analysis and Luminance Pattern

HDR (High Dynamic Range) analysis was ap-
plied in the luminance analysis in the Main Chant-
ing Hall. In HDR photos of the Main Chanting Hall 
clerestory, the ceilings and cloth decorations had 

the highest luminance, while the wall of the cir-
culation area has the lowest luminance. In HDR 
photos of the Main Chanting Hall atrium, the 
Buddha statue has the highest luminance level. 
Monks that sit nearer to the Buddha statue have 
higher luminance on their faces. The ratio of lumi-
nance on the main surfaces is shown in Fig. 7. Th-
ese luminance patterns were used as luminance ref-
erence for lighting design of Yushu Library.

5. LIGHTING DESIGN PROCESS

Architects rely on space geometry and furniture 
finishing to express local context. Lighting design-
ers rely on the combination of daylight and electri-
cal lighting to achieve the same goal. The traditional 
Tibetan lighting of the Main Chanting Hall is the 
basis for lighting design of Yushu Library (Table 3).

After quantifying the daylight illuminance and 
luminance pattern in the Main Chanting Hall, the 
lighting design process began with a concept and 
went through inter-disciplinary coordination, fixture 
selection, and installation. It was finished with on-
site adjustment to demonstrate the found patterns 
while fulfilling the lighting design code require-
ments. After designing based on the illuminance 
and luminance pattern from Main Chanting Hall, 
Dialux was used for testing illuminance and lumi-

Table 2. Comparison of Main Chanting Hall and Yushu Library on Building Definition

Building Main Chanting Hall Yushu Library

Location 33°0’ N97°8’ E 33°0’ N97°0’ E

Year of built 1190, 1981 (rebuilt) 2012

Floor 4 4

Ground floor atrium area 633 m2 784 m2

Ground floor seats 24 24

Users Monks and local residents Monks and local residents

Fig. 6. Daylight distri-
bution on horizontal 
surface (DA 50 lx) 
and vertical surface 
(DA 100 lx)
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nance level of the library with the lighting design 
plan and selected lighting fixtures to test and adjust 
the lighting design.

Based on the result of electrical lighting simu-
lation, the illuminance ratio of the reading area and 
the circulation area in the Yushu Library was 6:1. 
During daytime with daylight from the atrium, 
this ratio would increase, closer to the ratio in the 
Main Chanting Hall (from 8.5:1 to 10:1). Both the 
reading and the corridor area illuminance fulfilled 
the illumination requirements (300 lx and 100 lx). 
For vertical surfaces, the illuminance ratio of the 
ceiling and floor areas was 4:1, which was close 
to the ratio in the Main Chanting Hall (from 4:1 
to 6:1). The simulated luminance condition in Yushu 
Library has a similar pattern with the HDR lumi-
nance condition in the Main Chanting Hall.

Yushu Library was opened to local residents and 
monks in December 2013. Fig. 8 shows the day-
lighting in the Yushu Library.

6. CONCLUSION AND DISCUSSION

The reproduction of traditional lighting in a new 
building is achieved based on close collabora-
tion with architects through creating similar light-

ing distributions, revising the daylight path, adjust-
ing key surface reflectance, and changing reading 
area locations. However, the eyes of the users are 
used to new visual tasks, some of which did not ex-
ist when the traditional buildings were built, such 
as reading on computer screens. Further discus-
sion on the suitability of this methodology from tra-
ditional lighting to modern lighting design is needed 
for these new visual functions.

In the early phase of design, lighting designer, 
architect, and the client had a discussion over the 
possible glare control and daylight harvesting. 
However, first of all, the budget for this project is 
limited due to the limited total funding for all re-
construction projects in Yushu after the catastrophic 
earthquake. Electrical shades or dimmable light-
ing fixture controlled by daylight sensors are out of 
question due to the low budget. Second, local users 
are in fond of sunlight. During interviews with local 
monks at the Damka Monastery, we found the di-
rect sunlight went through the clerestory and shine 
upon the reading area in chanting hours. Most users 
found direct sunlight provided the connection be-
tween interior artificial environment and exterior 
natural environment. Third, this library has 172 
seats available around the atrium and facade with 

Table 3. The Relationship between Daylight and Electrical Light for Both  
the Main Chanting Hall and Yushu Library

Daylight Electrical Light

Research on the Main 
Chanting Hall

Design for Yushu 
Library

Research on the 
Main Chanting 

Hall

Design for Yushu 
Library

Space Geometry 
and Daylight Path

High atrium with 
clerestory, small side 

windows

High atrium with 
clerestory, small 

side windows
N/A N/A

Reading Area and 
Daylight

Sitting area in the 
center of the atrium 

(best daylight autono-
my area)

Revise the seat-
ing area based on 

daylight autonomy 
simulation

Monks use can-
dle or LED lamp 
with battery pack 

at night.

Supplement of elec-
trical task light at 

seat

Work Plane 
Illuminance

Measured 200 lx dur-
ing chanting time (av-
erage of illuminance at 

24 chanting seats)

Standard 300 lx

Candles are lit 
along the statues, 
not intended for 

reading

Supplement of elec-
trical light to reach 
to the illuminance 

level required by the 
standards

Reading Time 9:00 am – ​5:00 pm
9 am – ​12 pm in 

summer; 9:30 am – ​
12:30 pm in winter

N/A N/A

Visual elements 
(luminance ratio)

Clerestory, ceiling, 
and floor illuminance 

ratio 40:2:1

Revised wall ma-
terial to adjust the 

reflectance
N/A Enhanced clerestory 

illuminance
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daylight access. Compared with the number of daily 
users there are always seats available if one area is 
subject to severe glare.

The quantitative study of traditional lighting pro-
vides a solid base of design with comparable and 
quantified criteria such as illuminance and lumi-
nance. A multi-tool based methodology was devel-
oped and tested to achieve the best performance of 
lighting in the new library. Daylight only, in this li-
brary, cannot fulfil the modern requirement for read-
ing. Introducing electrical light can provide much 
flexible time and location for the reading tasks. 
HDR analysis is close to what people see, but it was 
an instantaneous record: typical conditions have 
to be chosen carefully to represent the actual con-
dition in a year. However, introducing electrical 
light will also raise the concern on sacrificing tradi-
tional lighting. Careless accommodation of daylight 
and dependence on artificial light could lead to the 

loss of the traditional environment in a building. 
It was also the trigger of the research and practice 
on this methodology. All front of house electrical 
lighting fixtures are with >80 CRI LED or fluores-
cent source. Atrium and reading areas are utiliz-
ing 3000K colour temperature to provide the warm 
white light. At the perimeter of clerestory, 4000K 
colour temperature light is used to wash the verti-
cal surface below clerestory, to form the contrast 
between reading area and clerestory, and to echo the 
cold white tune from the skylight.

Back in 2012 when the daylight simulation for 
this project was conducted, Daylight Factor was 
the only parameter for daylight evaluation in stan-
dards for China, while further evaluation parame-
ters were not included in standards or recommenda-
tions in other countries. However, Daylight Factor 
is not utilized in prevailing standards now (2018). 
IESNA has published a standard on approved 
method [9]. Some established and much-used meth-
ods of certifying the sustainability of buildings, 
such as LEED (Leadership in Energy and Environ-
mental Design), makes recommendations for day-
light. According to [10], it is required to achieve 
a Spatial Daylight Autonomy (sDA 300 lx, 50 %) 
in 55 % (2 pts) or 75 % (3 pts) with Annual Sun-
light Exposure (ASE1000 lx, 250 h) below 10 % 
in all regularly occupied floor areas to earn the Day-
light Credit.

Fig. 7. HDR analysis on luminance in the  
Main Chanting Hall

Fig. 8. Photos of Yushu Library (Credit: Rui Zeng)
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Fig. 7. Example of 
application of a self-
glowing display panel 
for creation of efficient 
(blue) and inefficient 
(red) light (in terms 
of circadian rhythms) 
depending on the time 
period

Fig. 5. Diagram of the structure of a directional luminaire with a LC light source

Fig. 4. Application of special composite 
film as a dimmer for backlighting of a 
wide colour spectrum display: a – ​com-
posite film with red quantum dots and 
polystyrol as well as green MAPbBr3 
and polystyrol under impact of UV 
radiation; b – ​the diagram of white 
light generation by means of above 
mentioned films integration with a blue 
LED; c – ​white radiation spectrum of 
a system with above mentioned films 
(green and red) used as a radiation con-
verter of blue LED. The dashed lines 
are Gaussian approximations of the 
green and red components of the spec-
trum; d – ​the chromaticity diagrams of 
the white LED system (blue line), of 
the system with Adobe RGB spectrum 
(grey line) and of the system comply-
ing with the CIE recommendation for 
2020 (black line) as compared with the 
CIE chromaticity diagram for 1931

Victor V. Belyaev, Donatien  Nessemon, and Andrei A. Belyaev
Application of Display Technologies for Lighting
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Maria M. Ilyevskaya
Interrelation of Architectural Concepts and Principles of Artificial Lighting  
in the Moscow Concert Hall Zaryadye

Fig. 1. Zaryadye Concert Hall in Moscow, view of the entrance area (photo: A. Naroditsky)

Fig. 5. Foyer lighting: entrance area, light graphics against the background of floodlighting (photo: A. Naroditsky)
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Maria M. Ilyevskaya
Interrelation of Architectural Concepts and Principles of Artificial Lighting  

in the Moscow Concert Hall Zaryadye

Fig. 6. Exposition of the concept idea of a layered structure in the main hall by virtue of cornice lighting: a – ​general view 
(photo: A. Naroditsky); b – ​“rhythmic rows” of the acoustic panel (photo: I. Ivanov)
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Ksenia I. Nechaeva
The Reconstruction Project of Illumination Devices at the Krasnoselskaya  
Station of the Moscow Metro

Fig. 4. First LDs of 
Krasnoselskaya station 
that survived to date: 
(a) opal plates used 
for lighting decoration 
of the stair flight, (b) 
luminaries of the con-
necting passage

Fig. 5. Results of 
lighting calculation 
for the LI in 1935: (a) 
platform hall, (b) con-
necting passage

Fig. 3. Appearance 
of the connecting 
passage stairway at 
Krasnoselskaya station: 
(a) 1935, (b) 2018

Fig. 6. Results of 
lighting calculation 
for the LI in 2018: (a) 
platform hall, (b) con-
necting passage
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ABSTRACT

The current state of the Moscow Metro sta-
tion of the first priority that became operational 
in 1935 does not allow it to be called a cultural her-
itage site. This is due to the fact that lighting mod-
ernisation carried out by the Moscow Metro was 
based on fluorescent lamps. Such lamps are more 
energy efficient compared to incandescent lamps, 
which were used in original lighting devices spec-
ified in the Station Lighting Project developed by 
architects and designers. However, they signifi-
cantly changed the station appearance, transform-
ing the originally designed station with entire well- 
visible architectural tectonics 1 from the standpoint 
of lighting into a simple, flat, unremarkable, and lit-
tle loaded station of the Moscow Metro.

This paper describes a method of lighting re-
construction at Krasnoselskaya station by means 

1  The tectonics is a constructional-spatial pattern, a struc-
ture, a building installation (a platform hall in this case), and 
a real relation between a stress-bearing structural unit and a 
bearing carrier.

of original lighting devices that meet modern stan-
dards and requirements for cultural heritage sites. 
The historical analysis on the development of the 
station lighting environment was conducted during 
its operation in order to understand what kind of sta-
tion was conceived by its architects, what changes 
occurred with its lighting over time, and how it in-
fluenced the station appearance and safety of pas-
senger transportation.

Keywords: Moscow Metro lighting, lighting re-
construction, lighting device, illuminance, unified 
glare rating, lighting installation, dome lamp

1. INTRODUCTION

Lighting modernisation at spaces of the first- 
priority Moscow Metro stations representing cul-
tural heritage sites is a very special task. In this 
case, the main problem is that the station appear-
ance should correspond to the original appearance 
in order to preserve the status of a cultural heritage 
site (Fig. 1); however, this is rarely seen today: 
modernisation aimed at improving energy efficiency 
of lighting installations (LIs) often significantly 

Fig. 1. Project draft of 
Krasnoselskaya station: 
(a) platform, (b) stair 
flight of the connecting 
passage
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changed the station appearance which was not for 
the better (Fig. 2). Meanwhile, lighting modernisa-
tion has led to the fact that existing LIs do not meet 
any modern lighting regulations [1], which is abso-
lutely unacceptable. After all, the Moscow Metro 
today is a space, where thousands of people move 
every day, and ensuring their safety is the primary 
task for lighting reconstruction.

A similar situation happened with one of the first 
stations of the Moscow Metro – ​Krasnoselskaya. 
Lighting modernisation of Krasnoselskaya sta-
tion has led to the fact that the current state of the 
station does not allow it to be called a cultural her-
itage site. In order to return the station to this status, 
a complete lighting reconstruction is required that is 
impossible without answering the following ques-
tions: what kind of station was conceived by its ar-
chitects and designers? What lighting devices (LDs) 
and light sources were used? What illuminance val-
ues were its designers looked at? How did the sta-
tion lighting environment change during the whole 
operation period? The archival documents of 1935 
helped to give answers to these and many other 
questions [2].

Krasnoselskaya station was opened on 15 May 
1935 with 12 more first-priority Moscow Metro 
stations. According to architects from Workshop 
2 of the People’s Commissariat of Heavy Indus-
try – ​ B.S. Vilenskiy, V.A. Yershov, V.F. Skarzhin-
skiy – ​and according to the artist Ya. Romas, the 
station should look as shown in Fig. 1 [2]. The archi-

tects sought to visually highlight round and square 
caissons located on the ceiling of the station hall 
by setting the tectonics for a long and simple room 
from the standpoint of the architectural design. The 
specific emphasis was placed on the connecting pas-
sage stairway: the ceiling above was decorated with 
a ring-shaped hinged structure as if floating in the 
air due to an original lighting solution. The pictures 
of 1935 (Fig. 2a) show that architects could not im-
plement their ideas in the station design; although 
its appearance was close to the original project, it 
still did not fully correspond to the project (Fig. 1). 
Today we observe even more differences from the 
design drafts in the station appearance (Fig. 2d). It 
is difficult to recognize the old station in the pic-
tures of 2018 despite the fact that all constructive el-
ements of the station (caissons, limestone-trimmed 
columns, wall tiles, passing zone ring-shaped ceil-
ing) remained in almost perfect condition (Figs. 2, 
3). It is obvious that all significant changes in the 
station appearance are associated with modernisa-
tion of illumination installations.

It is known that (60–150) W incandescent lamps 
(ILs) were widely used as a light source in typical 
LDs of the first Moscow Metro stations [2]. Two 
types of LDs were used to illuminate the platform 
hall at Krasnoselskaya station; their main specifica-
tions are presented in Table 1. It was decided to re-
place round dome lamps with hanging balls in the 
1950s; IL LDs were replaced with fluorescent lamp 
(FL) LDs later in the 1970s. As a result, the plat-

Fig. 2. Appearance 
of the platform at 
Krasnoselskaya station: 
(a) 1935, (b) 1950, (c) 
1970, (d) 2018
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form hall has changed out of all recognition: FL lu-
minaries were installed in a line between columns 
that significantly increased illuminance on the floor 
of the platform hall but completely distorted its 
appearance.

According to the original project (Fig. 3), ILs 
were installed along the contour line of the ring-
shaped awning behind the opal plates in the con-
necting passage; column capitals in the connecting 
passage were decorated in the same way (Fig. 4a). 
This design solution allowed creating the effect of 
light coming out of nowhere and the feeling that the 
ceiling and columns were floating in the air; how-
ever, such a decision was refused due to energy sav-
ings after lighting modernisation in the 1970s.

Only 2 luminaries that illuminate the passing 
zone survived from all first LDs described above; 
they operate as emergency lighting at the mod-
ern station (Fig. 4b); other survivors are several 
opal plates installed in the upper part of a column 
(Fig. 4a). All other LDs were lost.

2. METHODS

Krasnoselskaya station was modelled in Dialux 
4.13 based on these data [3]; lighting specifications 
were calculated for the LI of 1935; all results are 
shown in Fig. 5. The luminous intensity curve (LIC) 
of an authentic 60 W IL LD was used to calculate il-
luminance values [4]. The calculation showed that 
horizontal illuminance values on the floor surface 
in the platform hall and in the connecting passage 
fully correspond to the standards given in Table 2 
[2].

In addition to values presented in Table 2, the 
unified glare rating (UGR) (Table 3) was determined 
at 4 key points with the most uncomfortable visual 
conditions, the values of which indicate that LD 
used in 1935 brought some visual discomfort to pas-
sengers and drivers [2]. It should also be noted that 
the total power consumption of the LI in 1935 was 
almost 46 kW.

Table 1. Main Specification of Historical Luminaries of 1935

No. Luminaire 
name Luminaire draft IL quantity and power

(pieces × W)
Efficiency

(%)

1 Dome lamp
D = 720 mm

6 × 100
6 × 150 55

2 Hanging 
cylinder 6 × 60 67

3 Passing zone 
luminaire 1 × 150 65
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The same calculation was performed for the cur-
rent LI at Krasnoselskaya Station, where Osram 
58 W FL luminaries, which are installed by 3 pieces 
in a line, were used with the correlated colour 
temperature of 2 700 and 4 000 K, the length of 
1 500 mm, and the luminous flux of 5 000 lm. The 
luminous intensity curve given on the company’s 
website was used to calculate illuminance values 
[5].

The calculation and measurement results show 
that the illuminance regulations are met only in the 
centre of the platform under luminaries. The illumi-
nance rate falls down to 120 lx with more distance 
from the centre (Fig. 6), which does not comply 
with the current industry standards of metro light-
ing (Table 2) [6]. The illuminance calculation and 
measurements in the connecting passage showed 
that the illuminance regulations were met in this 
part of the station. Meanwhile, the values of the 

unified glare rating given in Table 3 do not exceed 
the regulations by more than 20 % and therefore 
meet the standard norms. The total power consump-
tion of LDs of the current LI is 11 330 W, which in-
dicates that the efficiency of the new LI is almost 4 
times higher than the original illumination installa-
tion efficiency.

The given analysis shows that, in the case of re-
construction of the LI at Krasnoselskaya station, the 
following difficult problems should be resolved:

·  Safe illuminance levels in all station zones;
·  Elimination of discomfort created by LDs ac-

cording to the current industry regulations;
·  Identification of main architectural elements 

of the station platform hall (round and square 
caissons);

·  Return of lost lighting decoration of the stair-
way in the passing zone;

Fig. 4. First LDs of 
Krasnoselskaya station 
that survived to date: 
(a) opal plates used 
for lighting decoration 
of the stair flight, (b) 
luminaries of the con-
necting passage

Fig. 5. Results of 
lighting calculation 
for the LI in 1935: (a) 
platform hall, (b) con-
necting passage

Fig. 3. Appearance 
of the connecting 
passage stairway at 
Krasnoselskaya station: 
(a) 1935, (b) 2018
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·  Ensuring visual compliance of new LDs with 
lost luminaries as per the project of the 1930s.

Since illuminance of the platform hall needs 
to be increased by almost 4 times in compari-
son with the illumination installation of 1935, it is 

obvious that a simple increase in the luminous flux 
of the light source would lead to a higher luminance 
of LDs and to a higher unified glare rating. There-
fore, the solution of the above tasks would require 
significant structural changes in LDs.

Table 2. Specified and Calculated Lighting Values in Different Zones at Krasnoselskaya Station

Zone
Platform halls Connecting passages between 

stations
Escalator combs and stair 

flights

1935 
II

2018 
II Proposed II 1935 II 2018 II Proposed II 1935 

II
2018 

II Proposed II

Rate-setting surface Floor surface Floor surface Step level

Specified val-
ue of horizontal 

illuminance
(lx)

50 200 60 100 – 100

Calculated val-
ue of horizontal 

illuminance
(lx)

60 190 200 60 125 100 37 90 120

Table 3. Specified and Calculated UGR Values at 4 points under the Most Uncomfortable Vision 
Conditions for Passengers and Drivers

Position in space Specified UGR value
Calculated UGR value

1935 II 2018 II New II

View field of a passenger standing on the 
floor of the platform hall

20 
(excess is allowed by 
20 %, i.e. at most 24)

26 22 23

View field of a passenger standing on the 
stairs of the platform hall 26 23 22

View field of a passenger standing in the con-
necting passage 22 22 22

View field of a driver entering the station 26 24 22

Fig. 6. Results of 
lighting calculation 
for the LI in 2018: (a) 
platform hall, (b) con-
necting passage
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The analysis of round dome lamps located along 
the platform (Fig. 2a) showed that it is necessary 
to redistribute the flux from the light source to re-
duce the glare of these dome lamps. A little part of 

the flux should fall down, and a greater part of the 
flux should go to the upper hemisphere illuminat-
ing the platform floor with reflected light. For this 
purpose, a cylindrical LED module is installed 
in a dome lamp; the significant part of the lumi-
nous flux (90 %) comes from the Cree XP-L LED 
located on the cylinder forming surface; the re-
maining 10 % are emitted by the Cree JK3030 3-V 
LED mounted on the base of the cylindrical module 
(Fig. 7c). In this case, the surface and cavity of the 
cylinder serve as a radiator for convective transfer 
of excess heat generated by the LED; the total sur-
face area of the radiator is 4 355 cm². Besides, there 
is a room in the cylinder cavity for a control device 
installation. This solution allows to redistribute the 
flux in the necessary ratio in order to resolve the 
problem as shown in Fig. 7.

It is necessary to increase the luminous flux 
in the upper hemisphere and to reduce the luminous 
flux in the lower hemisphere for square caissons 
highlighting and for reduction of UGR in the case of 
cylindrical hanging lamps; it is easily achieved with 
the use of the Cree JK3030 3-V LED lines with dif-
ferent levels of current loads. To achieve this goal, 
the aluminium diamond-shaped construction is in-
serted into the lamp shell, which sides and cav-

Fig. 8. Redistribution of the luminous flux for a cylindrical 
luminaire in the station hall: (a) historical luminaire LIC, 

(b) proposed luminaire LIC, (c) luminaire diagram (profile 
drawing by vertical projection plane) where 1 – ​Cree 

JK3030 3-V LED, 2 – ​LED control device, 3 – ​heat radia-
tor, 4 – ​hydrophobic filter, 5 – ​holder block,  

6 – ​opal diffuser

Fig. 7. Redistribution of the luminous flux on the ceiling of 
the station hall: (a) historical luminaire LIC, (b) proposed 
luminaire LIC, (c) dome lamp diagram (profile drawing by 
vertical projection plane) where 1 – ​Cree XP-L LED, 2 – ​
Cree JK3030 3-V LED, 3 – ​heat radiator, 4 – ​LED control 

device, 5 – ​hydrophobic filter, 6 – ​opal diffuser

Fig. 9. Luminaire diagram for lighting of the connect-
ing passage (profile drawing by vertical projection plane) 

where 1 – ​Cree JK3030 3-V LED, 2 – ​LED control device, 
3 – ​heat radiator, 4 – ​hydrophobic filter, 5 – ​opal diffuser

Fig. 10. Lighting decoration elements of column capitals: 
1 – ​Lucendi LED lamps, 2 – ​brackets, 3 – ​opal diffuser
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ity are similar to surfaces of the cylindrical mod-
ule described above; they represent a heat radiator 
with a surface area of 1 220 cm². In addition, a LED 
power regulator is mounted in the inner cavity of 
the structure (Fig. 8).

It is assumed that the connecting passage 
would be illuminated with LDs that look like mod-
ern emergency lights (Fig. 4b); however, the Cree 
JK3030 3-V LED module will be used as a light 
source instead of 150 W IL (Fig. 9). As in the case 

of luminaries described above, the control device 
and a heat radiator of 812 cm² will be placed at the 
top of the luminaire (Fig. 9).

It is assumed to use the technique included in the 
original project by the engineers of the Russian 
National Electronic Technical Institute (Moscow, 
Russia) in 1935 in order to restore the lost lighting 
decoration of the stairway in the connecting pas-
sage. 6 Lucendi LED lamps of 281 mm [7] forming 
a hexagon will be installed instead of ILs in the pro-
jected LI at the top of the column behind the opal 
diffuser (Fig. 10).

3. RESULTS

The above LDs were modelled in Solidworks [8]; 
IES files and luminous intensity curves (Figs. 8b, 
9b) were obtained using the Photopia plug-in [9]. 
According to the results of lighting calculation car-
ried out with regard to the properties of the pro-
posed devices and based on result visualisation, it 
can be concluded that the station appearance with 
such lighting reconstruction becomes the original 
idea of the architects (Fig. 11). The new LI allows 
not only to identify the main architectural elements 

Fig. 11. Visualisation 
of Krasnoselskaya sta-
tion with the proposed 
LI: (a) platform hall, 
(b) stair flight of the 
connecting passage

Fig. 12. Results of 
lighting calculation 
with the new LI: (a) 
platform hall, (b) stair 
flight of the connecting 
passage

Fig. 13. Comparison diagram of total power consumption 
of 3 LI at Krasnoselskaya station
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of the station, but fully meets modern standards for 
lighting and UGR (Table 3) (Fig. 12). Besides, the 
total power consumption of the proposed LI will 
be 10.7 kW, which is almost 0.6 kW lower than the 
power consumption of the existing LI (Fig. 13).

4. CONCLUSION

We should finally note that the lighting of many 
metro stations was modernised in the 1960s‑1970s 
since the appearance of fluorescent lamps in the 
pursuit of efficiency. The first-priority Krasnosel-
skaya station is not the only one where modern 
lighting has radically changed its appearance. The 
appearance of powerful white LEDs radically 
changes the situation in the reconstruction of the LI 
of the Moscow Metro. Their relatively small size 
and high efficiency allow to solve a wide range of 
problems faced for restorers of cultural heritage; 
unification of their efforts with the efforts of light-
ing technicians allows us to expect that passengers 
will be able to see the first Moscow Metro stations 
as they were conceived by the architects and design-
ers in the near future.
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ABSTRACT

Energy demand is increasing day by day be-
cause of the step-up of population, rising living 
standards, rising energy prices, global warming and 
climate change, developments in industry and tech-
nology in developing countries. In order to meet 
this increasing energy demand, it is not possible 
to increase production only due to limited energy 
resources. Therefore existing energy sources need 
to be used in the most efficient way. One of the most 
important means of reaching this target is the effi-
cient use of energy and its saving. Tunnel illumina-
tion is one of the areas of efficient and saving use of 
energy. In this study, high-pressure sodium (HPS) 
and light emitting diode (LED) luminaires usage 
are compared to Buzlupınar tunnel, which is a short 
tunnel in Bitlis province. It has also been found that 
illumination with LED luminaires is more efficient 
and economical in tunnel illumination instead of 
HPS.

Keywords: tunnel illumination, LED, HPS, en-
ergy saving

1. INTRODUCTION

Turkey is a country with limited resources 
in terms of energy resources. In other words, the 
country does not have adequate energy resources 
to meet the energy demand growth. It is a coun-
try that depends on outsiders, who can provide 
about a quarter of its energy needs from its own re-
sources and the rest from external sources. Basic 
target should be to provide energy needs, adequate, 

reliable and economical, to getting rid of external 
dependency.

Tunnels are constructed on the pedestrian road, 
railway, highway, canal, etc. in a situation, where 
it is technically impossible for the roads to pass 
through the earth or in order to pass underground 
a part of the way to arrange the traffic flow in the 
city or outside the city. It is necessary to illuminate 
the tunnels with artificial lighting during the day as 
well as at night using different designs and tech-
niques. The main purpose of tunnel illumination is 
to provide the right comfort and safety while the 
driver is in the tunnel, passes inside the tunnel, and 
exits the tunnel.

These two points are of great importance 
in night illumination in the tunnels. Nowadays il-
lumination and energy efficiency are gaining im-
portance. As technology develops, the need for 
information on how illumination products are 
tested, with which methods and which standards 
are used, is increasing day by day. Levels of illu-
mination in the tunnel begin to be revised from 
a lighting installation, which combines extensive 
research and existing technologies to develop a so-
lution with visibility and security [1]. Luminaires 
are designed by taking into account the intensi-
ties of exhaust and other gases that pollute the air 
inside the tunnels. Stainless materials, especially 
steel and hardened glass lens materials, are durable 
to corrosion.

The distances between the luminaires are im-
portant, and illumination equipment needs to be 
positioned more tightly than if it is based on aes-
thetic considerations. Different types of electric lu-



Light & Engineering 	 Vol. 27, No. 3

68

minaires such as HPS, mercury vapour, and LED 
are used in tunnel illumination.

Generally, tunnel projects using long-life illu-
mination elements are provided with more fluo-
rescent luminaires and LED selections. The choice 
of illumination colours, suitable for improved traf-
fic safety, must be specific to the architecture of the 
tunnel. Therefore illumination should be designed 
differently on the inside of the tunnel, differently to-
wards the exit of the tunnel [2].

Tunnel in terms of illumination can be classi-
fied into two types like short and long tunnels. The 
short tunnels appear as “dark frames” in the field 
of view. In a flat tunnel, the observation area is ap-
proximately 20 meters when looking at an obstacle 
of 100 meters distance to 20 cm height. Consider-
ing the contributions of daylight at the entrance and 
exit, the length of the straight tunnel, which does 
not require daylighting, can be accepted as 50 me-
ters. Short tunnels do not need illumination in the 
daytime. However, when the tunnel is bend or ramp 
or where traffic intensity is too much that is shorter 
than this length may also need illumination in day-
time [3].

The model of a tunnel with two tubes is shown 
in Fig. 1. As shown in figure 1, the tunnel is divided 
into 4 zones such as access, entrance, interior, and 
exit.

The access zone is a part of the road immedi-
ately outside the tunnel, in which an approaching 
driver must be able to recognize a possible obstacle. 
Its length is equal to the stopping distance. In the 
entrance zone, luminance levels decrease slowly 
in order to allow the adaptation of the driver’s eyes 
to the lower lighting levels featuring the interior 
zone. The interior zone is a part located between the 
transition zone and the exit zone. Luminance levels 

should guarantee a safe drive. The exit zone is a ter-
minal part of the tunnel, where the visibility is in-
fluenced by the external luminance. In some cases, 
adaptive lighting can be required.

2. THE IMPORTANCE OF TUNNEL 
ILLUMINATION

Good illumination of the tunnels is extremely 
important in terms of the safety and comfort of the 
passengers. In addition, appropriate illumination so-
lutions and used suitable luminaires for tunnel con-
struction provide energy efficiency. Correct illumi-
nation provides not only luminous adaptation to the 
environment when the drivers enter the tunnel but 
also the driver’s confidence sense to travel in the 
tunnel.

A tunnel, which has inadequate illumination, 
leads to the impression of a “black hole” for an im-
pending driver, and the driver suffers a loss of sight 
[4]. Tunnels need to be illuminated gradually in or-
der to prevent drivers’ visibility loss in the tunnel. 
A tunnel road is a relatively enclosed space where 
the illumination suddenly alters from bright to dark 
(“black hole”) at the entrance of the tunnel and from 
dark to bright light (“bright hole”) at the exit of the 
tunnel as shown in Fig. 2.

Light sources used in tunnel illumination must 
have certain characteristics. These are the higher the 
efficiency factor, long life span and the luminaire 
can be used easily in it.

Light sources need to be used with suitable lu-
minaires for a correct illumination. The luminaires 
to be used in the tunnel illumination must have the 
following characteristics [3]:

·  Being economical;
·  Must be installed easily and easy to maintain;

Fig. 1. The model of 
a tunnel with two tubes
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·  Prevent glare;
·  Waterproof against pressured water, durable 

to detergent and corrosion;
·  Controlling the light distribution curve of the 

bare lamp and giving it the desired light distribu-
tion curve shape;

·  Be adaptable to SCADA programs which are 
used with developing technology in tunnels;

·  Providing visual guidance.
The luminous efficacy of the lamp chosen in the 

illumination is very important in terms of economic 
efficiency. The luminous efficacy is the rate of con-
version of the electrical energy drawn from the net-
work to the light.

2.1. Luminaires Used in Tunnel Illumination

Different types of electric luminaires are used 
in tunnel illumination such as fluorescent, low/high-
pressure sodium vapour, mercury vapour, and LED 
luminaires. LEDs from these luminaires have be-
gun to become more preferred in tunnel illumi-
nation in recent years, due to their efficiency and 
longer life span and easier maintenance than other 
luminaires. For this reason, it is important to replace 
the HPS luminaires with LED luminaires, which 
are used to minimize the energy consumption in the 
tunnels.

2.2. High-Pressure Sodium Luminaires

High-pressure sodium (HPS) luminaires, a mem-
ber of the high-intensity discharge (HID) lamp fam-
ily, are the most efficient white light source com-
mercially available today. HPS luminaires feature 
highly energy efficient performance with a very 
long life by comparison to other conventional lumi-
naires. HPS luminaire is one of the luminaires used 
in tunnel illumination. In these luminaires, the dis-

charge tube is placed in a hard glass balloon in the 
form of an evacuated tube.

The characteristic features of HPS luminaires 
are long-life span, provides high luminous efficacy, 
low maintenance costs, for outside and inside illu-
mination use, universal operating position, resistant 
against changes in voltage, used together with assis-
tant elements.

2.3. Light Emitting Diode (LED) Luminaires

The light in the LED luminaires is generated by 
electron movements in a semiconductor structure. 
When starting to design LED luminaires, firstly, the 
lighting criteria should be determined from the stan-
dards and proposals that must be provided in the 
lighting installations intended to be used with the 
luminaire. Then luminaire design objectives must 
be determined in suitable with these criteria. LED 
luminaires require different optical solutions for 
LED light sources and suitable luminaire designs 
due to small in size relative to conventional light 
sources. LED luminaires for a tunnel are available. 
Today, the usage areas and technical characteris-
tics of LED luminaires are developing with tech-
nology every passing day [5]. It has the following 
advantages:

·  Solid light source;
·  No pollution, no ultraviolet;
·  High colour rendering index;
·  Continuous illumination control by adjusting 

the electric current and the control speed is fast, al-
most instantaneous;

·  Through the design of a dedicated communi-
cation controller, each luminaire status, fault infor-
mation, and the continuous adjustment of illumina-
tion are available [6].

In recent years, along with improvements 
in technology, control systems and the use of LED 

Fig. 2. A tunnel with 
black and bright hole
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luminaires have made great improvements in tunnel 
illumination. Today, however, most of the tunnels 
are illuminated by high-pressure sodium-vapour or 
mercury-vapour luminaires, which consume more 
energy [7]. For this reason, LED luminaires should 
be used to provide significant energy saving and ef-
ficient solutions for tunnel illumination.

LED luminaires should be preferred in the tun-
nels for the following reasons:

·  Achieve high energy efficiency;
·  At 25ºC their luminous efficacy is at least 130 

lm/W;
·  Easy and diverse designs can easily be made 

thanks to the minimal size of an LED chip;
·  They quickly enter the mode;
·  They are easy to install and maintain as they 

are not made of fragile elements such as glass or 
filaments;

·  Do not cause sound vibrations to be heard 
with the human ear because they work with DC 
current;

·  They are environmentally safe, as they don’t 
contain heavy metals such as mercury;

·  It has flicker-free light features;
·  They can be used safely because they are lu-

minaires, which do not give very high heat like gas 
discharge luminaires;

·  If any LED source fails in the luminaire, it is 
short-circuited. In this case, the luminaire continues 
to light. There is not a huge change in the homo-
geneity of the illumination until the number of bro-
ken LED sources reaches a certain amount;

·  The improvements in LED optical design can 
easily be made symmetrical, asymmetrical;

·  LED luminaires can detect objects in their 
true colour because of the Colour Rendering Index 
(CRI) values ​​are about 70 [8].

3. TUNNEL ILLUMINATION 
APPLICATION

The Buzlupınar tunnel is located on Bitlis-Di-
yarbakır highway, at the coordinates of 38°17’48” 
north and 41°59’52” east. Buzlupınar tunnel by 
General Directorate of Highways within the borders 
of Bitlis province. It is made of two tubes for two 
directions of traffic (Fig. 3).

However, this study was analysed using the right 
tube data. The total length of the right tube is 233 
meters. This tunnel is one of Turkey’s first highway 
tunnel illumination with LED luminaires. The en-
ergy quantities of HPS and LED luminaires when 
used were analysed in the tunnel illumination. Com-
parison of LED luminaire and HPS luminaire are 
given in Table 1.

In this study, the cost and energy savings will be 
analysed considering the costs of investment and 
the power consumption of the LED luminaires in-
stead of the HPS luminaires using the same energy 
source. Moreover, comparison of LED and HPS lu-
minaires in terms of energy saving in tunnel illumi-
nation was done for daily illumination. The number 
of HPS luminaires, lamp power, ballast power, and 
total power consumed in the Buzlupınar tunnel are 
given in Table 2.

According to the amount of light needed to en-
ter the tunnel, HPS luminaires are phased in gradu-
ally. In total, there are 6 steps, which are: all of the 
luminaires are on, 75 % of the luminaires are on, 
50 % of the luminaires are on, 25 % of the lumi-
naires are on, night mode, and emergency illumina-
tion. Emergency illumination is only used in energy 
interruptions and is supplied by the uninterrupted 
power supply. The power, uptimes, and daily- 
consumed energy of the HPS luminaires used ac-

Fig. 3. Two tube views of the Buzlupınar tunnel
Fig. 4. Illumination of the Buzlupınar tunnel using HPS 

luminaires
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cording to their steps in the tunnel in one day are 
given in Table 3.

As shown in Table 3, uptimes of HPS luminaires 
are 2.75 h in step 1, 1.33 h in step 2, 1.50 h in step 
3, 1.25 h in step 4, 17.17 h in step 5 in one day. The 
daily consumed energy of the HPS luminaires is 
637,012.08 Wh (637.01 kWh).

Illumination of the Buzlupınar tunnel using HPS 
luminaires is given in Fig. 4.

The number of LED luminaires used in Buzlupı-
nar tunnel, the luminaire power, the ballast power, 
and the total power consumed are given in Table 4.

LED luminaires are used in steps as they are 
in HPS luminaires. However, the emergency illu-
mination step is not available in LED applications. 
For this reason, LED luminaires are used in 5 steps 
and in comparative 6th step calculations are not 
included.

The power, uptimes, and daily-consumed energy 
of the LED luminaires used according to their steps 
in the tunnel in one day are given in Table 5.

As shown in Table 5, uptimes of LED luminaires 
are 2.75 h in step 1, 1.33 h in step 2, 1.50 h in step 
3, 1.25 h in step 4, 17.17 h in step 5 in one day. 

Moreover as shown in Table 5, the daily-consumed 
energy of the LED luminaire is 380,230.50 Wh 
(380.23 kWh).

Illumination of the Buzlupınar tunnel using an 
LED luminaires are given in Fig. 5.

4. COMPARISON OF LED AND 
HPS LUMINAIRES AT TUNNEL 
ILLUMINATION

On average, the power spent on daily illumi-
nation with a day HPS luminaires is 637.01 kWh, 
while with a day LED luminaires is 380.23 kWh.

The advantages of the use of the LED luminaires 
instead of the HPS luminaires in the tunnel are:

·  Daily average energy saving is (637.01–
380.23) kWh = 256.78 kWh/day;

·  Monthly average energy saving is 256.78 
kWh/day × 30 day = 7 703.4 kWh/month;

·  Annual average energy saving is 7 703.4 
kWh/month × 12 month = 92 440.8 kWh/year.

According to the Republic of Turkey Energy 
Market Regulatory tariff, the general illumina-
tion applied since 01.04.2018 the unit price of elec-

Table 1. Comparison of LED and HPS Luminaires

Characteristics HPS Luminaires LED Luminaires

Power (W) 100–500 43–170

Dimmability Requires special ballast Yes

Dimming limit 50 % 10 %

Luminous efficacy (lm/W) 80–140 114–160

Lifetime in hours (×1000) 10–24 100+

Mercury content ~6 mg/100 W 0

Warm up time (minutes) 2–15 Instant

Restrike time (minutes) 4–5 Instant

Operating temperature (°C) -30 to 65 -55 to 70

Table 2. Used HPS Luminaires Values

Power of HPS luminaires (W) Number of luminaires used Ballast Power (W) Total Power (W)

70 168 13 13 944

150 28 26 4 928

250 20 35 5 700

400 120 50 54 000

Total 78 572
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tric energy is 0.346747 TL / kWh. According to this, 
in the case of using the LED luminaire for daily 
illumination of the tunnel, one-year energy cost 
is saved: 92 440.8 kWh × 0.346747 ​​TL / kWh = 
32 053.57 TL.

The prices of luminaires and ballasts used in tun-
nel illumination vary from mark to mark, while 
labour prices vary from company to company. 
From this point of view, an average value is de-
termined from the firms in the internet, market re-
search is carried out, and the cost account is given 
as in Tables 6–7.

The same workmanship is calculated for HPS 
and LED luminaires used in tunnel illumination. 
For this reason, montage workmanship did not par-
ticipate in the account. According to the calculations 
made, the cost for HPS luminaires was 415,200 
TL and 715,400 TL for LED luminaires. The in-
vestment made with LED luminaire is (715,400–
415200) TL = 300,200 TL more in terms of initial 
installation cost. However, LED luminaires save 
32 053.57 TL per year.

According to these values, the LED illumi-
nation instead of HPS will pay off in 9.37 years 

Table 3. Daily Consumed Energy of HPS Luminaires

HPS Power of HPS 
luminaire (W)

Number of 
luminaires 

used

Ballast Power 
(W)

Total 
Power (W) Time (h)

Daily 
Consumed 

Energy (Wh)

Step 1

70 168 13 13 944 2.75 38 346.00
150 28 26 4 928 2.75 13 552.00
250 20 35 5 700 2.75 15 675.00
400 120 50 54 000 2.75 148 500.00

Step 2

70 168 13 13 944 1.33 18 545.52
150 16 26 2 816 1.33 3 745.28
250 16 35 4 560 1.33 6 064.80
400 88 50 39 600 1.33 52 668.00

Step 3

70 168 13 13 944 1.50 20 916.00
150 4 26 704 1.50 1 056.00
250 8 35 2 280 1.50 3 420.00
400 60 50 27 000 1.50 40 500.00

Step 4

70 168 13 13 944 1.25 17 430.00
150 0 26 0 1.25 0.00
250 4 35 1 140 1.25 1 425.00
400 28 50 12 600 1.25 15 750.00

Step 5

70 168 13 13 944 17.17 239 418.48
150 0 26 0 17.17 0.00
250 0 35 0 17.17 0.00
400 0 50 0 17.17 0.00

Step 6 Used only in emergencies (eg power interruption)

Total Daily Consumed Energy (Wh) 637 012.08

Fig. 5. Illumination of the Buzlupınar tunnel using 
LED luminaires
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(300,200 TL / 32,053.57 TL), and it will be cheaper 
to use in the following years. This study was done 
for a 233-meter tunnel. However, in longer tunnels, 
this time will shorten.

5. CONCLUSION

The creation of efficient illumination systems 
in the tunnels requires good luminaire design and 
use of control systems. The luminaire design, which 
can be controlled from a centralized system with 
technological and low power consumption, should 

be developed. In addition, in order to prevent dark-
ness of the tunnels, it is necessary to consider an il-
lumination circuit to be switched on in case of an 
emergency. Therefore, besides the network, it needs 
to be fed from a 3-phase generator, which will be 
switched on in case of necessity.

LED illumination is more advantageous since 
it does not require frequent maintenance and it is 
more energy-efficient than the conventional lumi-
naires. These luminaires should be used to provide 
significant energy saving and efficient solutions for 
tunnel illumination. For this reason, it is important 

Table 4. Used LED Luminaire Values

Lamp type / LED driver Number of luminaires used
(Number)

Power of luminaires 
(W) Total power (W)

96 LED500 mA 30 153 4 590

96 LED700 mA 166 213 35 358

Total 39 948

Table 5. Daily Consumed Energy of LED Luminaires

LED Power of LED 
luminaire (W)

Number of 
luminaires used Total Power (W) Uptime (h) Daily Consumed 

Energy (Wh)

Step 1
153 30 4 590 2.75 12 622.50

213 166 35 358 2.75 97 234.50

Step 2
153 8 1 224 1.33 1 627.92

213 166 35 358 1.33 47 026.14

Step 3
153 8 1 224 1.50 1 836.00

213 126 26 838 1.50 40 257.00

Step 4
153 8 1 224 1.25 1 530.00

213 80 17 040 1.25 21 300.00

Step 5
153 4 612 17.17 10 508.04

213 40 8 520 17.17 146 288.40

Total Daily Consumed Energy (Wh) 380 230.50

Table 6. Cost Accounting of HPS Luminaires

HPS luminaire 
Power (W)

Luminaire Unit 
Price (TL)

Ballast Unit Price 
(TL)

The number of Luminaire 
/ Ballast

Total Price
(TL)

70 930 80 168 169 680

150 1 200 65 28 35 420

250 1 250 75 20 26 500

400 1 400 130 120 183 600

Total 415 200
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to replace the HPS luminaires with LED luminaires, 
which are used to minimize the energy consump-
tion in the tunnels.

Daily illumination of the Buzlupınar tunnel 
in Bitlis province was compared with HPS and LED 
luminaire usage. This study was done for daily illu-
mination in it. When the tunnel is made with LED 
luminaire instead of HPS luminaire, energy saving 
of 256.78 kWh per day is achieved. This savings are 
calculated to provide 92 440.8 kWh of energy sav-
ings on a yearly basis. This is why it is very advan-
tageous for energy saving. In the calculation made, 
the LED luminaire will be amortized within 9.37 
years, although the initial cost of the LED lumi-
naire is higher than the HPS luminaire. This study 
was done for a 233 meters tunnel. The calculated 
time for amortization can be a little long. However, 
this time will shorten in longer tunnels. The mainte-
nance of the luminaires used in the tunnel is a sep-
arate expenditure. LED luminaires have little main-
tenance cost compared to HPS luminaires. This is 
a major advantage of LED luminaires. In addition, 
LED luminaire lifespan is more than other lumi-
naires. Therefore, care should be taken to make tun-
nels with less energy-consuming LED luminaires.
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ABSTRACT

Performance decreases in lighting equipment 
with a high level of contamination have been an-
alysed in this study. Effect of decreases in lumi-
nous flux arising from abrasions and usage on tun-
nel illumination levels has been analysed and results 
of measurements in real environment and simu-
lation environment have been compared. Calcu-
lations, which are complicated and difficult by 
traditional methods, have been visualized by a sim-
ulation program prepared in the computer environ-
ment. Results recorded at 60 points by measuring by 
a luxmeter, which was placed in the middle of 2.266 
m2 fields on the road surface into the tunnel, have 
been compared with simulation results. Thanks 
to the simulation program used, tunnel lighting 
measurements would not be necessary, which they 
take a long time in the physical environment by 
measurement devices and are carried out by stop-
ping vehicle traffic. Tunnel lighting maintenances, 
which are complicated and take a long time, will be 
carried out in a short time and more accurately, and 
waste of resources could be prevented. It has been 
determined in the study that more accurate results 
could be obtained in ergonomic, economic, and us-
ing aspects.

Keywords: tunnel lighting, maintenance factor, 
illumination levels

1. INTRODUCTION

The main purpose of tunnel lighting is to en-
sure the safe flow of vehicles or traffic under day 

and night conditions. Performance of tunnel light-
ing is evaluated depending on parameters such as il-
luminance of the road surface and walls, overall and 
longitudinal lighting uniformity, glare control, the 
formation of the contrast required to perceive the 
objects and flicker frequency [1, 2].

Efficient use of energy without any decrease 
in producing energy conservation, comfort and 
labour force is not to waste. People have been 
motived to find new methods to save energy due 
to rapid and unconscious consumption of the en-
ergy resources used [2–4]. For that reason, it is 
critical to use luminaires of high productivity and 
efficiency in tunnel lighting systems, which are ac-
tive continuously. Stopping distance is considered 
in calculations while tunnel lighting is designed. 
This distance is related to the time when driver sees 
the obstacle in front of him/her and reacts to. Stop-
ping distance demonstrates that tunnel lighting is 
required as well as it constitutes the main founda-
tion of lighting design. It is critical in terms of traf-
fic safety that drivers could enter the tunnel safely 
and without disturbance throughout the tunnel, go 
ahead throughout the tunnel, and continue to drive 
at the tunnel exit. It is required to calculate illumi-
nation levels accurately so that drivers could realize 
an object into the tunnel [3–5].

It is difficult to determine the average life for 
tunnel lighting systems and determine the rate of 
losses of light intensity in lighting equipment. It is 
also complicated to evaluate the working perfor-
mance of the system and determine maintenance 
time. Illuminance measurements have been car-
ried out to determine maintenance time for tun-
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nel lighting in this study. In other words, measure-
ments were carried out with a measuring instrument 
at many points into the tunnel in order to determine, 
if there is any loss of lighting equipment. How-
ever, it is difficult and time-consuming to do so for 
each tunnel lighting. A study that would take a long 
time was necessary in order to determine mainte-
nance of lighting system, lifecycle of the system, 
and losses of lighting equipment in a luxury aspect 
even though the study was carried out for only one 
tunnel.

2. PERFORMANCE LOSSES OF 
LIGHTING SYSTEMS

Lighting, in the simplest term, is to supply the 
required illuminance for an operation. The most 
important objective to design lighting systems is 
to obtain sufficient light without supplying exces-
sive lighting and increasing energy cost [6]. For that 
reason, it is important to know about factors, which 
have a direct effect on proper illumination level 
in an environment. Attenuation of the luminous 
flux values of the lighting equipment used in tun-
nels might occur over time. Performance loss of 
the luminaires, which occurs depending on oper-
ating time, affects directly the performance of the 
system. The most important reason why luminaires 
loss their performance is that light transmittance de-
creases since the luminaires are contaminated by 
environmental reasons. Another reason for perfor-
mance loss is that light source loss efficiency de-
pending on operating time and the light source ex-
pires earlier. Since luminaires loss performance 
depending on the time, the performance of the light-
ing system will be identified for the time period 
specified. The time period may include maintenance 
works, which would recover performances of the lu-
minaires such as cleaning the glass of luminaires or 
replacing lamps of the luminaires as well as replac-
ing all the luminaires at the expiration date. A light-
ing system can supply minimum required lighting 
even at the end of the period when it has the low-
est performance, if the estimated decrease in perfor-
mance is included in the system performance at de-
sign phase [7–9]. Deficiencies in lighting because 
of the decrease in illumination levels of the lamps 
and lacks of maintenance would affect visual condi-
tions adversely. Lighting simulation programs to be 
used at this phase will provide great convenience at 
the first installation. However, it is still a compli-

cated problem: how to assess the sufficiency of an 
existing lighting system with a lighting technique. It 
is required to measure illumination levels in tunnel 
lighting, at first, in order to evaluate the conformity 
of illumination levels in the environment. Lighting 
equipment is maintained at periodic intervals in or-
der to prevent performance loss happened to the 
lighting equipment.

3. MAINTENANCE FACTOR IN TUNNEL 
LIGHTING

A lighting instrument should supply the mini-
mum illumination level during the operating time. 
Contamination on lighting instrument causes loss 
of luminous flux in the luminaire and structural de-
fects on the surface of the optical equipment. Loss 
of lighting performance makes the maintenance of 
lighting instruments necessary. This effect, which 
is formed by the mutual effect of several param-
eters and applied at periodic intervals, is Mainte-
nance Factor (MF). MF varies by type of lighting 
system, environmental conditions, and features of 
luminaires. MF should be calculated accurately so 
that tunnel lighting systems can be implemented 
in accordance with the objectives and they can sus-
tain the performance to meet the expectations even 
at the end of maintenance period or lifecycle of the 
system. MF has an important place in the total cost 
of a lighting system, since it affects directly energy 
consumption. For luminaires, MF is defined as the 
proportion of total light coming from a luminaire 
at the end of the maintenance period to total light 
of the luminaire during the primary use. In accor-
dance with standards associated with the use of MF 

Fig. 1. Tunnel lighting with double suspensions
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in lighting, lighting system is specified by the cho-
sen lighting equipment, environmental conditions, 
and the maintenance factor calculated for a speci-
fied period of maintenance CIE154:2003. Accord-
ing to CIE154:2003, lighting performance should 
not drop below minimum levels specified in the 
standards [10–12]. MF consists of Lamp Lumen 
Maintenance Factor (LLMF), which is the propor-
tion of performance loss in the lamp, the luminous 
flux at the end of the specified period, to the initial 
luminous flux. LLMF value is reached by the cat-
alogue of the manufacturer. Lamp Survival Factor 
(LSF) is the percentage of lamp survival ratio for 
maintenance factor. LSF value is reached by the cat-
alogue of the lamp.

Luminaire Maintenance Factor (LMF) is the pro-
portion of luminous flux, which decreases at the 
end of the described/specified period as a result of 
a structural feature of the luminaire and also envi-
ronmental factors, to the initial luminous flux. LMF 
depends on protection class of luminaire against 
contamination (IP) and environmental pollution. It 
is specified by the designer according to the con-
tamination condition of the environment during the 
maintenance period or the relevant specification is 
consulted. MF is calculated according to Equation 1:

= ⋅ ⋅MF LLMF LSF LMF .	 (1)

In the standard concerning the calculation of 
lighting performances, MF is formed by the prod-
uct of luminous flux MF and luminaire MF. Equa-
tion 2 demonstrates the relationship between MF 
and Lighting Level [1, 13].

3

2
cos ε⋅ ⋅Φ⋅= I MFE

h
,	 (2)

where I is the given luminous intensity value (cd/
lm), Φ  is the luminous flux (lm), MF is the main-
tenance factor, h is the height of the luminaire from 
the ground (m), ε  is the angle between the light 
coming from the luminaire to the surface and the 
normal of the surface.

4. APPLICATION IN TUNNEL LIGHTING

Various design tools or physical measurements 
are used in order to determine the illumination lev-
els of certain points selected in lighting systems. 
These are physical measurements carried out by 
models, numerical equations, and computer pro-
grams or by luxmeter in the real environment. 
In this study, HPS100 W luminaires inserted dually 
6 m high are used in the tunnel. Maintenance factor 
for high-pressure sodium vapour (HPS) luminaires 
is specified by the product of three main factors de-
scribed above (Equation 1). Determination of main-
tenance factor for a 100 W HPS luminaire with pro-
tection class IP65 is calculated during simulation. 
Fig. 1 illustrates a sample of tunnel lighting with 
double suspensions [11, 12, 14].

4.1. Physical Measurements

Measurements of illuminance levels have been 
carried out in an active tunnel used in daily life. 
Measurements have been carried out at night and 
in the interior zone of the tunnel in order to avoid 
sunlight. High-pressure sodium vapour lamps (HPS) 
100 W were used in the interior lighting of the tun-
nel. The road in the tunnel was divided into 60 ar-
eas of (1.70×1.333) = 2.266 m2, and measurements 
were carried out separately in each of these areas 
(Fig. 2).

Fig. 2. a – ​chart of 
the fields measured 
in a two-lane tunnel; 
b – ​section of the 
road measured
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4.2. Simulation Design and Planning Process

Various choices are available for the road param-
eters in the simulation program. For the road pa-
rameters, the lighting system (bilateral, displaced, 
divided road, tunnel road with single luminaire, 
tunnel road with two luminaires, etc.), road class 
(R1, R2, R3, R4, N1, N2, N3, N4, etc.), number 
of lanes, lane width, refuge width, and road light-
ing class (M1, M2, M3, M4, M5, M6, etc.) can be 
chosen. For the lighting parameters, features such 
as distance between the luminaires, the height of 
the luminaire, distance of the luminaire from the 
road, boom angle, IP protection class, pollution rate, 
cleaning period, and maintenance factor are chosen 
for post or hanger lighting installations. For the lu-
minaire parameters, the name, angle of the lumi-
naire (angle relative to the road), power of the lamp 
used, lifetime, luminous flux, ballast power, and 

new lamps can be added into this simulation un-
der the Database process at any time. As a result, it 
is possible to add any kind of lamp into the simu-
lation [15–18]. An easy and accurate calculation is 
achieved in the simulation results for the lighting 
system in which data is entered. Fig. 3 shows the al-
gorithm of the simulation program and the data en-
tered [17].

Table 1 illustrates the road and lighting parame-
ters belonging to the tunnel measured.

Table 2 illustrates type styles luminaire main-
tenance factor by protection class of luminaire and 
category of environmental pollution [10–12].

The display of the luminaire parameters in the 
simulation program are illustrated in Fig. 4.

In this study, the lighting system of a tunnel, 
which still operates actively and has parameters 
illustrated in Table 1, has been analysed at first. 
Parameters in Table 1 has been transmitted to the 

Fig. 3. The algorithm of the simulation program and data entered [17]

Table 1. The Tunnel Road and Lighting Parameters

Tunnel Road Parameters Tunnel Lighting Parameters

Double luminaire, transverse arrangement

Road class R3 Luminaire height 6 m

Number of lanes 2 Boom angle 0

Strip width 4 m IP protection IP65

Road width 8 m Pollution category High

Qo 0.07 Annual clear period (year) 2

Road lighting class M2 Distance between luminaires 17 m
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simulation designed in Visual Basic Program. The 
surface of luminaires is cleaned by carrying out 
maintenance for the luminaires in this tunnel once 
a year. In addition, lamps, which break down for 
whatever reason, are replaced. However, they are 
replaced regardless of the tunnel, road conditions, 
weather conditions, traffic density or MF. 60 mea-
surements have been performed at the points cho-
sen previously by a luxmeter into the tunnel at night 
when traffic was not busy.

As for the simulation used for this tunnel, numer-
ical results are generated and recorded for MF, Emin, 
Emax, Eavr belonging to tunnel and E values belong-
ing to 60 points. Then the results of the measure-
ment and results produced by the simulation were 
compared and percentage deviations were calcu-
lated for 60 points chosen. Road and lighting pa-
rameters used in the simulation were obtained from 
Table 1 and MF value was obtained from Table 2. 

Table 3 has been obtained as a result of these pa-
rameters entered into the simulation. E values be-
longing to 60 points chosen in the simulation could 
be seen provided that maintenance would be carried 
out once a year.

Table 4 illustrates E values formed as a result 
of measurement performed at 60 points chosen 
in a tunnel for which maintenance is carried out 
once a year.

Table 5 illustrates the percentage difference E 
between the physical measurements performed 
in the tunnel and simulation.

Depending on Table 5, possible performance 
loss in this tunnel in case of maintenance several 
times in a year and once every three years will be 
estimated roughly. Table 6 illustrates simulation re-
sults belonging to this tunnel if maintenance is per-
formed once a year. Table 7 is created using Table 5 
by determining the amount of the deviation for the 

Table 2. Type Styles Luminaire Maintenance Factor by Protection Class of Luminaire  
and Category of Environmental Pollution [11]

Optical Compartment IP Rating Pollution Category
Exposure time (Years)

1 1.5 2 2.5 3

IP2X

High 0.53 0.48 0.45 0.43 0.42

Medium 0.62 0.58 0.56 0.54 0.53

Low 0.82 0.80 0.79 0.78 0.78

IP5X

High 0.89 0.87 0.84 0.80 0.76

Medium 0.90 0.88 0.86 0.84 0.82

Low 0.92 0.91 0.90 0.89 0.88

IP6X

High 0.91 0.90 0.88 0.85 0.83

Medium 0.92 0.92 0.89 0.88 0.87

Low 0.93 0.93 0.91 0.90 0.90

Table 3. Results of Simulation (E Values) 
MF=0.88; Emin=37.54 lx; Emax=83.65 lx; Eaverage=60.53 lx

1 time in 2 
year 0.8 2.5 4.2 5.9 7.6 9.3 11.0 12.7 14.4 16.1

0.7 68.73 58.92 47.32 38.69 37.54 37.55 38.72 47.36 58.99 68.83

20 83.54 77.59 62.83 52.8 52.12 52.13 52.83 62.87 77.66 83.64

3.3 68.57 69.32 63.25 59.75 66.55 66.56 59.78 63.3 69.39 68.67

4.7 68.57 69.32 63.25 59.75 66.55 66.56 59.78 63.3 69.39 68.67

6.0 83.54 77.59 62.83 52.8 52.12 52.13 52.83 62.87 77.66 83.64

7.3 68.73 58.92 47.32 38.69 37.54 37.55 38.72 47.36 58.99 68.83
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1-year period. If amounts of deviation in Table 7 are 
applied to Table 6, one can obtain E values and MF 
value in Table 8. Table 9 illustrates simulation re-
sults belonging to this tunnel if maintenance is per-
formed once every three years. Table 10 is created 
using Table 5 by determining the amount of the de-
viation for the 3-year period. If amounts of devia-
tion in Table 10 are applied to Table 9, one can ob-
tain E values and MF value in Table 11.

Optical performance variation with HPS lumi-
naires 100 W is illustrated in Fig. 5.

When Fig. 5 is examined:
·  While MF decreases to 84.68 % at the end 

of the 1st year, MF increases to 91 % by cleaning 
glasses of the luminaires;

·  While MF decreases to 80.26 % at the end 
of the 2nd year, MF increases to 88 % by cleaning 
glasses of the luminaires;

·  While MF reduces to 73.4 % after three years, 
it increases up to 83 % as a result of the cleaning 
glasses of the luminaires.

However, all lamps should be replaced since 
cleaning the glass of luminaires fails to satisfy. De-
crease in illuminance levels would not be toler-
ated because of the decrease in luminous flux of 
the lamps after 3 years. All lamps used for 3 years 
should be replaced even though they operate in-
stead of replacing the broken or dead lamps. When 
examining catalogue of the manufacturer, it is seen 
that HPS lamps 100 W cannot be used after approx-

Fig. 5. Optical perfor-
mance variation with 

HPS luminaires 100 W

Fig. 4. Luminaire 
parameters in the 
simulation program
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imately 26 000 hours (it corresponds to 3-year study 
for tunnel lighting) because of the decrease in lu-
minous flux. For that reason, all lamps should be 
replaced.

As seen in Fig 5, while MF difference is 6.3 % 
for 1–2 years (for 365 days), MF difference in-
creases up to 7.8 % for 2 or 3 years (for 365 days). 
As it is understood in this aspect, Eavr reduces 
rapidly since the lamps and other equipment used 
wear off. Results from simulation and predic-
tion promote this thought.

5. RESULTS

As a result of these estimates, it will be easier 
to make improvements by responding on time af-
ter determining, if lighting elements expire and if 
they have sufficient luminous flux, and thus to pre-
vent waste of electrical energy, which does not turn 
into light. Since simulation study makes easier 
to determine contamination time of lighting equip-
ment, it increases the chance to find a solution by 
estimating workforce gain and losses of energy oc-

Table 4. Results of Measurements (E Values) 
Measurements: MF=0.812; Emin=32.11 lx; Emax=79.92 lx; Eaverage=55.87 lx

1 time in 2 
year 0.8 2.5 4.2 5.9 7.6 9.3 11.0 12.7 14.4 16.1

0.7 65.73 53.05 40.99 35.33 32.92 33.17 35.81 45.21 53.87 65.32

2.0 77.56 69.98 57.68 48.65 46.86 48.59 46.09 57.94 72.04 79.55

3.3 63.51 59.96 58.13 56.32 60.98 59.93 56.66 58.94 65.52 65.97

4.7 64.09 60.95 56.47 56.01 60.96 60.99 56.08 58.72 65.55 66.09

6.0 77.01 73.12 57.27 48.84 47.93 47.91 47.54 56.86 74.73 79.92

7.3 64.11 53.43 42.07 36.31 32.11 33.72 35.95 42.33 56.42 66.61

Table 5. Percentage Difference E between the Measurements and Simulation

Deflection 0.8 2.5 4.2 5.9 7.6 9.3 11.0 12.7 14.4 16.1

0.7 4.37 % 9.97 % 13.38 % 8.70 % 12.31 % 11.67 % 7.53 % 4.55 % 8.68 % 5.10 %

2.0 7.17 % 9.81 % 8.20 % 7.87 % 10.11 % 6.80 % 12.76 % 7.85 % 7.24 % 4.90 %

3.3 7.39 % 13.51 % 8.10 % 5.75 % 8.38 % 9.97 % 5.23 % 6.89 % 5.59 % 3.94 %

4.7 6.54 % 12.08 % 10.72 % 6.27 % 8.41 % 8.38 % 6.20 % 7.24 % 5.55 % 3.77 %

6.0 7.83 % 5.76 % 8.85 % 7.51 % 8.05 % 8.11 % 10.02 % 9.57 % 3.77 % 4.46 %

7.3 6.73 % 9.33 % 11.10 % 6.17 % 14.47 % 10.20 % 7.16 % 10.63 % 4.36 % 3.23 %

Table 6. Results of Simulation (E Values) Provided that Maintenance Would Be Carried out Once a Year 
MF=0.91; Emin=38.82 lx; Emax=86.50 lx; Eaverage=62.59 lx

1 time in 1 
year 0.8 2.5 4.2 5.9 7.6 9.3 11.0 12.7 14.4 16.1

0.6 71.07 60.93 48.93 40.01 38.82 38.83 40.04 48.98 61.00 71.17

2.0 86.39 80.23 64.97 54.60 53.90 53.91 54.63 65.02 80.30 86.49

3.3 70.91 71.69 65.40 61.79 68.82 68.83 61.82 65.45 71.76 71.01

4.7 70.91 71.69 65.40 61.79 68.82 68.83 61.82 65.45 71.76 71.01

6.0 86.39 80.23 64.97 54.60 53.90 53.91 54.63 65.02 80.30 86.49

7.3 71.07 60.93 48.93 40.01 38.82 38.83 40.04 48.98 61.00 71.17
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Table 7. Percentage Difference E between the Estimate Performed in the Tunnel and Simulation

Deflection 0.8 2.5 4.2 5.9 7.6 9.3 11.0 12.7 14.4 16.1

0.7 2.19 % 4.99 % 6.69 % 4.35 % 6.16 % 5.83 % 3.76 % 2.28 % 4.34 % 2.55 %

2.0 3.58 % 4.90 % 4.10 % 3.93 % 5.05 % 3.40 % 6.38 % 3.93 % 3.62 % 2.45 %

3.3 3.69 % 6.76 % 4.05 % 2.88 % 4.19 % 4.99 % 2.62 % 3.44 % 2.79 % 1.97 %

4.7 3.27 % 6.04 % 5.36 % 3.14 % 4.21 % 4.19 % 3.10 % 3.62 % 2.77 % 1.88 %

6.0 3.91 % 2.88 % 4.42 % 3.75 % 4.03 % 4.05 % 5.01 % 4.79 % 1.89 % 2.23 %

7.3 3.37 % 4.66 % 5.55 % 3.08 % 7.23 % 5.10 % 3.58 % 5.32 % 2.18 % 1.61 %

Table 8. Results of Estimation (E Values) Provided that Maintenance Would Be Carried out Once a Year

1 time in 1 
year 0.8 2.5 4.2 5.9 7.6 9.3 11.0 12.7 14.4 16.1

0.7 69.51 57.89 45.66 38.27 36.43 36.57 38.53 47.86 58.35 69.36

2.0 83.30 76.30 62.31 52.45 51.18 52.08 51.14 62.46 77.39 84.37

3.3 68.29 66.84 62.75 60.01 65.94 65.40 60.20 63.20 69.76 69.61

4.7 68.59 67.36 61.89 59.85 65.92 65.95 59.90 63.08 69.77 69.68

6.0 83.01 77.92 62.10 52.55 51.73 51.73 51.89 61.91 78.78 84.56

7.3 68.67 58.09 46.21 38.78 36.01 36.85 38.61 46.37 59.67 70.02

Table 9. Results of Simulation (E Values) Provided that Maintenance  
Would Be Carried out Once Every Three Years 

MF=0.83; Emin=35.41 lx; Emax=78.89 lx; Eaverage=57.09 lx

1 time in 3 
year 0.8 2.5 4.2 5.9 7.6 9.3 11.0 12.7 14.4 16.1

0.7 64.83 55.57 44.63 36.49 35.40 35.41 36.52 44.67 55.64 64.91

2.0 78.80 73.18 59.26 49.80 49.16 49.17 49.83 59.30 73.24 78.89

3.3 64.67 65.38 59.65 56.36 62.77 62.78 56.39 59.70 65.45 64.77

4.7 64.67 65.38 59.65 56.36 62.77 62.78 56.39 59.70 65.45 64.77

6.0 78.80 73.18 59.26 49.80 49.16 49.17 49.83 59.30 73.24 78.89

7.3 64.83 55.57 44.63 36.49 35.40 35.41 36.52 44.67 55.64 64.91

Table 10. Percentage Difference E between the Estimate Performed in the Tunnel and Simulation

Deflection 0.8 2.5 4.2 5.9 7.6 9.3 11.0 12.7 14.4 16.1

0.7 6.56 % 14.96 % 20.07 % 13.05 % 18.47 % 17.50 % 11.29 % 6.83 % 13.02 % 7.65 %

2.0 10.75 % 14.71 % 12.30 % 11.80 % 15.16 % 10.20 % 19.14 % 11.78 % 10.86 % 7.35 %

3.3 11.08 % 20.27 % 12.15 % 8.63 % 12.57 % 14.96 % 7.85 % 10.33 % 8.38 % 5.91 %

4.7 9.81 % 18.12 % 16.08 % 9.41 % 12.62 % 12.57 % 9.30 % 10.85 % 8.32 % 5.65 %

6.0 11.74 % 8.64 % 13.27 % 11.26 % 12.08 % 12.16 % 15.03 % 14.36 % 5.66 % 6.69 %

7.3 10.10 % 13.99 % 16.64 % 9.25 % 21.70 % 15.30 % 10.75 % 15.95 % 6.54 % 4.84 %
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curring over time. Energy consumption that does 
not turn into light because of performance losses 
with the lighting equipment can be thus prevented.

This study analyzes the importance of designs 
for lighting systems, which are an essential part of 
indoor areas such as tunnels, and effects of time-
dependent losses of lighting equipment in these 
environments on lighting systems. Effect of MF 
on tunnel lighting has been analysed by compar-
ing the simulation results with the real measure-
ment results. Predictions on the tunnels, mainte-
nance of which is carried out at 1-year and 3-year 
intervals, have been made according to the results 
from measurements, which were performed at 60 
points into a tunnel, maintenance period of which is 
once a year. It is thus found that more accurate re-
sults may be obtained by the tunnels having 1-year 
and 3-year MF, physical measurements of which 
are not performed. Losses formed by the scenarios 
that tunnel lighting maintenance is performed once 
a year and once every three years may be deter-
mined based on the difference of% between simula-
tion environment and physical measurement.

6. CONCLUSION

It is concluded that it is a successful method 
in estimating MF of the tunnels to use simulation re-
sults and real measurements together in tunnel light-
ing systems, which have similar environmental 
conditions (contamination, climate, temperature, 
moisture, wind, vehicle density, etc.). Estimates 
based on scientific data in simulation environment 
will offer easier and quicker solutions since it is 
a difficult and time-consuming process to stop traf-

fic and make physical measurement in the tunnels 
where traffic is busy.

It is critical to calculate properly MF in order 
to install lighting systems of road pursuant to the 
purposes and maintain the performance to meet the 
expectations even at the end of maintenance period 
or operating time of the system.

MF takes an important part in the total cost of 
a lighting system since it affects directly energy 
consumption. It is required to determine which one 
of these options are more economical depending 
on energy consumption, cost of lamps and chang-
ing lamps.

Start-up costs and maintenance costs of the 
systems should be considered to compare energy 
efficiency.

Increasing the maintenance factor used as a mul-
tiplier in performance calculations increases the en-
ergy efficiency by decreasing the energy consumed.
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ABSTRACT

Hyper-spectral sensors take measurements in the 
narrow contiguous bands across the electromagnetic 
spectrum. Usually, the goal is to detect a certain ob-
ject or a component of the medium with unique 
spectral signatures. In particular, the hyper-spectral 
measurements are used in atmospheric remote sens-
ing to detect trace gases. To improve the efficiency 
of hyper-spectral processing algorithms, data reduc-
tion methods are applied. This paper outlines the di-
mensionality reduction techniques in the context of 
hyper-spectral remote sensing of the atmosphere. 
The dimensionality reduction excludes redundant 
information from the data and currently is the in-
tegral part of high-performance radiation transfer 
models. In this survey, it is shown how the principal 
component analysis can be applied for spectral ra-
diance modelling and retrieval of atmospheric con-
stituents, thereby speeding up the data processing 
by orders of magnitude. The discussed techniques 
are generic and can be readily applied for solving 
atmospheric as well as material science problems.

Keywords: passive remote sensing, hyper-spec-
tral data, principal component analysis, full-physics 
machine learning, trace gas retrieval

1. INTRODUCTION

Hyper-spectral sensors record the transmitted or 
reflected radiance in the narrow contiguous bands 
across the electromagnetic spectrum. The goal is 
to detect a certain object or a component of the 

medium, which has a unique spectral signature, i.e. 
a fingerprint. Hyper-spectral imaging has emerged 
as one of the most powerful technologies in vari-
ous fields including astronomy, mineralogy, agricul-
ture, medicine and chemistry. For instance, hyper-
-spectral data (sometimes referred to as hypercube 
data or as an image cube) are used in astronomy and 
Earth remote sensing to create a spatially-resolved 
spectral image allowing more accurate recogni-
tion and classification of the objects in the instru-
ment field of view. At the same time, significant 
data storage and computational power are required 
to process the hyper-spectral information and to re-
trieve a certain parameter of the scattering medium.

In this survey we are focused on hyper-spec-
tral remote sensing of the atmosphere. The pas-
sive atmospheric composition sensors (ACS) de-
tect and record the radiance reflected by the Earth 
atmosphere in the ultraviolet (UV), visible (VIS), 
and thermal infrared (IR) regions. The informa-
tion about the atmosphere is then retrieved from the 
spectral data by using the so called atmospheric pro-
cessors, i.e. codes which are specifically designed 
to invert ACS measurements [1]. Extracting the in-
formation about geophysical parameters (level‑2 
data) from spectral radiance distributions (level‑1 
data) turns out to be a major computational chal-
lenge and requires high performance computing 
(HPC) [2].

The recent developments in optics, sensor de-
sign and measurement techniques significantly im-
prove the characteristics of hyper-spectral ACS, 
such as the spatial resolution and the signal-to-noise 
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ratio. Table shows a comparison between previ-
ous generation instruments like the Global Ozone 
Monitoring Experiment (GOME and GOME‑2) 
and the newest, the TROPOspheric Monitoring In-
strument (TROPOMI) [3] on board of the Coperni-
cus Sentinel 5 Precursor (S5P) satellite. The spatial 
resolution of TROPOMI is two orders of magni-
tude higher, providing 21 million level‑1B spec-
tra per day, i.e. almost 8 milliards spectral points, 
while the signal-to-noise ratio in the UV/VIS chan-
nels reaches the values of about 1500. Fig. 1 shows 
the example of a retrieved map of tropospheric ni-
trogen dioxide (NO2) from S5P measurements (the 
data is freely available at https://s5phub.copernicus.
eu/dhus). Observe that air pollution emitted by big 
cities and shipping lanes is clearly visible. With the 
high resolution data it is possible to detect air pollu-
tion over individual cities as well as to locate where 
pollutants are being emitted, and so, identifying pol-
lution hotspots. Such high resolution satellite re-
mote sensing observations are extremely useful for 
diagnosing the impact of atmospheric constituents 
on a global scale, in particular, allowing detection of 
small-scale sources, and increasing the fraction of 

cloud-free observations. However, the high spatial 
resolution of the state-of-the-art ACS results in very 
challenging data volumes to be processed – ​240 TB 
(terabyte) per year of level‑1 data.

In fact, the amount of satellite data increases 
faster than the computational power [4]. The remote 
sensing data is recognized as Big Data [5] since 
it satisfies Doug Laney’s 3V criterion: significant 
growth in the volume, velocity and variety. New 
efficient techniques have to be developed for next 
generation atmospheric processors to cope with 
these high efficiency requirements.

The radiative transfer modelling (RTM) is the 
key component and the major performance bot-
tle-neck in the atmospheric processors. Further-
more, the hyper-spectral RTMs involve a hierar-
chy of nested computational loops [6] as shown 
in the pseudo-code in Fig. 2. Recent surveys such as 
those provided by V. Natraj [7] and D. Efremenko 
et al. [8, 9] showed that a significant performance 
enhancement can be achieved by optimizing the 
framework in which the radiative transfer solver is 
called rather than accelerating the RTM solver it-
self. In fact, the efficiency of monochromatic radia-

tive transfer solvers hardly 
can be further improved 
[10]. Several attempts 
have been made to opti-
mize loops over ground 
pixels and geometry (see, 
e.g., [11, 12, 13, 14] and 
references therein). Cur-
rently the loop over wave-
lengths (which expresses 
the hyper-spectral pro-
cessing) remains the most 
computationally demand-
ing part.

The essential part of 
the Big Data analysis is 
the dimensionality reduc-

Table. Characteristics of Atmospheric Composition Sensors

Instrument GOME GOME‑2 TROPOMI

Platform ERS‑2 MetOp (A, B, C) Sentinel 5 Precursor

Spatial resolution (km2) 320x40 80x40 7x3.5

Amount of level‑1 data 
(TB per year) 0.8 4.2 240

Operational 1995–2011 2006-present 2017-present

Fig. 1. Example of 
Sentinel‑5P tropo-
spheric nitrogen 
dioxide (NO2) 
measurements on 
1.04.2019 (data is 
freely available at 
https://s5phub.co-
pernicus.eu/dhus)
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tion procedures which are related in the context of 
RTMs to the loop over wavelengths. The principal 
component analysis (PCA) is one of the famous rep-
resentatives of them. PCA was proposed in 1901 by 
K. Pearson [15] and today has become an integral 
part of hyper-spectral RTMs.

In this regard, many efforts have been made 
to develop hyper-spectral RTMs which explicitly 
take into account the interdependency and statistical 
relations between level‑1 and level‑2 data [16]. The 
motivation of this survey is to present basic con-
cepts of dimensionality reduction for design of at-
mospheric processors in a systematic way and to put 
in one context recent developments in this field.

2. DIMENSIONALITY REDUCTION

2.1. Heritage from the k-Distribution 
Technique

The techniques of dimensionality reduction in at-
mospheric science and astrophysics were preceded 
by methods which exploit a strong interdepen-
dency in the hyper-spectral data, although do not 
use PCA explicitly. Ambartsumian [17] noted that 
the transmission within a spectral interval does not 
dependent on the line-by-line (LBL) variation of 
the absorption coefficient k with respect to wave-
lengthλ , but rather on the distribution of absorp-
tion coefficient within the spectral interval. Such 
concept is called the k-distribution approach. It is 
based on the cumulative frequency distribution of 
k, namely, ( )G k ; as a matter of fact, the inverse dis-
tribution ( )k G  is the k-distribution function. Since 
( )G k  is a smooth function and ( )λk  has a strong 

variation with respect to λ , it is beneficial from 
the numerical point of view to replace the integra-
tion in λ -space by that in G-space (less number of 
quadrature points for numerical integration is re-
quired). This method was extended by Goody et al. 
[18] to the cases of inhomogeneous atmosphere as-
suming that there is a correlation between k-distri-
butions at different pressure levels, and that is the 
correlated-k distribution method. Other techniques 
(e.g. exponential sum fitting [19], spectral map-

ping [20], k-binning approach [21], opacity sam-
pling method [22], multi-dimensional k-distribu-
tion method [23], and fast k-distribution models 
[24, 25]) use similar ideas although based on a more 
elaborative mathematical basis. In [26], a modifica-
tion of the k-distribution technique was considered, 
in which the integration is performed in the origi-
nal λ  -space. In [27], an empirical procedure based 
on uniform spectral grids was proposed for choos-
ing the most representative spectral points in LBL 
computations. Together, the studies related to the 
k-distribution function outline that the hyper-spec-
tral radiances can be modelled by much fewer num-
ber of monochromatic computations than required 
by the LBL-framework, thereby providing a basis 
to dimensionality reduction of the problem.

2.2. Basic Concept of Dimensionality 
Reduction

In simple words, dimensionality reduction means 
representing the initial data set with less number of 
parameters than it is initially represented. It can 
be considered as one of the lossy data compres-
sion paradigms [28]. Dimensionality reduction is 
crucial for stable and high-performance processing 
of spectral measurements. It excludes redundant in-
formation from the initial dataset, reduces the num-
ber of independent parameters and improves the ef-
ficiency of machine learning.

There is a distinction between linear and non-lin-
ear techniques for dimensionality reduction. A more 
detailed review can be found in [29, 30, 31, 32] 
and references therein. Linear and non-linear tech-
niques have been inter-compared in [33]. Results 
of these numerical experiments reveal that non-lin-
ear techniques perform well on selected artificial 
tasks. However, they hardly outperform PCA on re-
al-world tasks. Similar conclusions were reported 
in [34], where several methods for dimensional-
ity reduction were inter-compared in the context of 
accelerating radiative transfer performance. Bear-
ing in mind that no obviously superior method has 
emerged in the benchmarking studies (increasingly 
time-consuming and sophisticated dimensionality 

Fig. 2.  Hierarchy of computational loops, in which the radiative transfer solver is called
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reduction techniques lead to more accurate results, 
and vice versa) our analysis will be limited with the 
classical PCA.

2.3. Principal Component Analysis

Although the dimensionality reduction tech-
niques are well-known and covered by many sta-
tistical libraries (e.g., scikit-learn [35] for Python), 
we make a short mathematical exposition to put the 
above considerations in a proper context. For clar-
ity, we specify sizes of matrices using the nota-
tion rows columns×∈ . Let ( ) ( ) ( )( )1 2, ,...,λ λ λ= Wy y yy , 

1×∈ WRy , be a row-vector of atmospheric radiances 
at W  wavelengths { } 1, ,

λ
= …w w W . A set of S  spectra are 

assembled into a matrix ×∈ S WRY  whose i -th row 
is iy .Then, iy  can be represented in a new basis sys-
tem as follows:

1
.

=

= +∑
W

i ik k
k

ty y f

Here, 
1

/
=

= ∑
S

i
i

Sy y , 1×∈ WRy  is the sample mean 

of the spectra (the average spectrum), ikt  is the thk  
coordinate of the vector iy  in the new basis sys-
tem and ( ) ( ) ( )( ) 1

1 2, ,...,λ λ λ ×= ∈ W
k k k k Wf f f Rf  is 

the thk  basis vector. Noting that high-dimensional 
real data are often situated on or near a lower-di-
mensional manifold, the spectrum iy can be pro-
jected onto the K -dimensional subspace ( <K W ) 
as follows:

1
,

=

≈ +∑
K

i ik k
k

ty y f  	 (1)

or in matrix form for the initial dataset:

,≈ +Y Y TF  

where { }, , ×= … ∈ S WRY y y ,

 { }T
1 2, ,..., ×= ∈ K W

K RF f f f , ×∈ S KRT  is the matrix 

whose entries are { } 1, ,

1, ,

= …

= …

k K
ik i S

t . Hereinafter the super-

script T  stands for ‘’transpose’’. The transforma-
tion (1) can be done using dimensionality reduc-

tion techniques, such as PCA [15]. In the latter, 
basic vectors kf  in (1) are referred to as ‘’principal 
components’’ (PCs) or empirical orthogonal func-
tions (EOFs) and are taken as K  eigenvectors re-
lated to the K  most significant eigenvalues of the 

covariance matrix ( )cov , ×∈ W WRY Y . The coordi-

nates ikt  in the new coordinates system and the cor-
responding matrix T  are called ‘’principal compo-
nent scores’’.

3. PRINCIPAL COMPONENT-BASED 
RADIATIVE TRANSFER MODEL FOR 
HYPER-SPECTRAL SIGNALS

The most conceptually simple approach uses 
the training data set of spectra in order to establish 
a set of EOFs by using PCA and then to restore hy-
per-spectral signal in W spectral points by using K 
monochromatic radiances. Naturally, we have K<W.

The theory of PCA briefly discussed in the previ-
ous section reveals a linear relationship between PC 
scores and monochromatic radiances:

( ) ( ) ( ) ( )1 1 ... .λ λ λ λ= + + + K Kt ty y f f  	 (2)

Hence, for a given set of K EOFs and K spectral 
points it is possible to obtain a closed linear system 
of K equations:

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1 1 1 1 1

2 1 1 2 2

1 1

... ,

... ,
...

... .

λ λ λ λ
λ λ λ λ

λ λ λ λ

 = + + +


= + + +


 = + + +

K K

K K

K K K K K

t t

t t

t t

y y f f

y y f f

y y f f

 	 (3)

The key point here is that the radiance values 
in K spectral points are represented through the 
same EOFs. Then, by solving (3) we obtain PC 
scores 1,... Kt t , and, by using (2), the full spectrum 
in W spectral points can be readily restored.

This approach requires a set of precomputed 
EOFs which is derived from a training data set of 
simulated or measured spectra. Fig. 3 shows the ex-
ample of the PCA applied to the dataset of spec-
tra computed in the Hartley-Huggins band used for 
ozone retrieval. The data set consists of 105 spectra. 
The following parameters are varied for the gener-
ation of reflectance spectra: the solar zenith angle, 
the viewing zenith angle, the relative azimuthally 
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angle, the surface albedo, the ozone total column, 
the surface height, and the temperature. The right 
plot in Fig. 3 shows that almost 99.9 % of the vari-
ance in the data can be explained just with 5 princi-
pal components.

To obtain best efficiency, the parameters of 
this scheme, such as K and a set of chosen wave-
lengths, have to be tuned empirically. The num-
ber K  depends on the desired level of variance 
to be captured by the principal components. Sev-
eral semi-empirical rules have been proposed for 
the optimal number of principal components (e.g. 
the broken stick model [36]). However, there is no 
universal rule for the selection of K ; the choice is 
application-specific. 

Regarding the choice of wavelengths, in [37] 
a method is proposed for selecting the location of 
monochromatic wavelengths by using a correla-
tion function. In particular, this method involves the 
following steps:

–  The correlation coefficients are computed for 
the radiance values and then converted to vector an-
gles by an arccosine function;

–  The spectral data is rearranged according 
to the magnitudes of the correlation coefficients;

–   The monochromatic radiances are selected by 
choosing predictors with equal distances in the val-
ues of the correlation coefficients.

The schematic representation of the principal 
component-based hyper-spectral radiative trans-
fer model is shown in Fig. 4. For the input data set 
containing optical parameters of the atmosphere for 
a set of wavelengths, the monochromatic radiative 
transfer solver is called. To obtain the most repre-
sentative dataset, the smart sampling method [38] 
is recommended based on Halton sequences [39]. 
That produces a data set of spectra, which is divided 
into training data set and validation data set. By ap-
plying PCA and the correlation analysis to the train-
ing set, the system of EOFs is computed and a sub-

set of spectral points is chosen (spectral sampling), 
respectively. These two outputs are stored and used 
for computing PC scores for the validation data set. 
The spectra in the full wavelength range are re-
stored using Eq. (2) and the error of this reconstruc-
tion can be estimated. If the error is larger than re-
quired, the number of generated spectra and the 
number of principal components) are increased. The 
main output of the training phase are empirical or-
thogonal functions and spectral sampling (marked 
with red in Fig. 4), which allow to process new 
data in the online phase (as shown in Fig. 5).

In [37], it was noted that the slit function con-
volution operator and the PCA are linear. There-
fore the PC scores of the convolved spectra are lin-
ear functions of monochromatic radiances. Then at 
the training stage, the corresponding weighting fac-
tors of linear dependency are stored together with 
the system of EOFs and spectral sampling. Authors 
claim that for an infrared spectrum ranging from 
650 cm‑1 to 3000 cm‑1 this representation for con-
volved spectra reduces the number of monochro-
matic computations from a few thousands to a few 
hundreds.

Fig. 3. (Left) Mean 
spectrum and first 
three empirical 
orthogonal functions 
computed in the 
Huggins band; (right) 
explained variance in 
percentage as a func-
tion of the principal 
component index

Fig. 4. Schematic representation of the PCA-based radia-
tive transfer model with precomputed empirical orthogonal 

functions – ​offline phase
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The presented approach proved to be effi-
cient and implemented in several packages (e.g. 
PCTRM [37], RTTOV [40] and others [41, 42]). 
The main drawback is that it requires time consum-
ing computations of the training data set.

4. PRINCIPAL COMPONENT 
ANALYSIS IN THE FRAMEWORK 
OF DIFFERENTIAL OPTICAL 
ABSORPTION SPECTROSOPY

In this section we consider the application of 
the PCA in the framework of the differential opti-
cal absorption spectroscopy (DOAS) [43]. DOAS 
is widely used to retrieve the trace gas content. The 
main advantages of this technique are the simplic-
ity and robustness as it is able to filter out the influ-
ence of factors, which are not taken into account 
properly in the RTM. The main idea of DOAS con-
sists in the fact that the absorption caused by gases 
leads to a strong spectral signatures in the spectral 
radiances, while the influence of multiple scatter-
ing and other factors is usually smooth in the wave-
length space. Following [44], the radiance reflected 
by the atmosphere consisting of Ng gas species with 
absorption coefficients ,σ abs g  is represented using 
the weak absorption Beer-Lambert law as

( ) ( ) ( ) ( ),
1

ln RRS ,λ σ λ λ λ
=

= − − −∑
gN

g abs g
g

y S P  	 (4)

where gS  is the number density of gas g along the 

optical path (also referred to as the slant column 
density), ( )λP  is the polynomial term which repre-
sents the impact of Rayleigh and aerosol/cloud scat-
tering as well as the surface reflectance, while RRS 
is a term representing the rotational Raman scatter-
ing [45, 46]. In the conventional DOAS, Sg is re-
trieved through least squares fitting that minimizes 
the residual between the measured (left part of Eq. 
(4)) and simulated (right part of Eq. (4)) radiance 
spectra. Then Sg in converted into the vertical col-
umn density (Ωg) though the air mass factor (AMF). 
The latter is computed at a single wavelength as-

suming a prescribed vertical profile of gas g [47, 
48].

In [49] the modification of the DOAS approach 
was proposed for retrieving the SO2 total column. 
The PCA is applied for the measured spectra in re-
gions with no significant SO2, e.g. the equatorial 
Pacific:

( ) ( ) ( )
1

ln ln .λ λ λ
=

= +∑
K

k k
i

ty y f  	 (5)

In this way, the EOFs capture the variability of 
the data caused by physical processes (i.e. Rayleigh 
and Raman scattering and ozone absorption). In ad-
dition, the features of the instrument (e.g. the in-
strumental degradation, the slit function and mea-
surement artefacts) are implicitly accounted for 
by EOFs. That is the training phase. Then, for pol-
luted regions with SO2, representation (5) will pro-
duce a residual which is associated with SO2 con-
tent. Thus,

( ) ( ) ( ) ( )
2

2

SO
1 SO

ln
ln ln

λλ λ λ
=

∂
= + +Ω

∂Ω∑
K

k k
i

t
y

y y f ,	 (6)

where 
2SOΩ is the SO2 vertical column density. The 

derivative in the last term can be estimated either 
by finite differences or by using linearized radiative 
transfer models [50, 51]. Then 

2SOΩ  can be readily 
retrieved from Eq. (6).

This method has been applied to the Ozone 
Monitoring Instrument (OMI) [52] data in the spec-
tral range (310–340) nm. As the high order principal 
components represent the noise rather than a useful 
signal, the truncation over the principal components 
also acts as a filter. To reconstruct the spectral radi-
ances, at least 20–30 principal components were re-
quired while in the presence of relatively strong SO2 
signals that number could be reduced to 8. Authors 
claim that the noise in the data was decreased by 
factor of 2 thereby providing greater sensitivity 
to anthropogenic sources of SO2.

So far, there are no reports of applying the sim-
ilar approach to other trace gases. One reason for 
that is the difficulty of obtaining the system of EOFs 
for regions without a certain trace gas. The second 
reason is that, strictly speaking, representation (6) 
is approximate. For SO2 it works correctly and the 
residual is associated with the SO2 signal. For other 
trace gases representation (6) might be not valid and 
more elaborated approach is required.

Fig. 5 The same as in Fig. 4, but online phase
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5. DIMENSIONALITY REDUCTION IN 
RTMS WITH MACHINE LEARNING

5.1. General Consideration

Following [53], the inverse problem is solved 
by reducing it to an exercise in optimization. The 
main idea behind this method is to find the state 
vector that minimizes the residual between simu-
lated data and measurements. A non-linear inverse 
problem is solved iteratively [54, 55]. Assuming an 
a priori state vector x, a non-linear forward model 
is linearized about x. Then, the linearized model 
can be easily inverted and a new estimation for the 
state vector can be found. This iterative approach is 
widely used for trace gases retrieval as well as for 
estimating aerosol and cloud properties [56]. How-
ever this inversion method is very time-consuming, 
due to repeated calls to complex radiative transfer 
forward models that simulate radiances and Jaco-
bians (i.e. matrices of the first-order partial deriv-
atives of spectral radiances with respect to x), and 
subsequent inversion of relatively large matrices. 
These considerations motivate the development of 
alternative inversion techniques for remote sensing 
real-time applications, which are based on machine 
learning and therefore sometimes referred to as ful-
l-physics inverse learning machines (FP-ILM) [57].

5.2. The Concept of Learning Machines for 
Atmospheric Retrievals

Machine learning algorithms do not consider the 
optimization problem explicitly. Rather, they learn 
from a given dataset and make predictions regarding 
parameters of interest. Conceptually, the machine 
learning algorithm consists of a training phase, 
wherein the inversion operator is obtained using 
synthetic data generated by the radiative transfer 
model, which expresses the “full-physics” compo-
nent, and an operational phase, in which the inver-
sion operator is applied to real measurements. Here 
the main advantage over the classical optimiza-
tion approach is that the time-consuming training 
phase involving complex radiative transfer model-
ling is performed off-line; the inverse operator itself 
is robust and computationally simple.

Fig. 6 is a schematic representation of the pos-
sible implementation of the learning machine. Dur-
ing the training phase, a training dataset is com-
puted using a full-physics forward model, which 

in our case is the radiative transfer model. In or-
der to capture the essential features of the simu-
lated data and to avoid “over-dimensionality” (the 
so-called Hughes effect [58]), the simulated spec-
tral data are compressed using an appropriate di-
mensionality-reduction technique. The mapping 
between the dimensionality-reduced spectral sim-
ulations and the parameter of interest is captured 
via machine learning.

5.3. Machine Learning Based on the Linear 
Regression Schemes

In the retrieval algorithms based on linear re-
gression, the following representation for the re-
trieved parameter x is exploited:

( )
1

,λ
=

= +∑
W

w w
w

x c l y  

where c  is the linear offset and wl  are the regres-
sion coefficients. The principal component regres-
sion (PCR) method employs the linear regres-
sion model between x and the principal component 
scores of the spectral radiance:

1
;

=

= +∑
K

k k
k

x c l t  

As K << W, the dimension of the linear regres-
sion model (and the corresponding inverse problem) 
is reduced. Moreover, since the instrument noise 
does not affect PC scores of low order, the whole in-
version scheme is more stable.

For noisy data, the set of eigenvectors F  must 
be computed for the matrix Y e+C C , rather than 
for YC , where eC  is the noise covariance matrix. 
In this case, the PC scores for the noisy data are cor-

Fig. 6. Schematic representation of the machine learn-
ing retrieval algorithm which exploits the dimensionality 

reduction of the spectral radiances
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related and are therefore called ‘’projected princi-
pal components’’ [59]. If the statistics of the noise 
is unknown, the noise covariance matrix can be es-
timated by making some assumptions (e.g., Gaus-
sian noise) or by using the following approxima-
tion e α≈C I , where I  is the identity matrix and 
α  is the regularization parameter. This proce-
dure reduces the impact of high-order principal 
components.

The kernel ridge regression (KRR) algorithm 
[60] generalizes the PCR method; KRR has been 
used for predicting atmospheric profiles from the 
IASI (the infrared atmospheric sounding interfer-
ometer) instrument [61]. One drawback of the PCR 
and KRR models is that the basis vectors F  charac-
terize the measurements Y , while information con-
tained in X  is not taken into account. An alter-
native model that gets round this drawback is the 
partial least squares regression (PLSR) [62]. In [62, 
64], it was shown that PLSR leads to model-fitting 
with fewer PCs than required with PCR. In its turn, 
the PLSR approach can be generalized to the case 
when we are retrieving a set of correlated parame-
ters (e.g., the temperature profile) rather than a sin-
gle variable x . The corresponding method is then 
referred to as canonical correlations [65]. The use of 
canonical correlations in atmospheric sciences ap-
plications is summarized in [66].

The approach based on the PCR has been suc-
cessfully applied for solving the problems of vol-
canic plume-height retrieval from GOME‑2 [67] 
and TROPOMI measurements [68], as well as CO2 
retrieval from GOSAT measurements [69, 70].

6. DIMENSIONALITY REDUCTION 
OF INPUT OPTICAL DATA

6.1. Spectra Simulation

An efficient technique using the dimensional-
ity reduction of the optical data has been proposed 
in [71]. This method relies on the local lineariza-
tion of the radiative transfer model with respect 
to input parameters using finite differences. To re-
duce the number of radiative transfer model calls 
for estimating finite difference values, the lineariza-
tion is done in the reduced data space. The method 
can be summarized as follows. We introduce a cor-
rection function as follows:

( ) ( ) ( )ln[ / ].λ λ λ=w w a wQ y y  	 (7)

Here y  is the radiance computed with a full ra-
diative transfer model, while ay  is the radiance 
computed with an approximate model (e.g., the two-
stream model). Then, for the atmosphere consisting 
of L layers, we consider a state vector 2 1+∈ L

w Rx  
containing optical parameters for all layers, i.e.,

 

where sct,σ i  and abs,σ i  are is the scattering coefficient 
and the absorption coefficient in the i th layer, re-
spectively, while ρ  is the surface albedo. Thus, the 
wavelength variability of the optical parameters, 
representing the radiative transfer code input pa-
rameters, is encapsulated in the vector wx . Note, 
that the phase function is assumed to be constant 
within a given spectral interval and therefore not in-
cluded in the vector wx . By applying the 
PCA to { } 1=

W
w w

x , we obtain

( )
1 1

,    1/ .
= =

≈ + =∑ ∑
K W

w wk k w
k w

Wtx x f x x  

Fig. 7 shows the results of PCA for input op-
tical data in the Huggins band (315–335 nm) and 
O2A band (755–775 nm). Optical data is taken from 
[72]. Note that four principal components are suffi-
cient to capture 99.9 % variability of the datasets.

Now, let us assume that ( )wQ x  can be approxi-
mated sufficiently well by its Taylor expan-
sion around x , that is, 

( ) ( )
( ) ( ) ( )21 ,

2

≈ + ∆ ≈

≈ + ∆ ∇ + ∆ ∇ ∆

w w

T T
w w w

Q Q

Q Q Q

x x x

x x x x x x  	 (8)

where ∇Q  and 2∇ Q  are the gradient and the Hes-
sian of Q , respectively. By using central differences 
to approximate the first and the second-order direc-
tional derivatives in (8), we obtain

( ) ( ) ( ) ( )
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1
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 	(9)
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From (9) and (7) it is apparent that the compu-
tation of the correction factor requires 2 1+K  calls 
of the full- and two-stream models. Note that if we 
estimated the correction function using finite differ-
ences in the initial data space, that would require 
2L+1 calls of the full- and two-stream models. As 
a result and taking into account that usually ,K L  
we are led to a substantial reduction of the compu-
tational time.

This approach has been applied for simulating 
the spectra in the O2A band [71], the Huggins band 
[34], and CO2 bands [73, 74]. Kopparla et al [75] 
applied the similar approach for modelling the ra-
diances in the UV/Vis/NIR spectral range (0.3–
3000) nm. In all cases authors reported that the root 
mean square errors of the computed radiances are 
of order 0.01 %, yet achieving almost a 10-fold in-
crease in speed. The big advantage of this method 
is that unlike previously considered techniques, 
this one does not require precomputed databases of 
spectra.

In [76], the efficiency of input and output space 
dimensionality reduction techniques was analyzed 
for simulating the Hartley-Huggins band. The 
hybrid usage of these techniques was proposed. 
The output space reduction and the spectral sam-
pling methods are applied to the two-stream solu-
tion by using corresponding lookup tables, while 
multi-stream solution computations are performed 
within the input data reduction framework, de-
scribed in this Section. It was found that the com-
bined use of these techniques yields accuracy better 
than 0.05 % while the speedup factor is about 20.

6.2. Retrieval in the Reduced Input Data Space

Since the atmospheric retrieval problem is se-
verely ill-posed, a physically correct result can be 
obtained only by using a regularization procedure. 
The latter takes into account some a priori informa-
tion. In this context, dimensionality reduction of the 
input data space can be regarded as a special type of 
regularization, i.e. the retrieved parameters should 
obey a certain dependency reproduced by a chosen 
set of EOFs.

Timofeyev et al. [77] applied the dimensional-
ity reduction technique to parameterize the aerosol 
extinction coefficient for incorporation into the in-
version algorithm, in which the corresponding PC 
scores rather than aerosol extinction dependence 
were retrieved. The system of EOFs was defined for 

a dataset of aerosol extinction coefficients computed 
on the base of Mie theory [78] and algorithms for 
particle ensembles. Finally, in [79] the dimension-
ality reduction is performed in the input (tempera-
ture and humidity profiles) and output spaces (spec-
tral radiances), while artificial neural networks are 
used to establish the interdependency between PC 
scores. Since the number of independent parameters 
is reduced, such scheme is more robust and efficient 
than the conventional one.

7. DIMENSIONALITY REDUCTION 
OF HYPER-SPECTRAL DATA IN 
CLASSIFICATION PROBLEMS

Dimensionality reduction plays an important 
role in classification algorithms applied to the hy-
per-spectral data. On-line anomaly detection and 
object recognition in remote sensing imagery is 
extremely important for forest fire and volcanic 
activity monitoring. In such kind of applications 
we are confronted with the classification problem. 
In a reduced data space, the number of variables 
used in classification is smaller, yet their value 
is higher than that in the original space. There-
fore, the classification algorithms (e.g. K-nearest 
neighbour) are more robust and efficient [80, 81]. 
PCA can be used to visualize the hyper-spectral 

Fig. 7. The explained variance in percentage as a function 
of the principal component index in the Huggins band and 

the O2A band

Fig. 8. A schematic representation of the PCA-based clas-
sification algorithms applied to the hyperspectral data
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data on a 2D plane, thereby identifying regions 
with certain features. The concept of combined us-
age of PCA with classifiers is illustrated in Fig. 8. 
Such an approach is used not only in space-borne 
data processing, but also in other fields, such as 
material science [82, 83], tobacco industry [84] and 
food production [85].

8. CONCLUSIONS

In this review, several techniques of hyper-spec-
tral data processing have been considered. They 
are all based on the dimensionality reduction pro-
cedure. It has been shown that the principal com-
ponent analysis can be utilized in several ways for 
hyper-spectral modelling. Therefore it seems that 
the nomenclature “PCA-based radiative transfer 
model” is not appropriate since it does not charac-
terize the specific features of the algorithm (e.g., pa-
pers [40, 49, 75] present absolutely different mod-
els, although all of them are “PCA-based”).

It has been shown that the concept of dimension-
ality reduction gives the framework for formulating 
hyper-spectral RTM that directly takes into account 
a strong interdependency in the hyper-spectral data. 
Further research needs to examine more closely 
how to combine techniques outlined in this review. 
For instance in [86], a hybrid approach comprising 
the correlated-k method and the dimensionality re-
duction of the input data has been described. Such 
models are extremely important for processing re-
mote sensing Big Data in the current missions, and 
becoming a mainstream in the development of next 
generation atmospheric processors.

The discussed principles of data reduction of 
hyper-spectral data are generic and can be applied 
in various applications, including material sci-
ence and electron spectroscopy due to the similar 
methodologies adopted in these fields [87]. In ad-
dition, PCA is a perspective tool for analysing hy-
per-spectral optical data in medicine. In particular, 
recent studies have shown that the dimensionality 
reduction of data cubes can improve the recogni-
tion and classification algorithms, which would be 
extremely important for optical early disease diag-
nostics [88].
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ABSTRACT

The problem of creating a hyper spectral opto-
electronic system for observing natural and artifi-
cial objects by means of unmanned aerial vehicles 
(UAV) is considered. The structure and composi-
tion of the system that solves this problem are de-
scribed. It is based on acousto-optic filters. The re-
sults of laboratory testing of the hyper spectrometer 
are presented.

Keywords: hyper spectral imaging, tuneable 
acousto-optic filters, remote sensing

Hyper spectral systems (HS), providing synchro-
nous registration of spectral data and its spatial dis-
tribution, have a high potential for application in the 
field of earth surface monitoring, natural resources 
and economic activity [1–2]. Systems and methods 
that can provide optical information from a partic-
ular location at a particular time are now becoming 
increasingly valuable. The location of the recording 
system on the aircraft is most effective for regular 
and operational monitoring of land plots. The use 
of compact UAVs for hyper spectrometer basing in-
creases the mobility of the system and allows ob-
taining data more quickly [3–4].

To date, a variety of schemes and designs of hy-
per spectral imaging systems have been developed. 

According to the principle of spectral selection they 
can be divided into two large classes:

•  Systems with spatial decomposition of the 
spectrum;

•  Systems that have an optical filter (monochro-
mator) that is tuneable by wavelength.

However, the developed systems don’t yet ade-
quately meet all the requirements for UAV devices. 
These requirements can be conditionally divided 
into several groups, such as physical (image regis-
tration in a wide spectral range with a large num-
ber of spatially solvable elements in the frame at 
two coordinates with a minimum level of aberra-
tions), structural (sufficiently small overall dimen-
sions and energy consumption, resistance to exter-
nal influences), and methodical (the possibility of 
obtaining information about the objects under study 
in real time).

The approach based on the spatial decompo-
sition of the spectrum is difficult to realize on the 
UAV platform, since it requires uniform rectilin-
ear motion. Therefore, for such devices a tuneable 
monochromator is preferable capable of registering 
spectrally contrasting images of objects. Methods of 
rapid analysis of incoming optical information are 
necessary for the operational decision on the further 
actions of the system, in particular, on the trajectory 
of the UAV. Selective spectral data recording tools 
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can be particularly effective. They can be imple-
mented on the basis of tuneable acousto-optic (AO) 
filters [5], providing fast and arbitrary spectral ac-
cess, which allow flexible selection of the spectrum 
of the recorded information.

The composition and structure of a HS, the fea-
tures and characteristics of its key element (AO fil-
ter), the principles of its operation and the results of 
laboratory testing are described below.

SYSTEM STRUCTURE

A double compact AO monochromator is used 
in the developed hyper spectrometer as a spec-
tral element [6]. It consists of two identical AO 
cells, deployed by 180°, which provides compen-
sation for the majority of spatial-spectral distor-
tions [7]. In each of these cells the incoming lu-
minous flux is polarized by reflecting it from one 
of the faces of the anisotropic TeO2 crystal. This 
scheme without a polarizer makes the design of the 
monochromator simpler and allows reducing light 
losses during the passage of polarizer.

The optical scheme of the developed AO hy-
per spectrometer is presented in Fig. 1. The radi-
ation from the object under study 1 is directed by 
means of the telephoto lens 2 to the input of the 
AO monochromator. The beam splitter 3, which re-
move 10 % of the radiation to the colour video cam-
era 5, is installed in front of it. The monochroma-
tor consists of two identical non-collinear rotated 
180° cells 6 and 8 and the polarizer 7 located be-

tween them. On the oblique face of cell 6 the in-
put stream is divided by polarization. Further, the 
optical radiation, whose wavelength corresponds 
with the exact fulfilment of synchronism condi-
tions, diffracts on the lattice created by the acous-
tic wave. As a result, the polarization of the radia-
tion changes the orientation. The radiation of other 
wavelengths passes through the AO cell without 
changes and is cut off by the polarizer 7. Similarly, 
in the AO cell 8 the light diffraction repeats with the 
polarization change, which provides additional ra-
diation filtration. The selection of the filtered radi-
ation takes place on the oblique face of the cell 8. 
Then it is focused by the lens 10 on the sensor of the 
monochrome video camera 11. It is possible to re-
construct the diffraction gratings period and to ob-
tain an image of the object at an arbitrarily given 
wavelength by changing the frequency of acous-
tic waves using a high-frequency generator located 
in the control unit 9. The signal from the video cam-
era 11 enters the computer, where it is processed 
with the help of specialized software and archived 
for further analysis by other methods.

The main elements of the hyper spectral system 
are shown in Fig. 2. They have the following char-
acteristics: the spectral range is (450–850) nm; the 
bandwidth is Dl = 5 nm at the wavelength l = 633 
nm, which corresponds to the transmission window 
at optical frequencies 100 cm–1 and approximately 
100 wavelength-resolvable channels; the transmit-
tance is 60 % (at the wavelength 633 nm); the en-
trance pupil is 8 mm; the field of view is 3°×3°; the 
spatial resolution is 600×500 elements; the power 
consumption is not more than 5 W; the weight of the 
system operating part (with optics but without the 

Fig. 1. Block diagram of the AO hyper spectrometer:
1– object under study; 2 – ​input lens; 3 – ​light splitter; 4, 

10 – ​lenses;
5 – ​colour video camera; 6, 8 – ​AO cells; 7 – ​polarizer;

9 – ​control unit (generator); 11 – ​monochrome video cam-
era; 12 – ​computer;

light polarization is indicated on the rays, and ultrasonic 
diffraction gratings are depicted in AO cells Fig. 2. Basic elements of the hyper spectrometer model
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computer) is 1.2 kg; the length is 20 cm; the control 
is performed by USB2.0.

The characteristics of the system are generally 
not worse than those of other systems of a similar 
purpose based on the diffraction grating [8–9], in-
cluding using prisms [10], based on a Fabry-Perot 
interferometer [11], based on a Fourier-transform 
spectrometer [12] and on a multispectral (“multi-
-aperture”) matrix detector [13]. Such systems have 
the following characteristics: the spectral range is 
lmax/lmin=1.5–2.5; the number of spectral channels 
is from several tens to several hundreds and the 
number of solvable elements by angle (space) is 
100–1000. At the same time, their mass and power 
consumption are not lower than those of the AO 
system: (1–10) kg and (10–20) W. Some systems 
have a wide operating range, for example, HYDICE 
and AVIRIS have (0.4–2.5) µm, and substantially 

include a set of devices having a total mass more 
than 300 kg and power consumption more than 
100 W [14, 15]. Thus, the hyper spectrometer based 
on the AO filter is one of the most effective techni-
cal solutions suitable for UAVs.

TESTING

Two plant objects (fresh leaf of tree and dried 
kelp) and one artificial (a piece of painted card-
board) were chosen for comparison. The things had 
a close colour shade – ​green. Registration of spec-
tral images of these objects and determination of 
their spectral characteristics were made to illustrate 
the performance of the hyper spectrometer model. 
Fig. 3 shows the spectral images of these objects 
in the wavelength range from 450 nm to 850 nm 
in 50 nm steps with a halogen lamp illumination. 

Fig. 3. Registered images of objects: green geranium leaf (1), kelp (2), green cardboard (3): spectral (a) and black-and-
white (b) images, as well as reflection spectra (b) determined from spectral images in comparison with poplar leaf (4), [16]
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The mutual contrast of the object elements at differ-
ent wavelengths varies significantly. For compari-
son, Fig. 3, b shows the image obtained by the same 
monochrome camera without the AO filter (wide-
band image). The obtained hyper spectral data made 
it possible to identify reflection spectra (Fig. 3c), the 
general form of which is consistent with the refer-
ence data [16–17].

SYSTEM OPERATION PRINCIPLES

The main task of the system is the implementa-
tion of personalized hyper spectral monitoring. This 
means that the object under study and the type of 
task are determined directly by the user of the sys-
tem and can be changed considerably from case 
to case. To do this, it is necessary to provide the 
possibility of clarifying or even changing the task 
directly during the flight. Accordingly, all elements 
of the system must be manageable and customiza-
ble. Such a system can contain the following three 
main modules: 1) a platform that provides its move-
ment and positioning in space; 2) a hyper spectrom-
eter that collects optical information; 3) the con-
trol device that forms the task execution algorithm 
in accordance with the given goal, and also tak-
ing into account the received information and the 
current situation. In addition, the system can have 
additional modules, for example, a communica-
tion module, an information storage unit and other 
devices that perform specialized functions. How-
ever, when the system is based on the UAV, neither 
the amount of available memory and computing 
resources, nor the bandwidth of the communica-
tion channel allow to completely process the flow 
of spectral information that the hyper spectrometer 
can provide, and therefore it is necessary to ensure 
the effective selection of useful information for ob-
taining real-time monitoring results.

The main principles on which the described sys-
tem should be built, designed to solve various tasks 
based on the hyper spectral imaging, are the follow-
ing: flexibility, manageability, the ability to quickly 
perform the analysis of recorded data, the ability 
to work in an autonomous mode and quickly reori-
ent to other tasks. In the future, the system can be 
made adaptive, that is, quickly and independently 
reacting to the situation change.

To realize this concept, the carrier must be com-
pact and easily manageable and allow various types 
of motion. The hyper spectrometer and control de-
vice must consume a minimum amount of resources.

This corresponds to a technical solution in the 
form of a compact multicopter and an image spec-
trometer based on controlled AO filters.

The multicopter is able to provide movement 
at various (even sufficiently low) speed, as well as 
modes of hovering and controlling the height of ob-
servation. The hyper spectrometer based on AO fil-
ters allows to implement an arbitrary spectral imag-
ing algorithm: with any step in the spectrum, any 
sequence of wavelengths, varying exposure and 
varying spatial resolution, determined by observa-
tion height, angular field of view and the number of 
solvable positions.

The main tasks that the hyper spectrometer 
should solve: objects detection, their selection, 
identification, state control. For this purpose, how-
ever, effective methods of spectral-spatial distribu-
tion analysis should be developed and implemented 
in the form of software modules. One of the key ap-
proaches is the reduction of the full array of hyper-
spectral data, which requires both a long recording 
time and large computing powers, to a minimally 
necessary set of data, namely, a set of spectral im-
ages obtained at the most informative wavelengths 
from the point of view of the problem being solved. 
Such an approach realizes the method of fragmen-

Fig. 4. Control 
scheme for a 
UAV with a hyper 
spectrometer
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tary spectral registration, formulated and substanti-
ated earlier for problems of this type [18].

The control device can be implemented on the 
basis of a compact computer that performs several 
hierarchically ordered functions: from controlling 
the AO monochromator and processing of hyper-
spectral data to analyzing the situation and mak-
ing decisions, including those relating to the trajec-
tory and flight mode. Control commands must be 
transferred to all elements of the system, including 
a separate independent flight management tool. The 
entire task must be divided by the control device 
into stages, each of which contains a description of 
the movement type, the measurement (observation) 
mode, the task of analysis and possible reactions of 
the system. When going to the next stage, all infor-
mation received at the current moment should be 
taken into account, and therefore the task can be ex-
ecuted in different scenarios (branching algorithm).

The scheme of data exchange between the 
main components of the developed HS is shown 
in Fig. 4.

CONCLUSION

The developed hyper spectral device has phys-
ical and technical properties that make it possi-
ble to use it effectively on UAVs: compact size, 
low power consumption, the possibility of simul-
taneously obtaining spectral and colour images 
in a wide enough range of wavelengths (450–850) 
nm with high spectral (~5 nm) and spatial (600–500 
elements) resolution, as well as compensation of 
chromatic aberrations. It enables recognition of im-
ages, both in spectrum and in the form of elements 
in the mode of their spectral contrast. In the future, 
it is planned to test it on site and implement real-
time object recognition algorithms.
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ABSTRACT

The article describes the structure and the op-
eration principle of the spectrophotometer devel-
oped on the basis of a compact rapid monochro-
mator with one input port and two output ports and 
a radiometric unit where upwelling radiation ra-
diance and sea surface irradiance channels are lo-
cated. A new approach to measurements of spectral 
characteristics of upwelling radiation of sea based 
on combination of advantages of a double beam 
photometer with a photomultiplier and a direct-read-
ing photometer with a high-stability silicon photo-
diode for its absolute adjustment in energy units is 
implemented.

Keywords: marine desk spectrophotometer, in-
strumental measurements, spectral radiance factor

1. INTRODUCTION

The main parameter of water quality monitoring 
from outer space is spectral radiance factor of wa-
ter layer Rrs (λ) (SRFWL) determined by spectral 
radiance concentration (SRC) of upwelling radia-
tion at upper boundary of the atmosphere measured 
by spectral radiometers of ocean colour satellite 
scanners. SRC is a secondary optical characteristic 
of waters and depends on features of marine water 
and irradiation of water surface [1]:
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where Lw(λ, 0+) is the SRC of upwelling water 
layer; Ed(λ, 0+) is the spectral irradiance concentra-
tion (SIC) on the sea surface; 0+  shows that the pa-
rameter is measured directly above the sea surface; 
LwN (λ) is the normalised SRC of upwelling water 
layer; 0 ( )λF  is the SIC from the Sun on the outer 
boundary of Earth atmosphere (at average distance 
between the Earth and the Sun).

Using SRF values, both primary optical char-
acteristics of water and content of optically active 
components (phytoplankton pigments, dissolved 
organic matter and mineral particles) can be de-
fined. This became possible due to development 
of semi-analytical and empirical algorithms which 
establish relation between one or several bio-opti-
cal characteristics and SRF or normalised SRC of 
upwelling sea water. Enhancement of these algo-
rithms, in turn, is related to performance of field 
measurement requiring application of highly precise 
spectrophotometers.

In-situ measurements are required also for val-
idation of upwelling water layers values SRC ob-
tained on the basis of satellite data. The proce-
dure of concordance of the latter with the values 
obtained in actual conditions is an important and 
mandatory element of remote sensing of ocean from 
space [2, 3], which requires large-scale sub-satellite 
measurements.

The sea truth (sub-satellite) measurements are 
performed using stationary platforms, buoy stations 
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and vessels [4–9]. The measurements performed us-
ing stationary platforms are capable to provide long 
dynamic series of data for one area, usually in wa-
ters with optical properties varying insufficiently, 
which is important for compensational adjustment 
of satellite data. The vessel measurements, on the 
contrary, are required for short-term measurements 
in the waters of seas and oceans with optical prop-
erties varying significantly. That is why they are ex-
tremely important for development of bio-optical 
algorithms.

The existing contact methods are based on mea-
surements of SRC upwelling water layers (UWL) 
directly above or under the sea surface [4–10]. Each 
of them has its own advantages and disadvantages. 
The vessel spectrophotometers most often apply 
the method of measurement of UWL SRC directly 
above the sea surface. The total sea SRC Ltot(λ) 
measured in this case is a sum of UWL SRC (Lw(λ, 
0+)) and spectral concentration (SС) of the sky radi-
ation reflected by the sea. To separate these compo-
nents, the device should contain two relevant optical 
channels and the third one for measurement of SIC 
on the sea surface [7–10].

In foreign practice, three identical spectropho-
tometers simultaneously measuring the total SRС 
of the sea, the SRC of sky radiation and SIC of the 
sea surface are used for vessel measurements [7–9]. 
In this case, there is a disadvantage due to neces-
sity of absolute calibration of each optical channel 
which is hard to be performed with high preci-
sion both in conditions of expedition and in station-
ary metrology laboratories due non-availability of 
relevant spectral radiation standards.

Russian practice applies vessel photometers 
measuring total SRC of the sea, SRC of sky radia-
tion and sea surface SIC alternately (with high fre-
quency) by means of one photo detector (PMT) 
via different optical channels [11]. The disadvantage 
of this method is low precision of absolute measure-
ments of the said values in wide ranges of their mag-
nitudes. This is caused by the fact that, first, the sig-
nals of radiance and irradiance channels differ from 
each other by one or two orders of magnitude, and 
second, depending on the illuminance conditions 
(clouds, sunny day), these signals may be changed 
by several orders of magnitude, and these changes 
may occur simultaneously and several times in the 
course of measurement. So, high precision abso-
lute measurement of two spectral magnitudes by the 
PMT, highly depending on illumination conditions, 

is difficult because of necessity to maintain conti-
nuity of PMT sensitivity for a long period of time. 
Moreover, definition of absolute values requires 
separate calibration of each optical channel and, as 
mentioned above, impossibility to obtain more pre-
cise calibration in conditions of expedition, which 
lowers precision of measurements.

Application of a differential photometer [12] 
measuring SRFWL allows to increase precision of 
measurements significantly since it does not re-
quire absolute optical channels calibration and pro-
vides optimal conditions for operation of PMT. 
But in order to validate SRC upwelling sea wa-
ter layer, which is defined by using satellite data, 
and for a number of application tasks, it is also im-
portant to know absolute values of SRC for up-
welling sea layer and SIC for sea surface apart from 
SRFWL.

This article proposes a new approach to mea-
surements of spectral characteristics of upwelling 
radiation of sea based on combination of advan-
tages of a double beam differential photometer with 
a photomultiplier as a photo detector [12] and a di-
rect-reading photometer with a high-stability sili-
con photodiode for its absolute calibration in energy 
units. The structure of a marine desk multifunctional 
spectrophotometer (MDMS) based on the proposed 
approach allowing measurements both SRFWL and 
absolute values of sea surface SIC, which are used 
for recovery of absolute values of upwelling sea wa-
ter layers SRС, is described.

2. THE STRUCTURE OF THE MARINE 
SHIP-BASED MULTIFUNCTIONAL 
SPECTROPHOTOMETER

MDMS (Fig. 1) contains a photometric unit in-
stalled on the slit of the M150 monochromator and 
a photoelectric module (Fig. 2).

The photometric unit (Fig. 2) contains two opti-
cal channels for measurement of upwelling sea wa-
ter layers SRC and sea surface SIC respectively. 
The first one is made in the form of an optical head 
4 consisting of a lens 3 and a mirror 5 deflecting ra-
diation beam by 90°. The focal distance of the lens 
3 is 180 mm and it is determined by the selected 
structure of the photometric unit; the lens is made 
of KV fused quartz glass with high transparency 
within the whole set spectral range of (350–800) 
nm. The diameter of the lens, 54 mm, is calculated 
with consideration of necessity of concordance be-
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tween the angle of view of the sea radiance chan-
nel and the monochromator relative aperture. For 
the purpose of mounting convenience, the mirror 5 
is made in the form of an ellipse with axial dimen-
sions of 52×74.5 mm and of fused quartz glass too. 
The optical head 4 is capable to be rotated so that 
it provides SRC measurements of upwelling wa-
ter layer and sky radiation SRС between nadir and 
zenith. For this purpose, the optical head is mounted 
on the cover 8 of the body of the photometric unit 
by means of a rotary joint 6 with a waterproof gas-
ket 7. The rotating structure of the optical head also 
allows it to select the area of sea surface free of sun 
glares in the course of measurements.

The SIC sea surface measurements channel 
(Fig. 2) consists of a flat cosine collector 2 and of 
a glare shield 13. Without taking additional mea-
sures, at high radiation angles of incidence (exceed-
ing 60°), due to relation between the reflectance fac-
tor of the flat surface of the collector and this angle, 
distortion of cosine distribution of the measured sig-
nal occurs. Due to this fact, the relevant recommen-
dations of [13] were taken into account in design 
of the cosine collector (Fig. 3). The mounting seat 
for the cosine collector is a socket on the body of 
the photometric unit, which forms the required an-
gle of view equal to 85° and provides the height of 
the collector above the body equal to 2 mm. The co-
sine collector itself is a disk with diameter of 38 mm 
and thickness of 3 mm made of MS‑13 frosted glass 
glued together with a disk made of KV fused quartz 
with diameter of 40 mm and thickness of 3 mm. By 
means of this disk, the collector is mounted to the 
body of the photometric unit leak-proof. Such struc-
ture of the collector provides formation of spatial 
characteristic with inaccuracy not exceeding 8 % 
[13].

By means of the rotating modulator 10 three 
beams get into the monochromator from the SRC of 
upwelling water layers and SIC of sea surface chan-
nels by turns at high speed: one from the SRC chan-
nel and two others from the SIC channel (Fig. 2). 
The modulator 10 is a disk with gaps and sectors 
made of dark polished glass 16. Reflective coating 
is applied to surfaces of the polished sectors. This 
makes the radiation from the irradiance collector re-
flect in the form of two beams with one of them re-
flecting from the polish surface of the sector and 
the other one reflecting from the reflective coating, 
which multiplies intensity of the second beam by 
many times. The modulator 10 is rotated by micro 

electric motor 11 (DC hollow anchor collector mo-
tor DPR‑42-F1–03 type and motor speed 4500 ro-
tations/min). This motor has an important distinc-
tion for marine field devices, as it is designed for 
continuous operation and has a long service life. 
On the inside of the body cover 8, there is a pho-
ton-coupled pair 15, which generates synchronous 
impulses at the moment each beam gets into the in-
put port of M150 monochromator. Outside the cover 
part of the modulator 10 is protected by a water-
proof casing 14.

For elimination of background illumination, the 
case 1 of the photometric unit and all plastic parts 
are made of black graphite-filled caprolon and the 
modulator 11 and all other parts made of duralu-
min are blacking by galvanizing.

The photometric unit is mounted on the input 
port of the universal compact M150 monochro-
mator-spectrograph manufactured by SOLAR LS 

Fig. 1. Exterior of the marine desk-based multifunctional 
spectrophotometer (MDMS)

Fig. 2. Structure of the radiometric unit of MDMS



Light & Engineering 	 Vol. 27, No. 3

108

[14]. M150 contains one input port and two output 
ports. The entrance slit is automatic, blades opening 
width is controlled by means of the device software. 
Both exit slits are equipped with precision focus-
ing devices and superfine adjustment of the width 
of exit slits is performed manually by means of mi-
cro screws.

As shown in Fig. 4, both direct sun radiation and 
radiation diffused by sky get into the cosine col-
lector 1 of the sea surface SIC channel. Inside the 
body of the photometric module, the radiation from 
the cosine collector 1 moves along the glare shield 
(item 13 in Fig. 2) and gets on the mirror sector 
5 via the relevant slit of the modulator 4. The up-
welling radiation from the sea gets on the plano-
convex lens 2 of the radiance channel. The opti-
cal head of the radiance channel is capable to rotate 
around the body of the photometric module, which 
allows directing it to the area of sea surface free of 
sun glares. The radiation beam from the plano-con-
vex lens 2 (shown by three arrows) is redirected by 
an elliptical flat mirror 3 and, after passing the rel-
evant slit of the modulator 4, is focused in the rel-
evant part of the entrance slit of the monochroma-
tor 7.

The modulator 4 inclined at angle of 45° alter-
nately directs the radiation beams through the gaps 
in the 90° sector from the said optical channels 
to the entrance slit of the monochromator 7. The 
photon-coupled pair (item 15 in Fig. 2) generates 
synchronous impulses at the moment each beam 
gets into the slit. Opposite to the modulator slit, 
through which the beam from the SIC sea surface 
channel goes, there is a reflective sector 5 (made 
of dark glass) divided into two parts: the upper one 
with frontal reflective coating and with reflectance 
98 % and the lower one without coating and with 
reflectance about 5 %. The radiation beam from 
the SIC channel is divided into two beams after be-
ing reflected from the reflective sector: the upper 

one, more intensive (shown with one arrow) and 
the lower one, with intensity less by order of mag-
nitude (shown with two arrows) each of which is 
redirected to the relevant part of the entrance slit of 
the monochromator 7. Additionally, in order to di-
vide the beams from the SIC channel into the upper 
one and the lower one, there is a thin light-dividing 
plate (not shown) opposite the entrance slit of the 
monochromator 7.

The lower beam from the SIC channel is aligned 
with the optical axis of the beam from the SRC 
channel by the lower part of the reflective sector 5 
(for convenience, these beams are dislocated in rela-
tion to each other in Fig. 4). These beams are alter-
nately directed to the exit slit 8 of the monochroma-
tor where they get into the photoelectronic unit with 
PMT 10 thus implementing the scheme of the dou-
ble beam photometer with one photo detector. After 
PMT, the signals from the SRC and SIC channels 
(lower beam of radiation) get into the recorder and 
then into the analogue unit (not shown) for SRFWL 
determination by finding ratio between these signals. 
With ratio between the signals of two channels mea-
surements, it is not necessary to maintain continu-
ous sensitivity of PMT, which is necessary in case of 
absolute measurements of SRC and SIC. By means 
of feedback from the recorder, the PMT splitter is 
supplied with slowly changing high voltage which 
adjusts sensitivity of PMT proportionately with av-
erage value of signals thus providing optimal oper-
ation conditions for the photo detector of the double 
beam spectrophotometer.

In the monochromator, the spectrum of the upper 
beam of radiation from the SIC channel is scanned 
and the beam is reflected by the mirror 11 to the sec-
ond slit of monochromator 9 where it gets into the 

Fig. 3. Structure of the flat cosine collector of MDMS

Fig. 4. Optical scheme of MSMS
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photoelectric unit with a high-stability silicon pho-
todiode 12 thus implementing the scheme of the di-
rect-reading photometer for absolute measurements 
of sea surface SIC.

As a result of measurements, the electronic unit 
obtains voltages equal to absolute values of SIC and 
SRFWL which allow us to recover absolute values 
of upwelling sea water SRC at the stage of digital 
processing.

For absolute measurements of sea surface SIC, 
a high-stability photodiode for precision measure-
ments is used. The signal from the photodiode is 
amplified and transferred to a computer via a com-
munication line for its digitalisation, visualisa-
tion and further registration. Development of the 
electric diagram of the SIC channel is currently at 
the stage of optimisation with consideration of op-
portunity to apply required components by various 
manufacturers.

3. CONCLUSION

A new approach to measurements of spectral 
characteristics of upwelling radiation of sea based 
on combination of a double beam photometer with 
a photomultiplier (as a photo detector) and a di-
rect-reading photometer with a high-stability sili-
con photodiode for its absolute adjustment in energy 
units is proposed. First, this approach significantly 
increases precision of measurements since it does 
not require absolute calibration of optical chan-
nels and provides optimal conditions for PMT op-
eration; second, it allows absolute values of SIC 
and SRFWL to measure simultaneously and uses 
them further for determination of absolute values 
of upwelling sea water SRC at the stage of digital 
processing.

MDMS applying the proposed method may be 
used for measurement of spectral characteristics of 
radiation upwelling from the sea layer in field expe-
dition studies both on a vessel moving and on hy-
drological stations.
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ABSTRACT

Method of transition between the Аα, Bβ and 
Cγ photometric systems are introduced on basis of 
their rotation adjustment in the Cartesian coordi-
nate system and on subsequent interpolation of lu-
minous intensity values in given nodes. This allows 
us to reasonably define all meridian angle values 
in the whole range of taken values: [–π, π] for A and 
B, and [0, 2π] for C.

Keywords: illumination device, photometric 
systems, luminous intensity curve, goniophotome-
try, interpolation

Spatial angular distribution of luminous inten-
sity is defining by measurements with goniopho-
tometer and can be prescribed in 1 of 3 photomet-
ric systems: Aα, Bβ, and Cγ [1, 2]. There are no 
strict regulations on how to select a certain sys-
tem for certain light sources or illumination devices 
(IDs). However, there are some recommendations. 
According to [1, 2], spotlights should be measured 
in the Bβ system, headlamps should be measured 
in the Aα [2] system, office lamps and street lamps 
should be measured in the Cγ system. If the gonio-
photometer kinematic diagram implies a rotation of 
the measured discharge lamp, you should select 
a system that does not change the operating posi-
tion of the lamp.

The case is that people often select the most 
measure-convenient system.

There are cases in lighting experience when you 
have to take photometric measurements in one sys-
tem and you have to present your results in another 

system. For instance, you need to compare the mea-
suring results of 2 goniophotometers, which kine-
matic diagrams use different photometric systems. 
There are transition equations between photometric 
systems in [1, 2]. As you can see below, they are not 
totally correct.

The photometric systems are spherical coordi-
nate systems that are specifically oriented to the first 
axis, the longitudinal axis, and the transverse axis 
of the ID [1]. The photometric systems are com-
bined by means of either main definitions and ru
les of spherical geometry [3] or matrix transitions 
in the Cartesian coordinate system. Both methods 
show the same results. In this paper, we prefer the 
last method because of more effective and intuitive 
notation.

Transition from spherical coordinates to Carte-
sian coordinates and vice versa is accomplished as 
per the following equations:

sin cos ,
sin sin ,
cos ,

θ ϕ
θ ϕ
θ

=
=
=

x r
y r
z r

	 (1)

where θ is the vector angle, φ is the azimuth angle, 
r is the radius vector (Fig. 1).

Let us clear up the process of transition to Carte-
sian coordinates connected to Cγ, Bβ, and Aα. Coor
dinate axes in all 3 systems are the transverse axis, 
the longitudinal axis, and the first axis of the ID. 
The positive directions of coordinate axes in Сγ, Bβ, 
and Аα define triple unit vectors (iC, jC, kC), (iB, jB, 
kB), and (iA, jA, kA) (Figs. 2–4).
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Figs. 1–4 show that θ and φ are connected to the 
meridional angle and the equator angle of Сγ, Bβ, 
and Аα as follows: θC = 180° – ​γ, φC = C; θB = 90° – ​
β, φB = B; θA = 90° + α, φA = A. If we substitute the 
data in Eqn. (1), we get the following coordinate 
transition equations of Сγ, Bβ, and Аα to Cartesian 
systems:

γ β α
γ β α

β αγ

= = =  
  = = =  
  = = −= −  

sin cos , cos cos , cos cos ,

sin sin , cos sin , cos sin ,

sin ; sin .cos ;

C B A

C B A

B AC

x C x B x A

y C y B y A

z zz

Now we have to rotate the coordinate axes or 
the basis of the systems. Referring to Figs. 2–4: at 

Cγ → Bβ, rotation to jC is 270° counter-clockwise; 
at Bβ → Aα, rotation to iB is 270° counter-clock-
wise. These are the transition data matrices:

o o

o o

cos 270 0 sin 270 0 0 1
0 1 0 0 1 0 ;

sin 270 0 cos 270 1 0 0

  − 
   = =    −   

cbR

o o

o o

1 0 0 1 0 0
0 cos 270 sin 270 0 0 1 .
0 sin 270 cos 270 0 1 0

   
   = − =
   

−   
baR

As you can see below, these 2 matrices are 
enough to completely describe the relations of the 
photometric systems. Let us give a matrix designa-
tion to these transitions:

, , .
     
     = = =     

    

C B A

C B A

B AC

x x x
c y b y a y

z zz

The transition between the photometric systems 
should be described as follows:

:γ β→ = cbC B b R c ,	 (2)

:β α→ = baB A a R b ,	 (3)

:γ α→ = =ba cb caC A a R R c R c ,	 (4)

Fig. 1. Spherical coordinates system

Fig. 2. Cγ photometric system
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1:β γ −→ = cbB C c R b ,	 (5)

1:α β −→ = baA B b R a ,	 (6)

1:α γ −→ = caA C c R a .	 (7)

Eqns. (2–7) define the relations between the pho-
tometric systems. Explicitly solving these equations, 
we are finding the following angle correlations:

: arctg(sin tg ),
arcsin(cos sin ),

γ β γ
β γ
→ = ⋅

= ⋅
C B B C

C 	 (8)

: arctg(tg / cos ),
arcsin(sin cos ),

β α β
α β
→ =

= ⋅
B A A B

B 	 (9)

: arctg(cos tg ),
arcsin(sin sin ),

γ α γ
α β
→ = ⋅

= ⋅
C A A C

C 	 (10)

: arctg(sin / tg ),
arccos(cos cos ),

β γ β
γ β
→ =
= ⋅

B C C B
B 	 (11)

: arctg(tg / cos ),
arcsin(sin cos ),

α β α
β α
→ =

= ⋅
A B B A

A 	 (12)

: arctg(tg / sin ),
arccos(cos cos ).

α γ α
γ α
→ =
= ⋅

A C C A
A 	 (13)

These correlations are introduced in [1]. After 
analysing these correlations according to Figs. 1–4, 
we conclude that use of the main arctangent line is 
not enough to find the A equator angle, the B equa-
tor angle, and the C equator angle as –π ≤ A ≤ π, –π 
≤ B ≤ π, 0 ≤ C ≤ 2π and –π/2 < arctg x < π/2. This 
leads to loss of half data after transition. To reason-
able define all meridian angle values you should 
consider the meridian angle as an argument of 
a complex number:

In case of A and B, we have

arctg( ), > 0;
arctg( ), < 0, 0;

( , ) arctg( / ), 0, 0;
/ 2, 0, 0;
/ 2, 0, 0,

π
ϕ π

π
π


 + ≥= − + < <
 = >

− = <

y / x x
y / x x y

y x y x x y
x y
x y

And in case of С, we have

arctg( / ), 0, 0;
arctg( / ), 0;

*( / ) 2 arctg( / ), 0, 0;
/ 2, 0, 0;

3 / 2, 0, 0.

π
ϕ π

π
π

> ≥
 + <= + > <
 = >

= <

y x x y
y x x

y x y x x y
x y
x y

Let us consider this and rewrite Eqns. (8–13) as 
follows:

Fig. 3. Bβ photometric system

Fig. 4. Aα photometric system
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: (sin ,ctg ),
arcsin(cos sin ),

γ β ϕ γ
β γ
→ =
= ⋅

C B B C
C 	 (14)

: (sin , tg ),
arccos(cos cos ),

β γ ϕ β
γ β
→ =
= ⋅

B C C B
B 	 (15)

: (tg ,cos ),
arcsin(sin cos ),

β α ϕ β
α β
→ =
= ⋅

B A A B
B 	 (16)

: (tg ,cos ),
arcsin(sin cos ),

α β ϕ α
β α
→ =
= ⋅

A B B A
A 	 (17)

: (tg ,sin ),
arccos(cos cos ),

α γ ϕ α
γ α
→ =
= ⋅

A C C A
A 	 (18)

: (cos ,ctg ),
arcsin(sin sin ).

γ α ϕ γ
α γ
→ =
= ⋅

C A A C
C 	 (19)

According to the transition result (Fig. 5), the 
data structure becomes a non-regular structure af-
ter transpositions as per Eqns. (14–19), and we need 
additional interpolation of luminous intensity val-
ues. There are 2 alternatives:

  If we combine the old system (source data sys-
tem) with the new system, luminous intensity values 
are then interpolated in the new system. Interpola-
tion nodes form a non-regular grid, and this is the 
reason why you should use appropriate interpola-
tion (e.g. Delaunay triangulation) [4];

Fig. 5. Photometric systems nodes before and after transition in accordance with Eqns. (14–19)



Light & Engineering	 Vol. 27, No. 3

115

  If we combine the new system (where we 
want to get luminous intensity values) with the old 
system, luminous intensity values are then interpo-
lated in the old system. Interpolation nodes form 
a rectangular grid, and this is the reason why you 
can use bilinear interpolation to find luminous in-
tensity values [5].

This article introduces a transition method be-
tween photometric systems based on their combi-
nation by means of rotations in the Cartesian coor
dinate system and on subsequent interpolation of 
luminous intensity values in given nodes. Unlike 
the formulas given in [2], Eqns. (14–19) allow us 
to reasonably define all meridian angle values in the 
area of taken values: [–π, π] for A and B, and [0, 2π] 
for C. After transposition in Eqns. (14–19), the an-
gle grid becomes a non-regular grid that prevents 
exporting files to LDT and IES which are widely 
used photometric data formats [6, 7]. It is found that 
[2] for Aα → Cγ does not give any equation that 
could conform to either [1] or the solution given 
in this article. According to [2], Aα → Cγ is tran-
sited as follows:

o o

o o o o

o o o

, 180 0 ;
90 , 360 , 0 180 ;

0 ,360 , 0 .
γ α

 − − < <
= + = − < <
 =

A A
C A A

A
	 (20)

According to the analysis of Eqn. (20), there is 
no rotation of Aα relative to the ID before it com-
bines with Cγ. This means that the polar axis of Cγ 
(photometric semi-planes intersection line) does not 
combine with the optical axis of the ID after transi-
tion in Eqn. (20), which infringes one of the require-
ments for given system building [1, 2].
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NECROLOGY
Professor Nicolay Ivanov Vasilev 

May 10, 2019, after a short illness, at the age of 89 died

We have lost a remarkable scientist, one of 
the founders of Lighting Engineering as a 
science in Bulgaria. Professor Nicolay Vasi-
lev was graduated from the State Polytech-
nic University in Sofia with a degree in elec-
trical networks and systems and specialized 
in electricity supply and lighting equipment. 
His professional career began as a designer in 
ENERGOPROEKT - SOFIA with large-scale 
power supply systems for new residential ar-
eas Yavorov, Iztok and Hipodrum in Sofia. 
At the same time, he was part-time assistant 
at MEI-Sofia. As an assistant on an ongoing 
basis (1959), associate professor (1966) and 
professor of industrial lighting (1969), he in-
troduces the subjects of electrical equipment 
and lighting equipment and develops these 
courses at the Department of Electrical Net-
works and Systems. In 1981, Prof. Nicolay 
Vasilev founded an industrial research light-
ing laboratory in the department of electrical 
engineering and power supply. For 38 years 
now this laboratory has been a national scien-
tific centre with international popularity and 
is accredited in the field of testing and cali-
bration. The first scientific team of lighting 
technicians was created in this laboratory: 13 
Doctors, many Assistant Professors and three 
Professors. We will remember his active pub-
lic, organizational and managerial activities 
as Deputy Dean of the Electrical Engineering 
Department, Chairman of the Scientific and 
Technical Union in Bulgaria, Founder, Chair-
man and Honorary Chairman of the Nation-
al Committee on Illumination. From 2006 
to 2013, Nicolay Vasilev led the national 

team participating in the European Adaptive 
Street Lighting Program. The scientific work 
of Professor Vasilev, published in world-fa-
mous journals and presented at internation-
al symposia, are highly valued abroad. He is 
the author of over 200 publications and most 
books and textbooks in the field of lighting 
engineering in Bulgaria. In 2013, the Light 
& Engineering Journal recognized Profes-
sor Nicolay Vasilev as one of the world-re-
nowned scientists in the field of lighting en-
gineering and invited him to participate in an 
interview organized at the international level.

HE KNEW, HE COULD, AND HE GAVE 
TO US VERY MUCH, REST IN PEACE, 

DEAR TEACHER!
LAST FORGEST...

Bulgarian National  
Lighting Committee 

The editorial board of Light & Engineer-
ing /Svetotekhnika Journal express their sin-
cere condolences to the family of the de-
ceased and his staff in connection with the 
death of Nicolay Vasilev, a member of the ed-
itorial board of Light & Engineering Journal, 
an outstanding Bulgarian scientist.

I am grieving, the death of my friend. We 
were associated with activities in the field of 
lighting, international activities within the 
framework of the CIE and IEC, as well as a 
great personal friendship for many decades. 
Nicolay was a great scholar, organizer of sci-
ence and a wonderful person.

Ju.B. Aizenberg
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