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Abstract

Building physics as a branch of architecture murstuee an indoor comfort
of each user and inhabitant of a building objetisTnvolves, acoustics, indoor
thermal conditions and among others also daylightamd artificial lighting
of buildings.

Light as a particle and an electromagnetic wave,raquired by the
different aspects of the human organism. It alldlws living beings to see,
influences skin and bones, the biorhythms, etc.r@fbee, it is necessary for
the engineering community to predict the correlttminance and luminance
levels acting insides.

The thesis deals with such issues. More preciselssesses the quality of
design tools and methodologies, either againstr€térence cases described in
CIE 171/2006 and against real measurements doneloxevorking plane of an
indoor space located in the attic of Building D tbk Institute of Building
Structures, Faculty of Civil Engineering, Brno Uaiigity of Technology, too.

The tools tested throughout the solution of theelimtion did involve three
computer programs: RADIANCE, WDLS v3.1 and WDLS N4and one
numerographical approach, namely the Daniljuk’'sowrated methodology
(sometimes even combined with the theories of BRS).

In addition several software’'s have had been cdeatengside the process
assessment, just to mention the “RADIANCE ScriptRADIANCE Data
Evaluation Script” or “MuuLUX". The later was wr@h as a communication
software allowing the connection of the KONICA-MINDA T10 illuminance
meter to a computer with the aim of data collectidnle long term observation.
The solution did also require the establishmena eheasuring element for the
determination of the light reflectance values aofaces.

The solutions, results and conclusions do desdrde well did the design
approaches deal while predicting the resulting tegladaylight factor levels in
points over the working plane.

Abstrakt

Stavebni fyzika je jedna z oblasti stavebnictvérktsi klade za hlavni cil
zajistit co nejlepSi pohodu uZivaielpobyvajicich ve vnihich prostorech
objekii. Konkrétré tato cast fyziky zahrnuje &ni obory jako je stavebni
akustika, tepelna technika ale také denni &l@ros\tleni. Pra¢ na posledni
zminovanou skupinu je pak za&bena pozornost vipdkladané disertai praci.

Obecr swtlo predstavuje paprsek nebo elektromagnetické kmitédafgke
pro lidsky organismus v mnohych &mach ginosné. Zakladni vyznam ma
samozejnmx z hlediska vidni, ovliviiuje vSak také i a jeji funkci, vliiv ma dale
na kosti a obecnna biorytmy organismu.

Z vySe uvedenychtvodi je nezbytna moznost provedertfegného vypétu
hodnot oswtlenosti a jag v interiéru budov.
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PredloZena prace se zabyva granySe uvedenou problematikou, konkgétn
pak hodnocenimiznych metod vypg&tu potebnych parameir Jednotlivé
metody jsou déle v ramci prace porovnany s reteri@m hodnotami uvedenymi
v mezinarodni norgh CIE 171/2006. DalSi srovnani je pak provedeno mezi
hodnotami vypoéitanymi a zmfenymi v laboratornich podminkach v
referegnich laborattich umisgnych v podkrovi budovy D Ustavu pozemniho
stavitelstvi, Fakulty stavebni, VUT v Bfn

Konkrétre byly v ramci diserténi prace owteny nasledujici metodiky:
pacitacové programy RADIANCE, WDLS v3.1 a WDLS v4.1, ddemericka
varianta Daniljukovi Uhlové sit(¢ast&né byla tato metoda dopdna i vypdty
na zaklad metodiky BRS). Déale byly vytweny programy jako “RADIANCE
Script”, “RADIANCE Data Evaluation Script” nebo “MiLUX". Posledni vySe
jmenovany byl sestaven jako nastroj pfi@geni n&fici aparatury luxmetru
KONICA-MINOLTA T10 pogitatem.ReSeni dale vyzadovalo dophi o n¥fici
jednotky pro uteni odrazivosti zakladnich povickyuzZivanych ve stavebnictvi.

Zawry disert&ni prace jsou pak uUzce zafany na konkrétni porovnani
jednotlivych metod a obe&ma jejich vhodnost pro stanoveni hodgwtitele
denni os¥tlenosti na pracovni rovdnumisgné v prostoru mistnosti.

Keywords

Daylight, daylight factor, luminance, illuminanc€JE sky types, CIE test
cases, computer simulations, ray-tracing, RADIANCEDLS, Daniljuk’'s
diagrams, BRS methodology.
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Light, more precisely daylight, is one of the essgractors of life on Earth.
Through the process of photosynthesis it providesdnity with food, while its
daily (shift in the time of sunrise and sun fallpmaover the changes of sky types
throughout the day) and seasonal changes affetiathies of human beings [29],
may these changes be small or big ones. This istwieyect a building with an
enormous utilization of daylighting was one of tm@jor aspects of architects
from ancient times. It included the first caves tlving spaces with windows
made from glass in Rome, the south oriented buyklin Greece, the aisles and
indoor spaces in Egypt with shutters metal platgénongs, etc. until the
industrial revolution in the fcentury, which changed most of the principles
used ever before.

The development of high-grade iron and later oelsidth increased strength
capabilities which in comparison to the basic malerlike stone, bricks and
timber used at those times, gave birth to slendené based structures with
huge spans and external envelopes used only watlpuhpose to withstand the
climatic conditions acting on the peripheral stames. This allowed architects to
go with their visions and fantasies of indestrdetiblender buildings. The big
distances between the columns allowed bigger ogenwith corresponding
glazing areas, which caused an increment in ovérigeand glare. Later on with
the introduction of fluorescent lamps as one ofuhkzations of the electricity
allowed the rooms to have bigger depths. With tkie buildings became
independent on windows, skylights and other dayingh elements. The
architects created what they wished for withoutrtbed to think about the prices
for energy, because at those times it was cheap.

In the end, the site orientated architecture tagyethth daylighting design got
into the background. This has changed in 1973 with oil embargo, due to
which the prices for energy drastically arose dr@designers started to look for
design principles, which were lost during the indakrevolution [16], which is
still in progress even now in the 2tentury. Architects, civil engineers and
scientist are still seeking for innovations, posisies and techniques for
daylighting of buildings from their design throughdheir realisation until they
are finished. Furthermore, the research on thectsffef light onto human
organism is still intact. From this point of vieletknowledge of the illuminance
levels in rooms more precisely on the working (refee plane) is needed for
engineering and medical purposes.

The daylighting design of the building depends actdrs like: locality where
the building will be built in the future, the typé the building and its structure,
main usage, the properties of surfaces and sufifaisees which will be applied
in the interior and exterior and as last but nastelso on the orientation.

Each of the mentioned aspects has influence tolésegn and creation of the
case studies for daylighting. Either as we talkualmmmputer simulations, hand
calculations or precedence cases.

1 Introduction 11
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The content of the thesis is focused on a few aspdike verification of
methodologies of available computer aided desigmwlstoagainst CIE
(Commission Internationale de |'Eclairage) testecdsfinitions, including the
precision of « RADIANCE »[14] rendering software and « WDLS » (short for
Windows Day Lighting System) [61]. « WDLS » is dissed in versions 3.1
(developed and sold around the year 2000) andtHellgtest, innovated version
of the software), while « RADIANCE » because no anajhanges were done to
it is ~rtrace® component in releases 3R7 and 4R1. Another aitheothesis is
to take a closer look at the above daylighting ea®bn methods in comparison
to data obtained by measurement under standargidaseconditions, hence with
respect to determined daylight factor levels oliertiorizontal working plane.

! The software discussed within the thesis is higtiéd by the following symbols: « ».
2 Software components are highlighted with the felfe signs: ~ ~.

1 Introduction 12
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2 INTRODUCTION TO OPTICS AND
LIGHTING

» Light and its definition
» Light sources

* Quantities, units and terms used in photometry
and daylighting of buildings

* Humans and daylight

2 Introduction to Optics and Lighting 13
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2.1 LIGHT AND ITS DEFINITION

Physicists, architect and philosophers tried tocdes the properties,
characteristics and behaviour of light already aages in the ancient times. One
of the theories and definition which was a restltheir research was, that light
moves in the form of corpuscles from point A torgoB throughout multiple
reflections and transmissions, however every tinme a straight line,
without interference [20].

Later on newer and newer descriptions came to tinace, but these were
rejected almost automatically by the scientific cammities. It had gone on like
this until the second half of the 1 &entury when the principles of a new theory
did arise, namely the wave theory. Wave theoryarph the movement of light
through reflections and refractions in detail, uthfoately though it was also
rejected in the beginning, because of the opticar people doing science in
the field couldn’t explain, why light does not beadound at the corners of
buildings and edges of objects if it handles alaowave based motion.

At the beginning of the 10Century, A. Fresnel's published results did cause
huge uproar and at the same time the main brealghrof the wave theory.
With the help of measurements made on wavelenpthsyas able to point out,
that diffraction (bending of light at the edgesaifject) occurs but only for a
small fragment of light and only in case of shores

The second significant change was caused by J.&wkll a half a decade
later, as to Maxwell was able to derive the spddjbt almost exactly with the
help of his measurements made on electromagnatiltatigg circuits. In spite
of this though, his theory within the field of opgibecame recognized only after
H. Hertz had published the results of his own expents based on Maxwell
founding’s. Hertz had achieved to produce microwaamnd had noticed a
resemblance between the behaviour of electromagaet light waves (chapter
2.1.1).

As time moved on, another definition started tcetgkape. It have had been
caused by A. Einstein’s theory of relativity, whiglas further developed and
investigated by Planck, who stated that light istrdbuted in space with the
means of small particles called photons, which deeha frequency and their
energy is directly dependant on their frequencytHeumore, A. H. Compton
had determined that photons and light itself doalwehas bodies with a mass
having a kinetic energy, hence, light could be rishi with the similar
corpuscular definition used in the earlier stagesceence (chapter 2.1.2).

Nowadays, it is commonly believed that light isaoflualistic nature as it has
the advantages of both available and widely rea@mghtheories. Therefore, the
propagation of light is explained by the wave tlyeand the interaction of light
with materials and surfaces is described by theawnehr of photons [7], [8],
[20].

2 Introduction to Optics and Lighting 14
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2.1.1 Maxwell’'s theory of electromagnetic radiation [7],[8]

Maxwell's theory of electromagnetic radiation chdesizes lights as a
radiation given by its wavelength, even thougls imvidely known now, that the
interaction of light with other substances is todascribed with the means of
another theory, namely the “Particle or photon thed light”.

The definition of Maxwell's theory is based on twerpendicular fields,
which are distributed at the same time as lightasasmitted into the space (see
fig. 1), the electric and the magnetic field.

Fig. 1 Radiation of light [8]

If these two fields do oscillate in harmony alohg tirection of distribution it
Is said, that it handles about a monochromatic tyfpkght. However in some
special cases due to polarization of one of thadgests a complicated
distribution of light occurs, nevertheless this <=8} that the movement of light
can be derived as a sine or cosine function otrede@q. 1)C(x,t) or magnetic

radiation B(x, t).

C(xt)= CmE‘sin{a)[Etix—vE)+c} 1)
Where:
C(x1) - is the immediate deviation of electric waves;
C, -isthe amplitude of deviation;
w - is the angular frequency of motion in radianres&condgrad (57 ;
t - is the time in seconds] ;
Xe - is the displacement of current in metpr$;
Y - is the phase velocity of motion in meters oveomdgms '] ;
' - is the beginning phase angle in radifragl] .

Howbeit, light waves can be best characterized Heir twavelengths and
frequencies (eq. 2).

2 Introduction to Optics and Lighting 15
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A :? (2)
Where:
A - is the wavelength of motion in metdrg ;
f - is the frequency of oscillation in HeljtilZ] .

At the same time, the phase velocity of motion degeon the characteristics
of the environment the wave passes through atitres gnoment. It is possible
to express this phenomenon with the means of eq. 3.

=~ 3)
VELU

Where:

£ - is the permittivity of the environment, in fasadver metefF/m ;

M -is the permeability of the environment in Henrgver

metres[H/m| , while 1H =1s* [F ™.

In extraordinary cases when the electromagneticatiad passes through
environments like vacuum, it is possible to rewagpiation 3 into the form of
equation 4, the result of which is a constant dallee velocity of light in
vacuum.

1

= 4
G ek (4)

Hence, the value of immediate deviation of thetelecadiationC(x,t) can be
simplified to the form of equation 6, but only life following is valid:

w=2Urt (5)
c(xt)=C Esinzzr[éliij (6)
" T A
Where:
T - Iis the time in seconds] .

The division of electromagnetic radiation basedvtaxwell’s theory includes
radio and TV waves, microwaves, optical radiatitren X and gamma rays. It
must be however stated that the optical radiatmmsists of infrared radiation,
visible light and ultraviolet radiation and can égpressed with the following

interval (10°*m,107 m) [3], [13], [19].

2 Introduction to Optics and Lighting 16
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2.1.2 Photon theory

Photon theory is to be used, when an optical phenom cannot be directly
described by Maxwell's wave theory, like the ligdmission of an absolutely
black body in space, because according to the mqoketticle based definition
light is made up from a huge amount of discretellssb-atomic elements,
called photons. Each of these photons has its owrgg (eq. 7), and this energy
Is directly connected to its frequency, so photarespart of the electromagnetic
radiation.

e, = H, Uf, (7)
Where:
& - Iis the energy of a photon in electron-vo&¥/] ;
H, -is Planck’s constants in electron-volt secofel[g. Its latest
known value is4.135667516110° eV s [54];
fo - is the frequency of adequate radiation in HErZ] .

The wavelengths and energies of photons, togeth#r tmeir adequate
fractions of optical radiation including the diwsi of optical light are revealed
in tab. 1.

Tab. 1 Wavelengths and energies of photons within the esadpoptical radation
[Author, with source lit. [7], [20]]

Radiation Division of A[nm] e [eV]
radiation

Ultraviolet UV-C (SW) 100 - 280 1240 - 4.43

radiation UV-B (MW) 280 - 315 443 - 394
UV-A (LW) 315 - 400 394 - 310

Visible light Violet 380 - 435 3.26 - 284
Blue 435 - 500 284 - 248
Green 500 - 566 248 - 219
Yellow 566 - 600 219 - 207
Orange 600 - 630 2.07 - 197
Red 630 - 780 1.97 - 159

Infrared radiation IR-A (SW) 780 - 1400 1.59 - 0.89
IR-B (MW) 1400 - 3000 089 - 041
IR-C (LW) 3000 - 10000 041 - 0.12

2 Introduction to Optics and Lighting 17
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2.2 LIGHT SOURCES

Light sources as known, can be defined with the nmeaf two different
theories:

* The first theory available states, that a lightrseuis a matter (element)
which generates light, disabling the possibility lajht reflectance and
transmission [20];

» The second theory defines an object generating Wgth a viewpoint to
architectural principles, therefore divides objeatgo primary and
secondary light sources. Within primary sources maters which do
generate light, similarly to the first defined tineoNevertheless, according
to it elements which do reflect and transmit ligha, change into secondary
light sources once the light leaves their surfdt¢e reasoning behind it, is
stated in the evaluation procedure of light avdilgbin the interiors of
buildings, which is dependent on the sky [7], [21].

In addition, it must be stated that architecturglhting design distinguishes
two elementary types of light sources. These addtowing:

« Natural light sources: are those object and elesnemhich can be
commonly seen in nature, like the Sun, and Moontlbeite may be others
too, special cases, like the lava flow after a aofcerupts, lightning in case
of a thunder, or bioluminescence of organisms dantp (sedig. 2);

Sun Cloudy sky Firefly
[Author] [Author] [62]

Fig. 2 Natural light sources

« Atrtificial light sources: are objects which do hawee thing in common,
that is, that they were created by the ingenuithwhanity, for example:
torches, candles, fireplaces, oil and gas lampslamiharies. Especially
luminaries, which were often based on incandescesfcéilaments or
luminescence [3], [7], [21]. Nowadays, becausehef énergy efficiency of
the incandescent light bulbs only CFL's (Compaatoféscent Lamps),
LED’s (Light Emitting Diodes) and others artificiaght sources with an
adequate level of luminous efficacy can be used anmchitecture,
manufacturing and housing.
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2.2.1 Incandescence

Incandescence is a process in case of which lighproduced with an
exchange of radiation. This means, that the amotuebnergy, which is absorbed
by an arbitrary matter in space is then converted another form due to an
increase in the movement of atoms and interacti@tseen them, nevertheless
the absorbed and emitted radiation must be in ieguiin.

Commonly, in case of incandescence, light can bdymed only by materials
that can withstand a temperature of B78600TC) or more [21]. If the
temperature would be lower, then it would come dalyhe emission of thermal
radiation into space by the given substance.

The fundamental equation (eq. 8) describing incacelevas developed by

M. Planck in the 19 century. It was the result of his experimentalivétis
made on black bodies [7].

c -1
MeJ(A,T):clmf’EEeﬂ%—lj (8)
Where:
M,,(A,T)  -isthe spectral radiant exitance of a matgali?/ unj;
A - Iis the wavelength of radiation in metieq ;
7 - is the temperature in Kelvif&] ;
c, - isaconstant with a value 8f742110"°W [hr;
C, -isaconstant with a value b43910*m[K.

For short wavelengths and small temperatures, Equ& have had been
rewritten by W. Wien into the form of equation 9.[Blence, this relationship is
named as, Wien’s Law of Radiation.

&
M., (A,T)=c > e? 9)
If AT would be higher than 0.062K then the following would be valid too:

M,,(AT)=20" @ (10)

C,

The wavelength of radiation emitted by an absolokgck body can be
expressed with the means of the following formykg 11):

_ 2.898110°

BBody )

A (11)
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With the integration of eq.8 under the wavelengtkerval of (0,«)the

Stefan—Boltzmann Law can be derived. It comparesehergy emitted by a
black matter as a proportion to the fourth powert®ftemperature at which it
radiates. Hence, the Stefan-Boltzmann Law canttakéorm of equation 12.

M, =0 [#" =5.669110° (B* (12)

2.2.2 The Sun

The Sun is the most known primary natural energyrc® working on
incandescence, known by humanity. It handles ahatéar, located at the centre
of the solar system around which the planets, olyithe Earth, are orbiting. It
radiates energy in the whole scope of electromagnadiation, i.e. waves from
10™m up to In because of the thermonuclear chain reactions goitey in its
core. The operating temperature of the core is dvahuse to 15.7-£8. This
certain amount of heat is then transferred to tteranost layers of the star, by
the radiative and convective zones, although idlemonly about a portion of it
because these zones do have other functions adiltelio hold back part of the
heat radiated by the core.

The shape of the Sun is close to that of a sphereertheless, its visible form
seen throughout the day is only the manifestatibthe Suns photosphere,
chromosphere and corona (the layers and zone @uh are in view in fig. 3.).
The photosphere is almost the outermost layer efShn and it consists of
gasses in a plasmatic state. The working solar ¢ezyre of this peculiar layer
is around 600K [54], on the contrary its effective temperaturslightly lower,
just around 5774 [19], 577& [64].

Chromosphere (~2500 km)

Photosphere (~500 km)

Chrzm,,,_‘.p 7
€

7
Conveo, °
Z0ne e

Radig,>
Zg"'lé-%"e

sunspot

filament

prominence

Fig. 3 Cross-section of the Sun [55]
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The other characteristics of the Sun are observable below:

« Age: approximately 5- fq/ears;

+ Diameter; around 1.392-%0n

« Surface area: about 6.0877-%0n

« Mass: 1.9891- T¥kg;

« Average distance from the Earth: 1.496kh®
« Luminosity: 3.75- 18fim;

» Solar light constant: 1338060

* Etc.

2.2.3 The atmosphere and the sky

Within the field of daylighting design of interigréhe atmosphere is often
mistaken with the sky, although the sky is actuallgart of the atmosphere or
better said the sky is created within the atmospltkre to the scattering of
incoming visible radiation. Thus, the atmosphereatrleast a part of the
atmosphere becomes a secondary light source.

The atmosphere itself is an air-bubble coveringhgglobe, supporting the
life on the Earth’s surface, as to the living beaingrimarily inhabiting the
continental crust do have a need for air, heahtligtc. The atmosphere is
therefore at a huge degree made up from gassesitrkgen, oxygen, hydrogen,
carbon dioxide, and so on, though water and sditighes can be found within
it also. The distribution of the particles beconsearcer and scarcer with the
distance which can be measured between them arigattie’s core, because of
changes in the gravitational field.

That is why it is possible to categorize the laydrthe atmosphere. There are
two major layers and a few minor ones. These aédlfowing:

* Thehomosphere consisting of the following important minor lager

 The troposphere — it handles about the innermost layer of the
atmosphere, which is in direct contact with thetlEarcrust. It contains
the gasses demanded by the living beings pragtitmllbreathing.

» Thestratosphere— this particular layer protects the Earth’'s stceférom
the harms of ultraviolet radiation, as to the Ozlayer is part of it, so it
filters the incoming optical radiation.

 Themesosphere- is the last layer of the homosphere, which @tstéhe
surface from the effects of incoming objects, lketeorites, comets.

* Then there is theheterosphere It consists of two layers only, the
thermosphere and exosphere, and it is researchdw®pace programs of
different countries, like the NASA in the USA.

The generated sky as already mentioned is a reslitjht scattering within
the troposphere caused by the particles of airematd dust among others. As
the molecules intercept the incoming electromagnetdiation, more precisely
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the visible radiation, they do partially transntjtpartially reflect it and partially
absorbed it. The phenomenon resulting in the oeoge of the blue sky is
caused by the differences in the reflected, trattechiand absorbed parts of the
visible radiation at different wavelengths. Asnaystly only the optical radiation
representing the blue colour is reflected baclkhdpace by the molecules. On
the other hand, if the transmitted light rays arghier on intercepted, by the
water and solid particles within the atmosphere,résulting colour of the sky is
going to be dark, usually grey, depending on thvell®f turbidity within the
troposphere.

At the end of the 20century, a new set of sky standards was defineR.by
Kittler and S. Darula [4], [24]. These have had rb@wertaken also by CIE
(Commission Internationale de |'Eclairage). It Hasdabout 15 different sky
types, shown in tab. 2 [46].

The gradation and indicatrix groups from tab. 2 barrepresented also in the
form of curves (these are manifested in fig. 4. Toeves of the 3(4) most
influential sky types have had been outlined byatthor with colours).

Tab. 2 The set of standard skies defined by CIE (from Rp03]

O | o Grad. Scattering Description of luminance
2| 5 | 5 | Parameters| indicatrix distribution
© | S parameters
O a b c | d| e
CIE Standard Overcast Sky, Stee
1 I 1 40 | -0.70 | 0.0 | -1.0 | 0.00 | Iluminance gradation towards zenith,

azimuthal uniformity

Overcast, with steep luminance
2 I 2 4.0 -0.70| 2.0, -1.5 0.15 gradation and slight brightening
towards the sun

Overcast, moderately graded with

3|1 nmj1 1.1 | -0.80| 0.0/ -1.0 0.00 . . :
azimuthal uniformity

alnl o 11 | 080l 20 -13 0.150verca.st, querately graded and slight
brightening towards the sun

S || 1 0.0 | -1.00 | 0.0 | -1.0 | 0.00 Sky of uniform luminance

Partly cloudy sky, no gradation
5 towards zenith, slight brightening
towards the sun

6 | Il | 2 0.0 | -1.00| 204 -15 0.1

Partly cloudy sky, no gradation
7 0 1m 3 0.0 | -1.00| 5.0/ -2.5 0.30 towards zenith, brighter circumsolaf
region

Partly cloudy sky, no gradation

g |4 0.0 -1.00) 104 -3 0.4p towards zenith, distinct solar coron

9 (IV| 2| -1.0| -055| 20/ -15 0.15 Partly cloudy, witle obscured sun
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Partly cloudy, with brighter

10| IvVv| 3| -1.0| -055| 5.0 -25 0.30 g :
circumsolar region

White-blue sky with distinct solar
corona

11(Iv| 4| -1.0| -0.55| 10.0 -3.0 0.4b

CIE Standard Clear Sky, low

12|V | 4 | -1.0 | -0.32 | 10.0| -3.0 | 0.45 . -
luminance turbidity

131v |5l 10! 0321160l 30| 030 CIE Standard Clear Sky, polluted

atmosphere

12lwvil 5! 10! -015 160 -3« O30CloudlessturbldskyW|thbroadsoler
corona

151vi| 6! 10!l -015 240 24 0.15Whlte-blueturb|dskyW|th broad solgr
corona

Grad. gr. — gradation group, ind. gr. — indicagmoup
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Fig. 4 Gradation and indicatrix function groups definedtab. 3. [46]

These indicatrix and gradient parameters can bd usequations to obtain
the luminance of the sky at an arbitrary pointthee luminance distribution of
the whole sky for a given date, time and sky typke relative luminance
distribution of the “white-blue sky with distincblar corona” is to be seen in
fig. 5.

The determination procedure includes the followsteps and formulas:
To obtain the angular distance between the sky exiérand the Sun the
following relationship can be used (eq. 13).
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x =arccog coZs0cod+ siB0 sl dos-a ) (13)
Where:
Z - is the angular distance between a sky elemedttha zenith in
radians[rad];
Z;  -is the angular distance between the Sun andz¢héh in radians
[rad];
a - is the azimuth of the sky element in radifral] ;
as - is the azimuth of the Sun in radigmad] .

However, the zenith angles can be also expresskuhetsons of elevations:

T T
Z=2-y and Zs=2"Vs (14)
Where:
y - is the elevation angle of sky element in radigasl] ;
Vs - is the elevation angle of the Sun in radifprasl] .

Thus, the ratio between the luminance levels ofstheat an arbitrary point
and the zenith is equal to (eq. 15):

f Z
% B (( 3 ))Qép((o)) 15
yA S

Where:
L, - is the luminance of sky at an arbitrary pointcandelas over square

meter[cd mi?] ;
L, - is the luminance of sky at the zenith in cansl@aer square meter

[cd M?];
f ()() - Is the scattering indicatrix function of an arbry sky element;
f (z) - is the scattering indicatrix function of the siythe zenith;
¢(Z) - Is the luminance gradation function at an aaljtisky element;
¢(0) - is the luminance gradation function of the skyhe zenith.

Next is, to determine the value of the luminancadgtion of the sky at the
given sky elements location:

arbitrarily if 0< Z s7—2T theng(Z)= ¥ all exé ] (16)

coZ
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at the horizonp(Z) :¢(7—2T] =1 (17)
and at the zenitp( )o= daO ekb) (18)

Where:
a,b - are the luminance gradation parameters deschibiath. 2.

The rest is to evaluate the scattering indicattia @oint on the sky (eq. 19)
and at the zenith (eq. 20):

f()()=1+cEEexp(d)()— ex;Ed%ﬂ+ edJcosy (19)

f(Zg)=1+ c[Eexp( dz,) - ex;E d%ﬂ + eJcos Z (20)

Where:
c,d,e - are the scattering indicatrix parameters desdrih tab. 2.

270°

Fig. 5 The relative sky luminance distribution of “The teéhblue sky with distinct
solar corona” (Grad. group: 1V, Ind. group: 4y, =38.02 [24].

CIE Standard Overcast Sky

The CIE Overcast Sky must be described as an asteskg with a luminance
distribution gradation 1:3 from the horizon to #enith in case of a dark terrain
or light terrain.

The luminance distribution of three CIE standangéslare located in fig. 6.
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The luminance gradation of a CIE Standard Over8&sgtin case of a dark
terrain can be expressed with the means of theviolg formulae:

L, _1+205iny (21)
L, 3
Where:
L, - is the luminance of the sky element with an alen of yin candelas
per square metefsd (0m?] ;
L, - is the luminance at zenith in candelas per sgoaterdcd O0n? ;

Unfortunately, equation 2is not suited for the determination of luminance
values under different angles, therefore it hawve been rewritten into the form
of equation 22, by exchanging the luminance atzémeith with the average
luminance of the sky.

L, _ 301+ 2[kiny)

Y = 22

L 7 (22)
Where:
L, - is the average luminance of the sky, in candpkssquare meters

[cd O] .

a) CIE Overcast sky (I.1)  b) CIE Uniform Sky (1.1 c) CIE Clear Sky (V.4)

Fig. 6 Luminance distribution comparison of CIE standakees

The evaluation of a sky elements luminance to deter whether it handles
about a CIE Overcast Sky by measurements requiechtroduction of certain
ratios and their comparison [26]. Namely, the veaiion of the luminance
values of sky elements under the elevations ofab6°45°.

% =(0.3,0.9 (23)

Z
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Lis =(0.7,0.85 (24)
I‘Z
Where:
L. - isthe luminance of sky at an angle of 15° &bburizon in candelas
over square metded O0n? ;
L, - is the luminance of sky at an angle of 45° ablemezon in candelas

over square metded [mi?] .

If, luminance values of sky elements under the alems of 15° and 45°
would fulfil the conditions included in equation8 and 24, then the resulting
global horizontal illuminance can be obtained witie utilizations of the
following relationship, based on the skies lumireaatthe zenith [19]:

E, :gaz o (25)
Where:
E. - is the global horizontal illuminance under a GGEndard Overcast

Sky in case of a dark terrain in [{ix] .
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2.3 QUANTITIES, UNITS AND TERMS USED IN
PHOTOMETRY AND DAYLIGHTING OF BUILDINGS

The given chapter is going to deal with the basiamgities and units used in
the field of photometry. In more detail, it is ggito describe luminous intensity,
luminance, illuminance among others [7], [19], [39]

2.3.1 Radiant flux

Radiant flux is a quantity used mostly in radiometNonetheless, with a
small transformation it can express luminous fltog. The quantity itself is
equal to the amount of energy emitted by a sourd®irwthe scope of
electromagnetic optical radiation (including ultcdet, visible and infrared
radiation) under a unit time. The following equatiexpresses radiant flux the
best:

o, =92 (26)
dt
Where:
dQ - is the maximal radiant energy in Joulé};
dt - is the unit time in seconds] .

The Sl unit of radiant flux is WaftV] .

2.3.2 Relative luminous efficiency

The process of vision itself is a photochemicattiea going through within
the eyes after the visible part of the electroméigmadiation passes through the
cornea, pupil and lens and hits the back of thelayb where the biological
photoreceptors are located. These photoreceptensttansform and transmit the
image perceived by them throughout the retinatiméobrain in neuron waves.

There are altogether two types of such photorecgpaating in the eyes:

» the rods;
e and the cones.

Rods are standardly responsible for the achronwadion on the other hand
the cones for coloured vision. Nevertheless, ash& wavelength of visible
optical radiation varies throughout the scope @cebmagnetic radiation, so
does the sensibility of the eye to each of theseelgagths. It's zero at the ends
of the given interval and its peak is arolsigbnmfor daytime (photopic) vision
and around07nmat night-time (scotopic) vision. These are the &yments of
the “Spectral luminous efficiency functions”, eithi®r daytime (photopic) or
night-time (scotopic visions). The shortcut related the spectral luminous
efficiency curve isv(A).
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Fig. 7 demonstrates bo’d‘(ﬁ) curves (On the x-axis the wavelength of visible
spectrum is located, while on the y-axis the luramefficiency).
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Fig. 7 Curves of “relative luminous efficiency functioridr day and night vision
[Author, with source lit. [7]]

The “spectral luminous efficiency function” is wigle used by the
manufacturers of luminance and illuminance metetgreas they have to shift
the visual response of the products close to thiatiman vision.

2.3.3 Luminous flux

Luminous flux, as already mentioned, is a portidrthe radiant flux and can
be expressed as the perceived power of radiant Wiimch is adjusted to the
scope of visible light. That is why the electrometyn optical radiation used to
get the radiant flux is reduced solely to the wamgth spectrum of th¥(1)
(relative luminous efficiency curve for daytime iis) or V'(1) (relative
luminous efficiency curve for night vision). Lumiag flux is therefore equal to:

780

o, =K, 0f @, V(1)H(4) (27)
380
Where:
K, -is the maximal luminous efficiency of radiatian lumen over
Watts[ImW™ ;
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®., -isradiant flux for wavelengthin Watts[W] ;
V(A1) -is the relative luminous efficiency of monochiatm photopic vision.

The Sl unit of luminous flux is lumepim] .
One lumen is the luminous flux corresponding toightl source with a
luminous intensity of one canddled] spread under a solid angle of one

steradiar{sr].

With the simplification of eq. 27, the luminousXltor daytime vision can be
rewritten into the form of the weighted sum of povat the wavelengths of
visible light for both, the continuous (eq. 28) atiee linear (eq. 29) light

spectrum.

@, =683 ®,, (1) ¥ (1) DA (28)

380

®, :683D§¢M (A1) (1) (29)

380

2.3.4 Components of luminous flux

The incident luminous flux by passing through timeiface of the two
environments attenuated while it's partially refext; partially absorbed and
transmitted (eq. 30) [4]. The components of lumenitux are graphically shown

also in fig. 8.

CDV = q)V,p + CDV,O’ + q)V,l' (30)
Where:
®,, -isthereflected comp. of the incident lumindlug in lumens[im] ;
®,, -isthe absorbed comp. of the incident lumindus in lumens[im];
o) - is the transmitted comp. of the incident lumxfin lumeng[Im] .

v,r

The previously mentioned components of luminous dan be described with
the means of the following factors (eq. 31, 32, 33)

780

o oL@
Reflectance  p, = q)v'p =30 __ 0(0,1) (31)
Y J.cDeAW(/‘)Ed(/])

380
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780
. oLy @()mEm)
Absorbtion a, = cDV"’ =360 __ 0(0,1)
! Jq)eAW(A)I]j(A)

380

780
o e,y E()E0)
Transmittance 7, = cDV" =30 __ 0(0,1)
' [ @, W (2)m(A)

380

While equation 34 is valid:

pV+aV+TV+:1

77

¢VLX

MATTER

@, - TOTAL LUMINOUS FLUX
@Dvp - REFLECTED COMP. OF LUM. FLUX
@D v - ABSORBED COMP. OF LUM. FLUX
@yr - TRANSMITTED COMP. OF LUM. FLUX

Dy
S\N

Fig. 8 The components of luminous flux [7]

2.3.5 Luminous intensity

(32)

(33)

(34)

Luminous intensity describes the amount of lightiteed by a point source
within a solid angle of one steradifsr] into space. Luminous intensity is

expressed by the following equation:

| _do,

Y dQ

(35)
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Where:
d®, -isthe amount of emitted luminous flux in lursg¢m] ;
dQ -isthe solid angle under which the light is ged in steradianpsr].

The Sl unit of luminous intensity is called candgdd], and can defined as
the radiant intensity equal to 1/68asr”, radiated by a source emitting a
monochromatic type of radiation at a frequency.df 53*Hz.

Instruments designed to measure luminous integaitybe calibrated with the
help of the “etalon of candela” (see fig. 9).

.
-~

ETALON
VESSEL OF
THE ETALON
PLATINA
THORIUM
PIPE

MEDIUM AROUND
THE ETALON

Fig. 9 The etalon of candela [7], [8].

2.3.6 Luminance

Luminance characterizes the amount of luminoussitg which is emitted by
a given elementary surface into the space undefea golid angle and direction,
thus it indicates how bright the surfaces are gtanige after looking at them.

The unit of luminance is candela over square migefhi?], and it can be
determined from luminous flux by eq. 36.

_ d 2CDV
dQ [dALtosO®

L, (36)
Where:

d’®, - is the luminous flux transmitted in a given diien by an elementary
volume through a point in space under the solidead(.
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dA -is the area of the projected cross-section itihgr the point,
perpendicular to the direction of spreading in sgumaeterd m?] ;
© -is angle enclosed between the specified surfacemal and the

direction of spreading in radiafsad] .

Luminance therefore, with a slight modification ef. 36 can be evaluated
from:

* Luminous intensity, transmitted into the space liglat source (fig. 10a);
 llluminance values, determined on a surface libya source (fig. 10b);
» Luminous flux, if it handles about the determinataf luminance values of

an elementary corpuscle of light rays passing ftpno@a non-diffuse
transparent environment.

a) b Ligur

Fig. 10 Luminance in a point of an illuminated surface [Aart, with source lit. [7]].

As to not every surface is ideal and may transmreéflect light in a different
manner a classification was created for transpaaeadt opaque surfaces. This
classification is visible in fig. 11.

Because of this division, most of the surfaces raferred to as perfectly
diffuse Lambertian (may be reflective or transmiski The luminance values of
Lambertian reflective surfaces can be determineth whe help of eq. 37. It
handles about a simplification of equation 36.

:'Od—EEV 37
L, - (37)
Where:
o - is the light reflectance value of the Lambertsanface [-];
E, -istheilluminance determined on surface in[lxk.

2 Introduction to Optics and Lighting 33



Optimisation of Light Conditions in Buildings

TRANSMISSION TYPES
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Fig. 11 The classification of surfaces according to théiaacteristics in light
transmission and reflection [Author, with sourde [#]].

2.3.7 Luminous emittance (also called as luminous exittaoe)

Luminous emittance is the ratio between the lumsnfhux emitted into the
space by an elementary surface, and the areaofjiven surface (eq. 38). Its
unit is lumen over square metéhs Cm™] .

do
=V 38
Yy (38)
Where:
d®, -isthe emitted luminous flux in lumegisn] ;
dA  -isthe area of emitting surface in square mgtef.

The connection between luminous emittance and lanue is expressed by
equation 39:

M, :ILV [coO [dQ (39)
0

Where:

L, - is the luminance of the emitting surface in cdader square meters
[cd O]

dQ - isthe solid angle under which the light is eedtin steradianpsr];

© -is angle enclosed between the specified surfacemal and the
direction of spreading in radiafsad] .
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2.3.8 llluminance

[lluminance is the opposite of luminous emittariCeerefore, it can be defined
as the ratio between the luminous flux incomingruposurface of area A (eq.
40).

do
Ev—ﬂ—iLvm:os@EdQ (40)
Where:
d® - isthe luminous flux incident to a surface,umiens[Iim] ;
dA - isthe unit area of the surface, in square métaf].

The Sl unit of the given quantity is Iyk] and corresponds to lumen per

square metergm [n’] .

Also its worth to mention, that illuminance is omd the photometric
guantities, together with luminance, which can beasured directly with the
help of a measuring device, therefore this giveantty is widely used in
various fields, including luminaries design, bungiindustry, etc.

2.3.9 Working plane (also known as workplane)

The working plane is an imaginary horizontal (ortv@l) surface, which is
located at a height, where the main visual actigtigpuld take place in interior,
inside a room. It is usually placed in a distant&%0mm above the floor and
consists of a set of points (sieve), over whichillneninance and daylight factor
values are determined.

There are other derivations of the working planéjicv can be used to
evaluate the various aspects of daylighting indoors

2.3.10 Daylight factor DF

Daylight factor is a quantity, which is the ratié wvo illuminance levels
measured at the exact same time. The first oneesktvalues is the illuminance
measured in the interior of a building on the wogkplane while the second one
demonstrated the global horizontal illuminance leweler an unobstructed CIE
Standard Overcast Sky.

The daylight factor is expressed in percentages [%0]

DF = % 100 (41)
Where:
E - is the illuminance incident to a point on therlang planef[lx] ;
E - is the global hor. ill. under an unobstructed Clvercast Skylx] .
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The daylight factor is made up from three compaosiethie sky component, the
externally and internally reflected components,séheare shown in fig. 12
together with the illustration of illuminance vatueneasured on the working
plane and under an unobstructed CIE Overcast Sky.

DF = DF, + DF, + DF, (41)

wP

Ei1 E},z Ei3 E},A E};s

DF's - SKY COMPONENT, DFe/DF i - EXT./INT. REFLECTED COMP.
WP - WORKING PLANE, Eii~Eis & Eo- ILLUMINANCE SENSORS

Fig. 12 The components of daylight factor [Author]

2.3.11 Uniformity of illuminance levels [41], [57]

The uniformity of illuminance levels demonstrathe tistribution of daylight
along the depth of the evaluated room or facilitg. value is determined
differently for light coming from natural and artifal light sources.

Whereas in case of daylighting it is calculatedrfrine minimal and maximal
values of daylight factors attained over the wagkiplane (eq. 42), it has a
slightly different approach in case of artificiahting when it is calculated from
the minimal and mean values of illuminance levditamed over the working
plane (eq. 43).

In both of the described cases, it handles abouitdess quantity.

UDL =P (42)
D

max
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Where:

DF.,, - is the minimal value of daylight factor acquirever the scope of the
working plane, in percentag§¥] ;

DF_., - is the maximal value of daylight factor acqdiver the scope of the
working plane, in percentag§¥] .

UAL = Sumn (43)

Where:

E.nn - IS the minimal value of illuminance acquired oweorking plane, in
lux [IX] ;

E,. -isthe mean value of illuminance acquired overking plane, in lux

[Ix] ;

2.3.12 Index of refraction

The index of refraction is a one value characteristpresenting a special
property of a material, causing the light to chantgelirection at the interface of
two matters as a result of varying velocities. Jedue for materials can be

determined by dividing the speed of light in vacuwith the speed of light in
the certain material. It handles about a unit testity.

o G
Where:
A - is the index of refraction of light in vacuym| ;
n, - is the index of refraction of light in a matérja] ;
C, - is the speed of light in vacuum ] ;
C - is the speed of light in a mater[ah ] .

The resulting value is usually bigger than one.
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3 ARCHITECTURE AND DAYLIGHT

» Daylighting systems in architecture
» Evaluation of light conditions in buildings
» Design methods for daylighting
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From the beginnings, humanity was afraid and bdgaseek for shelters to
protect themselves against the attacks of aninséiteatic conditions and later
before aggressive tribes too. Therefore they waokihg for caves inhabited by
creatures, which could be killed and supply thenthwiood and living
possibilities. Only later, as the weather had betguchange, got colder, they
started to make door-like structures without opgsimoved into the entrance to
these caves or holes inside of mountains. Only iéevelfter this, they started to
make door like elements with openings to shut ddwenentrances to the caves
and at the same time allow its ventilation. As tiflteav by and the number of
people living in the tribes arose, thus causingetembration of the inhabitable
space, they had begun to look for other possimlitand structures to protect
themselves and live in. Despite of such a hardsbyeral building types arose
from dust, especially fortifications and sheds ma&dm wood and soil, however
depending on the given location, which then infleessh the overall architecture
of the region for thousands of years [17].

In the biggest ancient civilizations, like Egyptte®ce, Rome, Mesopotamia,
China and the Indian tribes of Central and SoutheAca (Aztecs, Mayas, and
Incas), the building design was largely devotedGieds or other un-natural
phenomenon, which people of different realms beliem. The building objects
they constructed were usually temples, pyramidsgpixfor Egypt, where the
pyramids were erected as tombs for the pharaohdjffefent shapes, in short
show-up monuments with sacred grounds and an isedeamount of incoming
daylight throughout openings in the auxiliary stures just to illuminate the
paintings and carvings on the internal surfacesnitient Egypt, therefore shafts
coated with gold have had been introduced. Anotbérthese ancient
masterpieces is the Pantheon in Rome, erected tixgthapplication of roman
concrete and illuminated by the only opening atttpeof the covering copula.
The dwellings of citizens however were usually $nwth a handful or no
openings, excluding the door used to exchangdeagause almost every activity
they have had to do was done outdoors. The shapethar properties of these
houses depended on the location they were erdatedy regions, flat roofs and
robust structures to withstand the heat acting dahéamn have had been used
(Egypt, Mesopotamia, etc.). The total opposite leagg in colder regions of the
Globe (Rome, Greece), where the massive walls aof$ were exchanged by
column based structures, with a south facing magade to increase the heat
gains from the incoming solar radiation. Wooden gsin laths, furs or
leather had covered the openings until the disgowdr flat glass and the
techniques to make it [16].

During the Dark Age, after the downfall of the Gte®Roman and Persian
Empires, the building industry stagnated. It washma into the background
because of the never-ending wars between tribdgfefent nations. Only under
the rule of respected and strict kings was humamibje to rediscover
architecture. The different eras throughout thedheichge had their significant
buildings, like the rotundas within the Romanesqexiod, churches and
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cathedrals throughout the Gothic times, etc. [It)d.worth to mention, that the
buildings developed until the pre-Romanesque petisough it handled about
religious ones had only small openings, similadytiie housing of citizens, but
their position was bound to be on the east dueligious reasons. In the Gothic
period, they began to experiment with structurdseyldeveloped the vaults and
arches, while transmitting the loads to the pieft Within the masonries, thus
leaving behind huge openings. Openings decoratedolmured glass showing
chapters from the Bible, and being majestic. At &xact same time on the
opposite side of the Earth, the buildings may theyone on multi-storey ones,
were based on fragile frame based structures made \Wwood especially from
bamboo logs, allowing the inhabitants to rebuilditthouses on the go, under a
short amount of time. The available resources, tike oil-impregnated rice
paper in the Japans, had enabled them to crediy hilgminated primary or
secondary indoor spaces.

Until the beginning of the industrial revolution the 18' and 14" century,
daylighting had a significant position in the atebtural design, as to it was
needed for the handcrafts done indoors. Neverthelesh the introduction of
electricity and steel the facilities and the mawctfeang process had changed
forever. Architects on demand (with exceptions likudwig Mies Van der Rohe
or Frank Lloyd Wright) had begun to construct enoush building objects with
indoor spaces of almost unlimited dimensions.

Unfortunately, it took decades until this directiohave had been
internationally interrupted in the 70’s of the™6entury with the oil embargo,
causing a rapid rise in the expenses connectdeetatilization of buildings [16].
The best solution designers could come up withoas s possible was to turn
back and start to utilize daylighting at a highater once again resulting in
bigger openings and the development of newer datytig systems, may they be
active or passive ones, including modified glassebglazing systems.

3.1 DAYLIGHTING SYSTEMS IN ARCHITECTURE

Daylighting systems used in architecture, therefar¢he building industry
went through a long evolution since the first mdiEsic openings were
introduced. Nowadays several direct (primary) andirect (secondary) [27]
types of these systems are used may they be actpassive ones, only with the
aim to increase the amount of incoming visible atidn let into the indoor
spaces of building objects.

3.1.1 Primary or direct daylighting systems
Voids

Voids are one of the most primitive passive didsylighting systems used in
architecture already from the beginning of its etoh. Voids are standard
opening within structures without any fitting, docan be said that it handles
about holes through which light can move freelynirthe exterior to the interior
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of a building, and likewise the opposite is valisioa These structural daylighting
elements can be located everywhere, inside, outsidbaorizontal, vertical or

aligned structures. The main feature of voids impgarison to other systems is
that a significant amount of visible radiation @arter the building through them,
because it does not come to any absorption, refteatr refraction of the

incoming electromagnetic radiation just to transnms with a transmittance of
100% in each, and every direction. However, thigl$® the major disadvantage
of voids. Heat and energy as much as it can ehe&building, it also escapes,
and nowadays when the energy efficiency is put eb@werything, though it

handles about a direct daylighting system it candss®l only as a secondary one.

Windows

The next type of passive daylighting systems aeevilndows. Windows are
modified versions of voids, more precisely, by eging voids with a kind of
glazing and a frame holding them at a given pasitio comparison to voids, the
amount of light entering the room decreases bedéwsglazing and the window
frame already influences the electromagnetic ramhatOnly a portion of light
can pass through the glass panes. The rest ictegfleand absorbed by the
glazing and surrounding frame. Glasses of differymes used within the
building industry and mounted into the openingshdwe different properties
with means to transparency, reflectance and abeaorgt is a result of the raw
materials used within the manufacturing procesfabfglass. A clear glass of a
thickness of 4mm can transmit as much as 92% ofrteming light, on the
other hand triple glazing fitted with krypton angpéied tinting on it can have a
transmittance value of as low as 10%.

Several types of windows do exist according thesiton:

» Standard windows — located mostly in peripherat,Jautical structures or
under a low pitch to the zenith;

* Roof windows — designed as a part of roof planeth wihe aim to
illuminate attic and loft spaces next to the rdafiding;

* Clerestories — exceptional types of standard wirgjowhich are
positioned in vertical peripheral structures of ailding object, but
are placed higher and so the connection of theiont@nd exterior is
limited throughout them;

» Glazed facades — full-scale windows which are medirl over the walls
of a building, and do act as a structure dividihg tndoor and outdoor
environment. Glazed facades do have their own besdting elements and
can resist the pressure of the wind.

Roof lights

Roof lights are daylighting systems used to illuaten indoor spaces from
above, through the roof planes of a building. They installed into the roof of
industrial buildings to make the conditions necgs$ar work better. There are
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several types of them, but the only thing validdgery one of them is, that roof
lights are almost every time equipped with a deéfugpe of glazing just to

scatter the light over the working plane insidevamn while not allowing direct

sunlight to pass into the interior, causing ovetingaand the availability of

glare.

In wintertime, they do have problems with water mapand moisture within
the air, which condenses on their internal surfaces starts to drop down onto
the inhabitants and workers, or the water startpetoetrate the structures and
cause problems of a different manner.

3.1.2 Secondary indirect light sources
Light guides (also known as solar tubes or lighpes)

Light guides are daylighting systems, which arénhmssive and indirect. The
light is transferred with their help from the exterto the interior of a building
via multiple reflections.

The transmission of light with the help of lightides is made possible
throughout the utilization and usage of highly eefive surfaces, made by the
galvanization of metal (the galvanization goes uigio with the help of a silver
compound of highest quality) or by special polymesgd in fibre optics. This
increases the reflectance value of the inner sarfddhese shafts, to the limits.
The length and diameter of the metallic pipe caffiedi but their design is
arbitrarily dependant on a certain ratio of its emsions [32].

1

_::__3

Fig. 13 Cross-section of a light guide [4].
1 — copula, 2 — metal pipe, 3 — diffuser, 4 — laments
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Light guides, used within the building industry ateone end finished with a
glass or plastic copula, and on the other end avidiffuse transparent material.

Several theories have had been developed for thigrdand application of
light pipes since they have had been introducedgedaeither on numerical
analysis or on graphical approaches, including ehasf study cases.
Nevertheless, scientists and architects includireg @uthor of this thesis, have
had tried to verify the efficiency of these system®ugh the utilization of ray-
tracing algorithm [4], [23], [30], [31].

Atria

An atria, is an open space inside of a buildingeotsj, which is not interrupted
by floors and is directly illuminated by daylightom above. The aim of their
design is to bring sufficient amount of light taoros and indoor spaces designed
with openings facing a central part of a buildifidhey do provide a visual
sensation for the users of a building when theeenaralternatives because of the
space available and landscape, situation or byr alisguptions. Quite often
atria’s do have a secondary function as well, adria’s are used by some of the
inhabitants as gardens.

Walls must enclose the atrium from all of its sidakhough, they may be
protected from the top too, especially by glazing.

Optic fibres

Daylighting of buildings with optic fibres is unconon in most parts of
Europe (European Union), however in the USA, Japamsl other exotic
countries, they are designed and developed alréady 1978-1979 [2], [53].
These systems do utilize optic fibres to transpght from point A to point B,
whereas point A is located somewhere on the eneetdm building or near a
building object, while point B is inside an indaspace.

The application of optic fibres result in a lowdasf light (which is why they
are also used in different engineering fields, kikenputer engineering sciences,
medics, etc.) as to they are made from a transpbgén transmitting core and a
coating with a low index of refraction.

In addition to optic fibres manufactured in a fagfan the USA people tend
to make them for domestic use in their own garagesorkshops the same way
they do manufacture motorcycles.

However, the placement of optic fibres is not eroubhe system must be
completed by a collector made up from lenses ttecbdaylight and by light
fittings to distribute the light evenly into thedimor space.

The utilization of optic fibres in the daylightirdesign of buildings is shown
in fig. 14.

Another possibility for the application of opticbfes inside buildings is
their mixing into concrete. The resulting produst called as translucent
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concrete. It has high structural variability ancesgth, and on top of that it can
transfer light [47].

Fig. 14 The application of optic fibres for daylighting lafiildings [50]

Corridors

Corridors come into application when the roomsdasif buildings must have
a central entrance rout, which doesn’t even hdetm the proximity of external
walls. The illumination process then goes on with help of windows, doors or
voids located within the external vertical, horitnor aligned structures. The
rooms next to the corridor are daylit only with tmeans of daylighting systems
located inside the dividing structures.

A typical example of corridors can be seen in shappcentres all over
Europe. A shop if sufficiently illuminated by anténnal central corridor just
below a roof light. Roof lights are casually equdpwith diffuse glazing,
scattering the light into the space evenly, resglin a higher amount of light
passing through the transparent element betweemthspaces.
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3.2 EVALUATION OF LIGHT  CONDITIONS IN
BUILDINGS

The evaluation of light conditions of buildingsasrequirement of the latest
laws, acts, decrees and standards. The laws deedefiat has to be evaluated
and the related standards include the required odetbgies. Therefore, the
daylighting design of building is space orientedd @alepends on a few aspects
and information’s, like:

« The assumed utilization of the given building anddoor space
in the future;

» The properties of the locality;

» The type of daylighting system designed to illuntéenthe evaluated indoor
space;

* And others.

In the Czech Republic, excluding Prague, buildiags designed with care to
the requirements described within the decree 2@&2€oll. [34] (including
decree n0.20/2012 coll. [35]), which is about tleehnhical requirements of
buildings. For the capital city of the Czech ReprdPrague, these requirements
are part of the decree 26/1999 coll. of the capabbut the technical
requirements of buildings in Prague. The given elesrdo describe different
aspects of building design to ensure the health safdty protection of the
inhabitants and users of building object, for exeEmpuilding acoustics, fire
safety and among others also daylighting. It isl $hat every building must be
designed in a way, that the internal spaces musuftiieiently daylit. The design
of living oriented spaces are based on this givaarek directly, while the design
of permanent working places is connected to theegowent order 361/2007
coll. [36] about health protection at work, statithg following three stages of
lighting design for working places:

» The working space must be illuminated solely onldasis of natural light,
therefore daylight (a standard requirement whictitdee accomplished);

* Integral lighting can be used to lit the indoorcga

» Luminaries are allowed to be used in overall tarpta space (only allowed
if an indoor space is located underground or inaieatre of the building,
though the applicants for building permission deeéhto apply also for an
extradition of exception).

Another point of daylighting design lies in theg#an which it can be done,
as to it can be divided into three phases on tlseslzd the time and date when
the calculations are to be made, these are th@Mold:

* Pre-design phase of evaluation;
* In- or post-design phase of evaluation;
» Post-realization phase.
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A pre-design evaluation checks the daylight avditgbof the construction
sites and it should tell the designers, whetheretihaee going to be problems with
the placement of a newly designed building whenngaknto account the
characteristic of the given locality. It evaluatee indoor spaces of the designed
buildings as much as the spaces existing buildings Still it handles about a
preliminary determination only.

The in-design and post-design stages do verifyddndighting conditions in
the internal spaces of the designed buildings,ctlire The calculation and
evaluation process within this stage is done dvemntorking plane of a room, in
comparison to the pre-design phase involving onfgva calculations made on
the facade of the buildings. The in- and post-depigases do already derive the
dimensions of daylighting elements and their patansefor example, what kind
of glazing was used within the windows frame, howch of the opening is
taken up by window and door frames, and so on.

The post-realization phase verifies the dayligh{jpgssibly integral lighting)
conditions in an existing building just before isguout the permission for their
usage. It is verified on the request of RegionablieuHealth Authorities or
acting court in case of conflicts, by measurements.

3.2.1 Daylighting design of indoor spaces

The evaluation of indoor climate with a viewpoiatdaylighting is to be done
in compliance with the latestSN 73 0580 part 1 and its follow up standards,
part 2 to 4 [41], [42], [43], [44]. Each of thesmrdards deals with a given
building type:

» Part 1 deals with the foundations of daylightingide;

» Part 2 deals with daylighting of living orientedases;

» Part 3 deals with natural light in schools;

» Lastly, Part 4 deals with workspaces inside of stdal buildings.

This grouping had also brought along three differprocedures for the
evaluation of daylighting in room of different uétion:

 Method 1: is about the daylighting evaluation obms without special
features. This approach can be used for every mdpace, except for
living oriented ones. The calculations in this case done throughout the
whole scope of the working plane, whereas the tiagutaylight factor
values are compared with the ones included in3ad1] (fig. 15).

 Method 2: is to be used only in case of spaces witliving oriented
character inside newly designed building object®e minimal and average
values of daylight factors are taken from two baanydoints in the middle
of the working plane (can be positioned at mos4 idistance of 3 metres
away from the window) and are compared with thesoregjuired by the
standard. The Czech code fortunately isn't as hassHet say the British
one, because every room has to fulfil the samenpatiexrs, whereas in
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Britain the interior is classified into kitchenyilng room and bedrooms [37]
and only the mean values are looked after. Figdééonstrates the
evaluation of living oriented spaces in consenhwhite Czech standards.

« Method 3: is only used to test the effects of neddgigned buildings onto
the neighbouring, already existing ones. It handlasut a calculation done
in a point on the facade (fig. 17) in contrast be bnes made inside of
buildings.

Tab. 3 Daylight factor requirement according t6SN 73 0580-1

Class of visual activity; char. of visual activity; average| DF req.
viewing distance; Description of visual activity. DF.,., [%0]
DF, [%]

Cl. I.; Unusually exact; <3330mm, - >

: o . , " 3.50
Most exact visual activity with restricted possiyilof enlargement for 10.00
exclusion of mistakes. '
Cl. II.; Highly exact; <1670mm, 3330mm) 2 50
Exact visual activities in manufacturing procesaad controls, drafting, 7' 00
sewing and fine artistry. '
Cl. Ill.; Exact; <1000mm, 1670mm) 2.00
Exact fabrication, drawing, trickier laboratory Wwey sewing 6.00
CI. IV.; Average; <500mm, 1000mm)

. L , » 1.50
Middle exact fabrication, control, reading, writingpormal laboratory 500
works, cooking, etc. '

Cl. V.; Gross; <100mm, 1000mm> 1.00
Gross works, manipulations with objects, eatinigxation, etc. 3.00
Cl. VI.; Really gross; < -, 100mm> 0.50
Cleaning, taking a shower, dressing, etc. 2.00
Cl. VIl.; Orientational; < - > 0.25
Walking, warehousing, etc... 1.00

Vis. act. — shortened version of visual activity

Fig. 15 The primary daylighting evaluation technique ofand spaces [Author].
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AT MOST

3000 MM

Fig. 16 The evaluation technique for living oriented spf&ethor].

—

Fig. 17 The effect of a newly designed building onto thghtmuring one [Author].

3.2.2 Integral lighting design of indoor spaces

Integral lighting of interiors is based on the camalbion of natural and
artificial lighting of different kinds, dependingnctheir source (the principle
behind integral lighting design can be seen inXg).

Its design has to be made with care, as to thdtirgswniformity cannot
fluctuate too much, and has to be closer to 1188n in both separate cases, i.e.
UDL and UAL. The daylight factor requirements aneafler (sedab. 4), albeit
the requirements for the uniformity were maintained
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lamps off one lamp on both lamps on
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Fig. 18 Principle behind integral lighting design [3].

Tab. 4 Daylight factor requirements for daylighting in @sf integral lighting [40].

Class of visual activity; char. of visual activity; average| DF req.

viewing distance; Description of visual activity. DF .in [%0]
DF,[%]

Cl. I.; Unusually exact; <3330mm, - >

Most exact visual activity with restricted posdiyilof enlargement for

exclusion of mistakes. 1.00

Cl. II.; Unusually exact; <1670mm, 3330mm) 2.50

Exact visual activities in manufacturing procesaad controls, drafting,

sewing and fine aistry.

CL. 1ll.; Unusually exact; <1000mm, 1670mm) 0.70

Exact fabrication, drawing, trickier laboratory \er sewing 2.00

Cl. IV.; Unusually exact; <500mm, 1000mm) 0.50

Middle exact fabrication, control, reading, writingjormal laboratory 1'50

works, cooking, et '

Cl. V., VI and VII; Unusually exact; <100mm, 1000mm 0.50

Gross works, manipulations with objects, eatinigxation, etc. 1.00

Vis. act. — shortened version of visual activity
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3.3 DESIGN METHODS FOR DAYLIGHTING

Throughout time, builders, architects, engineers sgientists have had tried
to create an evaluation procedure which would ntakedetermination of the
amount of daylight falling onto the working plankaoroom possible, therefore
illuminating an indoor space through windows, doansl roof lights. Thus, it
would make it possible to evaluate the daylightngditions acting in the given
space. Several theories have had been introducgevieo only those involving
the standard CIE Overcast Sky were recognized.irAs moved on graphical
and numerical approaches came to life, these asegnadually overthrown by
computer-based algorithms, like radiosity or raging.

3.3.1 Graphical and numerical methods

It handles about an approach using graphs (diagranejuations (can handle
about a combination too) to evaluate the sky anereally reflected components
of the already discussed “daylight factor”. Thesggthms are usually post in
sets of two. One of the diagrams stands for ther fidan and the second one for
the cross-section of a building.

The internally reflected component is then deteedirwith the help of
equations, but it handles about a value of low inge.

The most known diagrams for the evaluation of tke @nd the externally
reflected components are:

* The diagrams of Daniljuk;

» The protractors of Kittler;

 The BRS approach;

* Moreover, Waldram’s diagram (in its base or modifierm).

The diagrams of Daniljuk

In case of Daniljuk’s diagrams (the diagrams am@shin fig. 19) the sky is
divided into smaller elements, corresponding té&yaveith a uniform luminance,
which are then used to obtain the number of elesnehthe sky which aren'’t
shaded by any buildings objects. These, are thed f the determination of
the sky component of the daylight factor. It hasdleout one of the most widely
known and used solutions, discussed in teachiaratiire and books at the same
time, likewise [10].

Daniljuk’s approach was in the beginning of thé' 2&ntury further evolved
by J. Kaka who had published his findings in the journakttv[25]. His
application of the diagrams involves the deternmamabf the angles under which
natural light can enter the building through theylidditing systems f{g. 20
demonstrates the angles needed for the calculafidghe sky component) and
their subsequent substitution into the equationsvideto get the number of
visible sky segments as much as horizontally sbozdly.
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Fig. 19 The diagrams of Daniljuk for section and floor plgkuthor with source [25]].
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Fig. 20 Application of Daniljuk’s approach by J. kka [25].
n, =500{cosB, — cog, (45)
Where:

B.,B, - are the angles determined in the cross-sectfothe building in
decimal degreef] .

n, = SODZ(ZDD + sin(20@, ))(46) (46)
T =
Where:
a. - are the angles determined in the floor plarheftiuilding in decimal
degreeg”].

The resulting sky component is then:

_nth
TR 47
Where:
q - is the luminance gradation factor of the §kj;,
,, - isthe correction for the light transmittancedaklighting systenj-].
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3.3.2 Computer based algorithms
Radiosity

Radiosity as a method for the evaluation of daylegrailability in buildings is
to be put into the category of global illuminatialgorithms. It is based on finite
element methods main equation, inside of whichyegarface is expressed as a
perfectly diffuse element, a Lambertian diffuseheTalgorithm or software
written with it stores any kind of data involvingtnjust lighting but heat
and acoustics as well, concerning every point séene not just the ones inside
the viewport set at the moment the evaluation etartherefore the results
are viewpoint independent.

The camera can be moved within the 3D model on ddmat any time after
the calculations are finished, which takes up sscharable amount of time (but
it is worth the time).

The radiosity algorithm is part of LightWave rendgrsoftware and is inside
the rendering tools of Autodesk and some compueres, too.

Ray-tracing

Ray-tracing is a method with the help of which st possible to create
photorealistic renderings of scenes consistingudtlimg objects, trees and other
types of elements. As the software using the gialgorithm is based on the
global illumination model, with ray-tracing it idsa possible to determine the
light levels inside or outside a given building. eTthght source for these
calculations is of natural, artificial or combiniggbe.

Ray-tracing can be traced back as far as to tHec&wtury [12], [28], [33],
when the first equations and ideas describing néslgcessor the "ray-casting”
were developed. Even though the description ofcasting was available for a
huge period of time its global application begahyan the second half of the
20" century with the implementation of computer basshnologies. The main
objective of its usage was to cast shadows witkenss and to calculate the
distances between the observer and the points wiherepath of the rays
intersected the geometries within the scene. Liks, tit removed the hidden
objects from the scene and have had interpolategribperties of the remaining
surfaces (including the colour) from the surrougdinEven though this wasn't
enough to create complex renderings of scenes,skng uextures assigned to
surfaces and because of its low hardware requirsmgnbecame widely
supported by game development studios. The firshpeder game which
introduced the 3D world to the gamers with the helpray-casting was
Wolfenstein 3D [63].

Because of the drawbacks, ray-casting gave birtla toew methodology
applicable for renderings, called as “ray-tracinigi’.comparison to ray-casting,
where the rays after their intersections with getoie® within the scene are
absorbed, ray-tracing began to follow the movenwnthese rays throughout
inter-reflections between surfaces, which are @efiaccurately according to the
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material type they are made up from, until the cap’'t move further on (aka
until the rays have been absorbed). Nonethelessuitl be possible to talk about
ray-casting as of ray-tracing with ambient bourtcesed off (fig. 21).

VIRTUAL
SCREEN

OBSERVER~
N

WINDOW

t\%!”f
N

RC/ RAY-CASTING, RT/ RAY-TRACING
IP1,2/ INTERSECTION POINTS

Fig. 21 The difference between ray-casting and ray-tra¢augthor]

With time, ray-tracing advanced further on, soiliitiy the requirements put
onto it by scientist, engineers and architectss Tasulted in various versions of
the main ray-tracing algorithm.

Between the most known versions are the forwardbawtkward ray-tracing,
followed by the combined and the stochastic ones differences between the
different ray-tracing approaches can be describeka following way:

* In case of forward ray-tracing the emitted lighttjgde (mostly an artificial
light source, but can be the sky as well) is fokowthroughout multiple
intersections and inter-reflection with surfacesalibed in the scene, until
it reaches the observer. There were various soétwaveloped, however
the requirements for the system running them igeghigh. The reason
behind it is in the fact that a huge amount of naysmitted into the scene,
and only a fraction of which reaches the imagirasnera. The probability
that a ray is going to be lost is around 99.9%.[48]

* In case of backward ray-tracing the light particleray is followed from
the observer until it reaches the light source ugho multiple reflections
and intersections. Backward ray-tracing is ideat bwilding design,
however it has its flaws also. Its main disadvaategthat in some cases it
cannot find the light source, mainly if a CIE Cle&ky with a Sun
description is the source. The most known represigetof backward ray-
tracing is POV-Ray (Persistence of Vision).

 The third option is the so called combined rayirgc It uses the
advantages of both previously mentioned algorithiAs. to forward
ray-tracing begins at the light source but hardhd$ the openings in
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the envelopes of buildings, it is improved by tlvantages of backward
ray-tracing, which gives away the position of thansparent surfaces
within the scene. Like this the forward ray-tracamn put the emphasis
onto the particles which are emitted in the dictof those windows,
doors, skylights, etc. DAYSIM uses a similar tediogy for the reckoning
of the resulting daylight factor and anatomy values

» The stochastic ray-tracer is created as a combimaif the deterministic
(backward) ray-tracing and that of Monte-Carlo comhbon theory for
subsampling of surfaces and rays. The only disadganof the stochastic
approach is that the values of different iteratiahffer. In case of
illuminance or daylight factor value determinatimver the working plane it
can also be used together with forward ray-tracifige most known
software in this field is « RADIANCE [14] ».

RADIANCE [14], [48]

« RADIANCE » was first introduced to the scientitommunity in the 80-s
of the 20" century in California, USA as a tool for luminaand artificial
lighting design. It the beginning it was develomadely by Greg Ward Larson
and a dedicated group of computer engineers workingNBL (the Lawrence
Berkeley National Laboratory), as a stochastic trager (see the previous
chapter).

Its main advantage however does not solely lie iwithe main computing
equation (it handles about Kariya’'s rendering faiaeyi and algorithm on which
it is based on, but in the way « RADIANCE » itsedin be used after a cloud of
parameters is defined. « RADIANCE » as it is, ign%t one program, on the
contrary it's a set of tools, basically inter-cootel ones, created for architects
and scientist working in the field of building, lumary, daylighting and
irradiance design.

The latest official distribution of « RADIANCE » ¢h4R1 is made up from
roughly sixty official binaries (- executable undd6 Windows OS) included in
the source package published by LNBL.

Every one of the official programs included in «[RANCE » is unique and
provides the user with results for different probée Therefore, it is possible to
categorize them into sets according to their behavi

* Generators (like ~genbox~, ~gensky~);

» Geometry converters (like ~obj2rad~, ~su2rad-~);

» Geometry manipulators (like ~xform~);

* Renderers (like ~rvu~, ~rtrace~, ~dayfact~);

* Image manipulators (like ~pfilt~, ~ximage~);

* Front-ends to « RADIANCE » (like ~rad~ or ~trad~);
* And others.
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On the other hand every user can use addition#d too, which are created
and further improved by the members of communitesistructed around
« RADIANCE » or by individuals who would like to ¢rease the overall
efficiency of the rendering process. Some of thesks, though they are not part
of the official distribution, are still availableebause of LNBL.

The source code for UNIX/ LINUX based systems eefto download from
the webpages of the project http://radsite.lbl.ggdiance. MS Windows OS
based versions are compiled either inside CYGWINMEHIGW and usually do
end up with a dependency issue caused by the mig€id libraries, although
only in case that an image manipulator is to beluapart from that most of the
components do work without them. If needed, evehefofficial X11 libraries
are part of UNIX/LINUX operating systems, their eglents can be
downloaded from the web for MS Windows OS too.
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4 THE AIMS OF THE THESIS

» Setting out of the aims
» Reasoning behind the aims
» Equipment used to achieve the aims
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4.1 SETTING OUT OF THE AIMS

The given dissertation thesis deals with the o@ation of daylighting design
of indoor spaces inside building objects with tlegplof computer simulations, at
different stages of building design (i.e. pre-,, iahd post- design phases),
therefore the emphasis of the solution was put seteral minor aims, which
are the following:

« A comprehensive comparison of available design au=h against
published CIE reference cases;
« Comparison of measured and calculated values digti@yactor levels.

4.2 REASONING BEHIND THE AIMS

The aims dealt with within the thesis were set aut the basis of
Issues connected to the engineering practice, edlgeexpertise activities
necessary to get the permission to build (accordmghe valid laws and
regulations [34], [35]) or in case of litigationgtlveen the owners of certain
neighbouring properties.

Standardly these processes are being solved by doa@esign methodologies,
created with the aim to determine the resultingligay factor values over the
working plane of a room or on the facade of andtexy building. Nevertheless,
some of them do have their foundations in one efdlder approaches and not
in newly developed theories and possibilities. aitgh, this could come with
a set of disadvantages the software productionicstudre working on and
issuing out newer and newer versions of computelstowvithout wanting to
invest into research.

The mostly used approaches in the Czech Republie wet even tested
against real-life conditions, or against CIE refme cases [45], hence leaving
the professional community in a blind spot.

Hence, the aims set to take a closer look at thkentques of daylighting
design with respect CIE test cases for the asse$safecomputer lighting
software and to verify them against values obtaibgdeal measurements, are
actual.

4.2.1 Comparison of available design methods against Cltest cases

The engineering practice in the field of dayligigtis highly influenced by the
guality of design techniques from which one canoseoto make the appropriate
calculations and later the evaluation of light atods inside a building object.
Therefore, it is necessary to test their creditgbds much as their reliability,
since the conclusions of an expertize activity cariye exchanged on a whim
later just because a different tool gives othenentustworthy results.

A part of the thesis is therefore going to dealhwd comprehensive
comparison of standard design methods against thesarces.
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This step is necessary because as much as « RAHANGther available
design techniques within the field of lighting aneghly influenced by the
reflections of light, and « RADIANCE » itself habaut five influential ambient
parameters affecting the distribution and amounighit incident to a point on
the working plane.

4.2.2 Comparison of measured and calculated values of diéght factor
levels inside buildings

The next issue dealt with within the thesis is asded to the differences
between the measured and calculated values ofgtiayhctor levels, as to the
daylighting evaluations and expertizes are ofteguested by the building
permission office or by the office of regional hgge for the premises of
schools. Thus, the certainty of calculations amdugations should be verified
too while going against measured values in real lif

Reality is influenced by factors like:

» Surface reflectance and light transmissions of nase

» Complexity of the indoor space;

» Location of the evaluated building object;

» And the geometry of the neighbourhood, among others

On the other hand, simulations are done on simegliimodels only. For
example, complex structures like windows are céguscribed as a glazing
affected by a light transparency, maintenance fatd coefficient regarding the
window frame.

That is why, there may be differences, but whetkascalculated values are
smaller or equal if compared to the measured anasheme for research.

4.3 EQUIPMENT USED TO ACHIEVE THE AIMS

For the solution of the project only equipment &lde on the authors
working place, in more detail in the grounds of thmstitute of Building
Structures of the Faculty of Civil Engineering, Brlniversity of Technology,
including those in the ownership of the author wesed, with a few exceptions
only.

The measurements in the laboratories located inoth@f the main building
of the institute have had been permitted by InglaMiOstry, Ph.D., later
conducted by the following equipment:

* [lluminance meter KONICA-MINOLTA T10 - including tae of the four
receptor heads;

» Software EMIlux and MuuLUX v0.98 (programmed by #ngthor and his
colleague Sandor Bagyi, from Budapest, Hungary);

e Luminance meter KONICA-MINOLTA LS-110;
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« HOBO U12-012 data loggers (the data loggers hadehbs®n purchased
from the budget of GAR 01/05/H018 doctoral research project, which
was finished in 2008 on the Faculty of MechanicalgiBeering, Brno
University of Technology);

* In addition, a reference surface for the deternonabf the reflectance
values of surfaces (lent to the author by Doc. biigPlch, CSc.).

The computer simulations have had been carriednoytRADIANCE » and
« WDLS » whereas AutoCAD, Ecotect, Rhinoceros, OmaRhino, SketchUp,
SketchUp to RADIANCE and notepad were used as WB@puter programs.
A few calculations were performed in MS Excel 20B307 and later on 2010.
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5> USED METHODOLOGY

» Validation of computing methods
* Computer simulation settings
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The current chapter focuses on the descriptionhef hethodologies used
along the solution of the thesis to achieve thesadtescribed in the previous
chapter. These required the following:

* To learn about new findings in the field;
* To think about and discuss computer simulationsramderical solutions;

e And to create a base idea about the measurememtmhke and how to
take them.

Because the author have had decided to go withnthevated approach of
Daniljuk, which should be widely known by now, st mot going to be discussed
until the chapter inheriting the results.

5.1 VALIDATIONS OF COMPUTING METHODS

5.1.1 Validation of computing methods against CIE Test Caes
scenarios described in CIE 171-2006

CIE as an organization had published several stdaddrom the sky
definitions throughout colorimetric functions up ttee one describing the test
cases for the validation of computer programs. given standard goes under
the number: CIE 171/2006. The validating patteresenoriginally invented by
F. Maamari in 2004 as a solution of his Ph.D. th¢$b] and from 2005 they
have had been gradually enforced by CIE [45].

The CIE 171/2006 describes a set of scenariospuaith the ones defined
inside of the chapters up to #4 do validate toolsdrtificial lighting design,
exclusively. Only test case scenarios demonstiatetapter #5 of the standard,
are to be used on software specially developedidgtighting scenarios. These
do test the capabilities of a software tool infitlowing manner:

 Verification with respect to the sky componentlad daylight factor;

» Verification with respect to the externally refledt component of the
daylight factor;

» Verification of the internally reflected componetithe daylight factor.

There is however a major issue within the validatd the internally reflected
component, in more detail with the validation ofgnhof the daylighting design
methods, because the test cases created for tipesgudo require an incident
angle of 35°, 45°, ... of the luminous flux, therefaa clear sky, nonetheless
daylighting is evaluated under overcast sky coodsi

So, only test case scenarios 5.9 (R.¥.A.8), 5.10 (R.T.A. 11.9), 5.11
(R.T.A.11.10), 5.12 (R.T.A. 1l.11), 5.13 (R.T.Al.12), 5.14 (R.T.A. 11.13) could
have had been used for the validation process.eld@svisible in fig. 23 to 26.

3 R.T.A. — Referred To As.
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Because the internally reflected components areleoegl, the internal
surfaces are made up of a light absorbing blaclenat the light reflectance
value of which is equal to zero. The terrain ara barriers are bound to have a
reflectance value of 0.3-, which is 30%.

The reference values for the test cases are alaifab each of the 15 sky
types, although in case of a CIE Overcast Sky theeetwo demonstrated data
sets. The CIE Type 1 generated by Skylux softwaré the CIE Overcast
(fig. 22), which is the fundamental data array. Séhevere used for the validation
of Skylux that is why these values were chosenrheyauthor for the solution of
the thesis, too.
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Fig. 22 Example of excepted daylight factor values for SKy types [45].
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5.1.2 Validation of computing methods against on site mesarement

The daylighting measurements taken in the labdestdocated within the
grounds of the Institute of Building Structuresciity of Civil Engineering,
BUT in Brno, supervised by Ing. Milan Ostry, Ph.Bonsisted of three separates
stages regarding the different aspects of lightsmesanent:

 The first stage did require the determination ahti reflectance and
transmittance values of surfaces;

 The second stage was about illuminance measurerogatsthe working
plane of the laboratory. These observations die tallace in the first and
fourt quarter of 2009;

 The third stage was about measurement of luminamze illuminance
values regarding the CIE Overcast Sky.

The plans of the laboratories including the locai@f the data loggers and
receptor heads are visible in fig. 27. Fig. 28 shdle laboratories before and
after the positioning of the tripods, demandedHgymonitoring process.
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Fig. 27 The plan of the laboratories. [Author]
(Plan of “Laboratory No.2” on the left, plan of “LUaoratory No.1” on the right)
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5 ,7,ZL- K YA pick /
Fig. 28 Figures showing the laboratories [pictures by Iily.Be’kovsky, Ph.D.]

“Laboratory No.1” after the initial positioning athe tripods is on the left,
“Laboratory No.2” after the installation of the PClased panels is on the right.

Determination of light reflectance and transmittaecvalues

Because the laboratories within the grounds of wuweking place were
contstructred from standard building materials wittknown light reflectance
values, like: gypsum board coated with a white paiatris board, steel frame,
etc. it was necessary to get the required infolonatiby measurements. The
results then were applied as input data within daglighting analysis and
comparison of computer simulation software andnin@erical design methods.

Such measurements can be done in two different:ways

» By measurement and evaluation of illuminance angrance values at the
same time, or;

» By measurement and evaluation of luminance valundg determined on
the surfaces and on an etalon with a predeterniigledreflectance value.

For the first time it was decided to go with anl@taone which was lent to
the author by a colleague of his, namely Doc. bidj.Plch, CSc., who owns a
few samples and was willing to help. The choice hadn fallen onto a coated
steel plate of light blue colour with a light reftance value of 29%.

For the second time, because there wasn't enough tv borrow the etalon
once again, the author had decided to create hisreference surface (etalon).
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The light reflectance value of this particular swd was then determined with
the help of the luminance and illuminance meteeslalle at the working place.

Measurement of illuminance over the working plane

In the year of 2008, the daylighting measurements the working plane of
the laboratories have had been based on two citféypes of sensors. In one of
the available rooms 10 pieces of HOBO U12-012 daggers were positioned
in accordance witk'SN 36 0001, and at the same time in the second thoee
KONICA-MINOLTA T10 receptor heads and HOBO U12-O#ata-loggers
were installed.

The measuring apparatuses have had been place ihtaght of 856m
above the floor of the given room on tripods witbdified heads, so that they
could hold the data-loggers in position connectethém by VELCRO fastening
elements.

The distance of the measuring heads from the smging structures as is
stated in the standards was 1000 The resulting working plane of “Laboratory
No.1” have had been divided up by 10 data-loggemsating 2 columns of 5
rows. “Laboratory No.2” in the first place was paepd for comparative
measurements only with the aim to test the capisilof the purchased data-
loggers with concern to their response to visilal@iation (which at the time of
the purchase was unavailable).

Measurement of external luminance and illuminance

Because the locality allowed it, the Iluminance atdminance values
regarding the CIE Overcast Sky were determinedhenrdof of the faculty. At
the beginning of 2009 because the receptor heatlseoKONICA-MINOLTA
T10 illuminance meter were in use indoors, thelgkyt was measured solely by
the luminance meter available at the working plé@eKONICA-MINOLTA
LS110 device). These measurements have had beeadcaut in accordance
with the standards and the luminance values wéwmntat 5 points of the sky
under a short amount of time (see fig. 29). Thius,amount of light falling onto
a non-shaded dark horizontal surface could be rmieted from one of these
luminance values, but only in the case, that @sebnditions were satisfied.

Only by the end of 2009 were the values measureallfoby the illuminance
meter KONICA-MINOLTA T10, because the full-scaleaévation of the data
obtained at the beginning of 2009 have had beeluaea only at the end of
the same year.

The location where the sky luminance and illumireameeasurements took
place is located atop of the faculty and is apgdrem fig. 30.
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Fig. 29 Determination of luminance over the CIE Overcast [Bluthor]

h

Fig. 30 The location of sky monitoring is highlighted bg tied ellipse with yellow
gradient while the roof windows of the laboratorege shown by the green
rectangle [source Google maps and Author].
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5.2 COMPUTER SIMULATION SETTINGS

The development of computer technologies in bo#wpbints, regarding the
hardware (increasing number of CPU cores, hardwaeceleration by the GPU
like CUDA or PhysX) and the software tools as weitl result in an increasing
number of available computer programs, developedrchitects, civil engineers
and scientists. Some of these were written by hsiyglios and ome by
individuals with the aim (SketchUp, 3DS Max, MaxWeénderer, V-Ray,
Architectural Desktop, etc.) to allow the community make photorealistic
renders of 3D scenes either with the applicationrayf-tracing or radiosity
algorithms. Nonetheless, most of them can do IungeAluminance
calculations too, thus helping the engineering comity in the building
design process.

DIALux, DIALux Evo, Relux, POV-Ray (though it harefl about an older
rendering software, it still belongs into the groop the best applications
available) and other programs do offer complex tsmhs to design studios and
civil engineering workstations in the form of intarand exterior design at the
same time. However, the daylighting calculatiorsda of them have had been
continuously pushed into the background by thefi@gi lighting design
standards of foreign countries and companies matwufag luminaries. This
can be seen in the way, how a user can set-uphitlenéss of the peripheral
structures, if it is even made possible (in DIAlK 1 the walls must have a pre-
defined thickness of 300m).

Only one available newly programmed software haayest focused on
daylighting simulations and that is the Daylighsializer, by Velux a company
manufacturing roof windows and light guides, amotiters. The specialty of the
latest version of the given software is the appnoacder which the developers
had begun to apply the fifteen sky types define€ .

Nevertheless, the computer simulations and calonktwhich were done
within the solution of the thesis have had beenuged on the quality of
« RADIANCE » and « WDLS (Windows Day Lighting Systp» a Czech
software, which is said to be the most widely uspglication in the Czech
Republic for daylighting design of buildings in easf expertise activities.

5.2.1 Computer Simulations in Radiance

As to « RADIANCE » is a UNIX/LINUX operation systef/L from now
on) based package of applications, ported via CYBWI MinGW to MS
Windows OS, its usability is the same as it wastha beginning of its
development. This results in the division of 3D misd(scenes) into multiple
files, inheriting different sets of data and infatmn. The file extensions are
optional, because the properties of files can bddugled in the filename as a
residue of U/L.

For example, the name of a material descriptian ddn be “glazing.mat” as
well as “mat_glazing”. The same is valid for thedah sky descriptions, etc.
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while the only thing required is to have an ovewf them. They may be even
located in separate folders too, as to it is simplnk the model together.

For a scene to be successfully rendered and eedluie materials, surfaces,
sky and virtual sensor point sets has to be destridorrectly. A standard
reflective surface without textures can be desdribgher as plastic (eq. 48),
metal or an alternative of them with directionaleets (plastic2 and metal2).
Metal, as a material is often neglected. Nevertwlet finds its utilization
in case of light guide definitions with a bit of ughness and specularity
applied to it.

modifier plastic id
0

0 (48)
5 IOred Iogreen IOque SpeC. rOUgh.
Where:
Prear Pyeen P oe - ar€ the reflectance values of the surface inR@ colour
model[-];

spec. - describes whether the surface is going to beéenmatglossy, its value

Is usually between 0- and 0.1-;
rough.- describes whether the surface is going to beosimor rough, its

value is usually between 0- and 0.5-.

Within the thesis, the reflective surfaces withea fexceptions only have had
been described as plastics with a colour varyinghfwhite to grey to black. This
approach did simplify their definition a bit. Foxample a greyscale floor with
an overall reflectance of 25% looks like eq. 49,evdas a brownish orange
surface with the same reflectance value would ldakeq. 50 [52].

modifier plastic id

0

0

5 0.250 0.250 0.250 0.000 0.000

(49)

modifier plastic id

0

0

5 0.482 0.182 0.000 0.000 0.000

(50)
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A glazing can be described in four different ways:

* As dielectric materials — the definition of this tmaal requires the
description of transmittance values as much asdfraction index and the
Hartman constant of the given transparent material;

» As a glass material — it handles about a specisive of a dielectric with
an index of refraction equal 052+

 As a trans material — can be used to describe sdiffutransmissive
surfaces, such as Lambertian diffusers in casglaif guides;

e Or, on the basis of OPTICS5 descriptions which conme handy while
describing huge models, where glazing acts as tarret surface needed
for the determination of the externally reflectedmponent. It handles
about the combination of two or more different glagpes and coatings
within one material (external VSG glazing tinted goeen colour with a

thickness of 6 mm + internal glazing standard whitth a thickness of
4mm).

For the description of the glazing within the wimto and openings
throughout the computer simulations representetinvihe thesis, the material
description called “glass” have had been used.

The light transmittance values are required infdmen of light transmissivity
ones (eq. 51) including a certain light loss cafit as a requirement 6fSN
implied to it, although not in each and every cdsethe light transmittance of
the windows illuminating the laboratories have baén determined with help of
measurements.

_ \/O 8402528435 0.007252228R .. - 0.9166530)((3?1 (51)
0.0036261119r loss
Tioss = L int T ext o (52)

Where:
t - is the resulting transmissivity of the glazig ;
T, - IS total spectral light transmittance of thezghg [-];
I, - IS the maintenance factor on the internal sidé@glazing[-];
T.e« - ISthe maintenance factor on the external sideenglazing[-];
7, - is the ratio between the area of transparemhes and the overall

area of the openinfy] .

Input/output software

Under input/output software a tool can be imaginedich is used to create
the 3D scene for the rendering process and to rnifakeesults readable and
understandable.
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In the beginning, although the author did havetabexperience in working
in Linux OS, still fell back and tried to work witk Desktop RADIANCE », an
MS Windows OS version of « RADIANCE » working ovekutoCAD.
However, certain issues did arise while trying todify the parameters of the
ray-tracing process. Therefore, he had begun thk fooother alternative tools,
programs and scripts, which could be used instéadDesktop RADIANCE ».
So, the author came across a few AutoLISP and MBaliBasic scripts written
for AutoCAD, but these tools could be used onlyet@ort the models into
« RADIANCE » data format for editing in « Notepa@dmother software.

Later, tools like DAYSIM and Ecotect have had bedroduced to the author
by the community and colleagues working for the dathof Architecture,
University of Sheffield, UK. It handled about a gram which was made by the
engineering community working in the field of build physics for architects
and engineers, as to thermal design could be magldei of it as much as
daylighting. Nevertheless, even after exportingrtioelel to the « RADIANCE »
data format, it still had to be modified in an ewittool, since the windows had a
bad light transmittance value. The simulation pssceould have had been
started manually too which resulted in a highexifigity. Nowadays, the owner
and developer of Ecotect is Autodesk. Hence, maduwt it are already
integrated into Autodesk Revit and Architecturakkiep.

As time moved on plugins called Diva for Rhino and
SketchUp to RADIANCE were released. These are sxien to Rhinoceros 3D
and SketchUp modelling computer programs, workingf ffine. Because the
author owns an official copy of Rhinoceros 3D hed haegun to use a
combination Rhino to SketchUp to « RADIANCE ».

The simulations in « RADIANCE » package have hadnbéone used under
MS Windows OS just as much as under Linux. The pamason behind this
approach was, that under MS Windows OS it was alimngsossible to use the
~falsecolor~ subroutine.

Ambined value (-av) and ambient weight (-aw)

While studying the man pages of « RADIANCE » ané HO software, like
the Diva for Rhino, the author did come acrossiagarameters, which were not
used by him earlier. These parameters were tha swifch to turn on the Monte
Carlo sampling method; possible options + or - he ambient weight
parameter, mostly set to 0) and the —av (ambidnevaarameter, influencing the
accuracy of indirect irradiance simulations).

The intermediating programs which may be used uMierWindows OS to
generate the scene from 3D model spaces (like Rame 3D or SketchUp)
would use the ambient value parameter with a vafu€0 10 10 (in every red
green and blue fields of colours) while sending ftene to the ray-tracing
algorithm of « RADIANCE » software package. Neveléss J. Mardaljevic had
stated that for daylighting calculations, espegi#dr illuminance determination,
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it is better to set both of these values to O- ,[IAat is why the simulations
presented within the thesis were done with —av-avd parameters set to 0.

5.2.2 Computer simulations in WDLS v4.1

« WDLS » is written and developed by ASTRA MS Sdite Ltd. (formerly
known as the software division of Astra 92 Ltdt).id one of the oldest and
mostly used applications created for specialistsrking in the field of
daylighting in the in the Czech Republic, whichparticularly the origin of the
company as well. The latest version has a revisionber 4.1.4.14.

Its usage and application is a bit sturdy, andésdhave some disadvantages,
which are:

* The rooms input must have a rectangular floor ptamplex shapes must
be remodelled with internal barriers;

* The building can be modelled only in the form obdKs with a constant
width, depth and height. Fortunately elevationsali@ved, so at least it is
possible to model saddle roofs;

» Each and every barrier in the interior and exteresults in an increase of
computer time needed for the calculations to goudh;

* The openings can have rectangular or aligned shapis Circles and
arches aren't allowed, diffuse parameters canidieeither, etc.

The determination of externally reflected comporrequires either the:

* Luminance ratio of the surface to sky (but thisrapph can handle direct
surface reflectance values as well);
* Or the surface reflectance and light transmittaradees of the barriers.

As for the evaluation within the solution of thesis both of these approaches
have had been tested. The size of the terrain wuling the building objects
was set to 30m. The number of iterations/reflectarthe calculation was set to
3-. Higher numbers are unreasonable in « WDLS ».

5.2.3 Computer simulations in WDLS v3.1

It handles about an older, discontinued versionc 9¥/DLS » software, the
predecessor of « WDLS v4.1 ». Its usage and apjaicas sturdy too, and has
the same disadvantages as its successor. Stél #niersome differences between
them:

While « WDLS v4.1 » already uses the computer algaor of numerous
reflections for the determination of the internalgflected component, and can
obtain the externally reflected component with tmeans of two different
approaches, « WDLS v3.1 » has different definiticon8/DLS 3.1 » uses three
different concepts for the evaluation of the in&disnreflected component (these
are the following: Krochmann-Kittler's proceduréiet BRS technique and
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numerical reflections) and only one for the extdyneeflected component. It
cannot work together with computer aided desigrisioand has less settings
referring to the quality of the resulting values. addition, « WDLS v3.1 »
cannot handle a vertical working pldne

For the purpose of data collection, each of thél@wa settings have had been
tested throughout the solution of the thesis. Thiterédnces between the
possible settings in « WDLS v3.1 » and « WDLS w4 .4re distinguishable in
the following figures.

A

r
Nastaveni bodového vypoctu

Deter. of refl. component

........................................ Storno

" Multiple reflections

\zolii
" Don’t provide 1zalnie

Empiric evaluation of D. Sys. Split ratio

* Krochmann-Kittler
" BRS approach

Plane size 500

No. of iter.

A

A

-

Nastaveni vypoctu

[v Determination of int. refl. component
Determination of ext. refl. component
{* According to multiple reflections

" According to luminance ratio

o

> 1l | 2] il

Storno

[V Evaluate the effect of the surrounding
[V Check whether the receivers aren’t in barriers

[V Evaluation of refl. from internal surfaces  Save before run ¥

Split ratio ¥ | [Increment of terrain

Number of iterations (refl.) |3 ﬂ |5DDDU LI
Interior Exterior

Dim. of elementary plane |1 000 LI |5DUU LI

Min. dimensions of plane |1D[] LI IEDU LI

%

Fig. 31 The differences between the settings availablebh.8$A/3.1 and v4.1.
(WDLS v3.1 is on the top, WDLS v4.1 is in the lbokto
[Screenshots and translation from Czech done byatitieor].

“ WDLS v3.1 and Daniljuk’s innovated approach aremssessed for their quality over a vertical
working plane.
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6 RESULTS

» Validation of design methods against CIE test cases

» Comparison of measured and calculated values
of daylight factor levels inside buildings.
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6.1 VALIDATION OF DESIGN METHODS AGAINST CIE
TEST CASES

CIE as an international organization defined sdve&zts of standards, which
should be used in case of daylighting design dfdmgs. Such a standard is one
of the earlier mentioned ones regarding the skyrlance distribution in case of
the 15 sky types defined and created by S. DamtbRa Kittler in Bratislava
[23], [45]. Although, there are others as wellglithe CIE 171/2006 [44], which
in its roots is a technical report about testing tiewly created computer
programs light determination capabilities.

Because the measurements made didn’t turn out hsasvexpected, it have
had been decided to test « WDLS v3.1 », « WDLS w4ahd « RADIANCE »
against this standard the same way as « AGI32 J#s checked between 2006
and 2009. Nevertheless to make the picture compdetaumerographical
approach was being assessed as well, which incdss was the Daniljuk’s
methodology modified by J. k&a [24].

6.1.1 Created computer programs
RADIANCE Script

A standard rendering/illuminance-luminance rayitrgsimulation process in
« RADIANCE » takes into account several sub-programd parameters, which
can be utilized to achieve the required results. &@mple, it is possible to
discuss the ambient parameters taking into accdbet qualitative and
quantitative properties of reflected rays throughahe scene or the
time/date/location data for the generation of chasdey-type (from CIE Overcast
Sky until the CIE Clear Sky). Although the ~mkillenprocess shouldn't be
forgot about, as to it solves problematic modelstiapnsforming glazing and
other transparent surfaces into secondary lightrcesy into an illum type
artificial light source, having its advantage iglily complex models and indoor
spaces in the centres of buildings.

Because the validation processes do require ampeameters like “—ab”
(ambient bounce), “-aa” (ambient accuracy), “-adinpient density), ... to set
with care, moreover to assign more than just oheevio each of them, it would
result in numerous available combinations. A stathdae to start the ray-
tracing process looks as follows:

rtrace -k -h -w -aa0.01-ab1 -ad409¢ -as102< -ar 204¢
-aw0 -av0 0 0-dj 0.65-ds0.1-dt 0.05-dc0.75
-dr 2 -dp 4096-u- -ov model.oct < _eval.pts | (53)
rcalc -e$1=179*($1*0.265+$2*0.670+$3*0.065)/160
sd_dfact-c_simp_0301-1200 a0.01-b1-d4096-s10248: €k}
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From the parameters above the options beginningavitd” are optional only
and they do change the results of rendering presedisan the calculation ones.
Their value can be the same for all of the ambiahie combinations. The —I+
Boolean switch stands for the computation of imade at the location of the
measurement points, it shouldn’'t be mistaken witth. {The rest of the
parameters can be looked up on the internet (m#gdgite.lbl.gov). The file
"model.oct" is the octree of the scene, eval.pta ifile handling the virtual
positions and directions of the sensors that arbeteevaluated. The ~rcalc~
software translates the RGB values into one cheniatit value before they are
written out into the result file.

« RADIANCE » as a U/L based software is easilygable. One of the most
basic scripting languages included in every GNU UMNOS distribution is
called as “bash”, and can be run within a termialU/L exists a handful of
terminals and the user can choose the one whité lsigi taste better) by typing
the following command !#/bin/bash. The next stepsrdquire the input of
operations the script should do. This allows a usdreely use variables, loops
and even to send some routines to external progravhgch in case of
« RADIANCE » would be ~oconv~, ~rtrace~, ~rcalc-gdayfact~ or simply
~rad~ with the help of a batch file created onlihasis of what should be done.
However, users working in the environment of MS Wiws OS are not so
lucky. The command line, ~cmd.exe~, doesn't resillgport any scripting from
the beginning, just simple file handling and somedam advanced commands,
limited by the programs own commands, although stwops are allowed, like
*FOR*. The system therefore requires some additipniastalled tools, for
example Python, Ruby, TCL or Perl. This howevesults in a disadvantage of
MS Windows OS users. While a user of U/L is pregdue scripting from the
beginning, and let us say could just copy out sdimes from books like
“Rendering with RADIANCE” [14] or “RADIANCE Cookbodk’ [52], the one
using MS Windows OS isn’t and does have problemieasning it. It is simpler
to write small binaries (*.exe) in PASCAL, C or CHthan to learn scripting.

This was the case of the author too, except thaedeired it to run on other
machines too. The workstation, on which most ofdimeulations have had been
done works on MS Windows OS, on which additionakaliation of tools was
not allowed by the administrators. Therefore, to@dify the combination
process the author created a small program in PAS@Agramming language
[1] [59], without a GUI, but he plans it into thetdire.

Because PASCAL files can be compiled on each ofatreglable operating
systems, it can be run as much as under MS Wind8vso under U/L or Mac
OS too, nevertheless it's better to use it withinoperating systems which can
run « RADIANCE ».

The working scheme of this software is simple aapparent from fig. 32.
The script takes into account the possible choimessky types, ambient
parameters and simulation methods, etc.
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Fig. 32 Working scheme of RADIANCE script (Author)
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“RADIANCE Script” consists of three separate, bahoected procedures:

* |t collects data about the location and also abmeidate and time for which
the simulations should be done, including a chéocehe sky type, as to it
is able to create the sky description file, toot mstead of a standard
description consisting of altitude and longitudéuesa, the “RADIANCE
Scripts” uses the Sun’s position on the sky, ifdese

« Secondly, it collects data about the files, whick & be used within the
ray-tracing process. The model and material desonpfiles, if the
windows are in a separate file then even that dmen the file with the
evaluation point definitions. Also, it tries to éirout something about the
type of calculation the user is after, if it's ggito handle about a standard
simulation or an mkillum type one, on the basiswfat is the material of
the glazing done (OPT5 data, dielectric, or glass)d the additional
parameters required by the user, like —I+, —h, etal,

* In the last step, it asks the user to input thelired ambient parameters.
For each of them two values, the beast and thetwor

Fig. 33 is about the “RADIANCE Script” in actiomather said, the output of
the script itself.

[ — 1o
Soubor Upravy Format Zobrazeni Napovéda

-aa: (0.30; 0.15) fl
-ab: (1; 3)

-ad: (1024; 2048)
-as: (128; 256)
-ar: (512; 1024)

oconv material.rad model.rad windows.rad dfact-c_0301-1200.rad > sd_dfact_-c_simp_0301-1200.oct

rtrace -h -aa 0.15 -ab 1 -ad 1024 -as 128 -ar 512 -oov sd_dfact_-c_simp_0301-1200.oct < points.pts | rcalc -e
$1=$1;$2=$2,$3=$3-1;$4=179%($4*0.265+$5*0.670+$6*0.065)/100 > sd_dfact-c_simp_0301-1200_a0.15-b1-d1024-3128-
r512.res

rtrace -h -aa 0.15 -ab 1 -ad 1024 -as 128 -ar 1024 -oov sd_dfact_-c_simp_0301-1200.oct < points.pts | rcalc -e
$1=$1;$2=$2,$3=$3-1,$4=179*($4*0.265+$5*0.670+$6*0.065)/100 > sd_dfact-c_simp_0301-1200_a0.15-b1-d1024-3128-
r1024.res

rtrace -h -aa 0.15 -ab 1 -ad 1024 -as 256 -ar 512 -oov sd_dfact_-c_simp_0301-1200.oct < points.pts | rcalc -e
$1=$1;$2=$2,$3=93-1,$4=179*($4*0.265+$5*0.670+$6*0.065)/100 > sd_dfact-c_simp_0301-1200_a0.15-b1-d1024-3256-
r512.res

=l

Fig. 33 The output of the “RADIANCE Script” written by thathor.

For the validation process the following ambientapaeters had resulted in
343 possible combinations, generated by “RADIANCGH@E®":
 aa, . =0.0laa, = 0.0L. aa= 0.0% ambient accuracy;

e ab,. =1 ah,  =1- ab=1; for test cases I1.8 and 11.9 as to the deterchine
daylight factor levels couldn’t be influenced bytexal reflections;

6 Results 78



Optimisation of Light Conditions in Buildings

ab.. =2,ah, =2~ ab= 2 ; for test cases I11.10, II.11 and 11.13 because

the determined daylight factor levels are partialfected by external
reflections (see the description of these testg)ase

 ab . =3,ah_=3- ab= G for test cases Il.12. The values in reference
points on the horizontal plane are going to beuariced by two additional
reflections: by a reflection on the surface of tmmizontal overhanging
element and by a reflection on the terrain surrcumthe building;

e ad., =64, ad,, = 409€— ambient density;

e ar,, =32,ar, = 204¢— ambient resolution;

e as,, =16, as,,, = 102<— ambient sampling.

The script could be optimized in the future at ghler rate, which is a plan of
the author too.

RADIANCE Data Evaluation Script

The “RADIANCE Data Evaluation Script” (RadianceDi&aval) is another
small program which was created during the solutainthe thesis, once
again written in PASCAL. It works the same way las tRADIANCE Script”,
l.e. within the command line of the operating systebut unlike
“RADIANCE Script”, its main advantage lies in itslef and data handling
capabilities.

This software have had been created because difutiee number of possible
ambient combinations, which can influence the tesund ray-tracing
simulations. If we take into account the 343 ambarameter variations and
multiply it with the number of test cases againktcl the design methods have
had been validated, we would get 4802 files, with 84 values each. Hence, to
check the rate of the combinations would take apresiderable amount of time.

With the help of this application, it is possible pre-determine which
simulations did fail and which did pass the daidgctor prediction, while
comparing the results to CIE reference data witheaonr margin up to 10%.
After the data verification, the result files daeese a prefix, either OK or BAD.

So that the software could work as needed it isemgul of cycles for” and
“repeat...until” together with file handling associated commankis: [tassign”,

“reset”, “close”, “findfirst”.

® The author is willing to send the source codehef $oftware for further development to everyone,
who asks for it.
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6.1.2 Monte-Carlo sampling

While reading and studying thman pagesof the ~rtrace~ program of the
« RADIANCE » package in version 4R (release 4)ahthor did come across a
Boolean switch to turn ON/OFF the Monte Carlo sangpWithin the ray-tracing
process. This option can be used by adding a “@usminus” sign next to the
switch “-u” and is automatically turned on.

Because the effects of this parameter weren't pael earlier in any of the
books and publication read by the author (like RARCE Cookbook by A.
Jacobs which is published on the webpages of JALQX4, Rendering with
RADIANCE by G.W. Larson [14] or other publicatioby G.W. Larson and J.
Mardaljevic) he became eager to test it out.

How does this parameter change the results of ledilons?

The casual Monte Carlo sampling causes the resuli® more irregular by
randomizing the direction of sampling rays, resigjtin a random evaluation of
elementary planes over their areas. Thereforeag mequired to do more than
just one runs of simulations for the same spaaea{lysthree or more iterations).
These were then averaged to get precise values.

On the other hand, by turning this function offe t,kampling process within
the iterations is going to be the same. It's nohgado be randomized any more,
quite the opposite, carefully chosen repeatedlyutinout the ray-tracing
process. Thus, the outputs of the ray-tracing mse® for the same point within
the space are going to turn out to have the exaxéalue, hence it shortens the
time necessary for practical utilization of « RAINGE » in the field of
daylighting design.

The theoretical background behind the Monte Cadseld stochastic ray-
tracing is to be seen in fig. 34, while its infleenonto the validation process of
« RADIANCE » against the CIE test cases, espectilp case 1.8 — part a) can
be seen in fig. 35.

MONTE-CARLO SAMPLING ON MONTE-CARLO SAMPLING OFF

T (] | |

WINDOW * oo _®

/T.F/b:TT ST

= I3 4~ ~

EP - EVALUATED POINT, /T.7~/T.3 - ITERATIONS

Fig. 34 Monte Carlo sampling in ray-tracing process if tachon or off [Author]
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DAYLIGHT FACTOR LEVELS [lx]

T T T T

G H J K L M N 0
REFERENCE POINTS
—x-+ MC sampling "ON"/i1 —x- =MC( sampling "ON"/i2 —x—MC sampling "ON"/i3
—o—MC sampling “"ON"/Aver CIE 1#1/2006 Ref. MC sampling "OFF"

Fig. 35 The effects of Monte Carlo sampling.
(Results from simulations done to CIE test cage-Ipart a)

By taking a closer look at the charts within fi¢. Bie differences are clearly
discernible:

» The paths of charts of CIE reference values ansgetlod simulations when
the Monte Carlo sampling was turned off are almdeshtical, specifically
parallel;

 The paths of Monte Carlo based sampling do havagla Variety, even
though the ambient parameters were set to higlesgline main difference
Is still inside of the 10% error limit). Only theverage of three iterations
does have a plot similar to that of the CIE refesevalues.

By taking the effects of this Boolean into accoulng results presented further
on have had been obtained by standard sampling only

6.1.3 Ground reflectance setting

~Gensky~ as the main sky generator of « RADIANCE dependent on three
to ten parameters defining the time, location dqydtgpe required for the tracing
process by the user. The basic ~gensky~ definitisitle the model description
stands as follows:
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Igenskymonth day hour:min (time zone®) —sky type —alatitude (54)
—olongitude —_mmeridian —gground glow value

For Brno, here in the Czech Republic for tiedf March at 12:00 while
awaiting an overcast sky, the previously defineg Would have the following
form:

lgensky3 1 12:0CCET —c —a49.1(—0-16.11-m15 (55)

If, by any change theg parameter would not be set, ~gensky~ would assume
it to be 0.2, standing for a ground reflectanc@% derived into a glow type
material describing the lower hemisphere of thesarrounding the objects.

That is why the terrain around an object in of @ngccan be set up either as:

* A glow material defined by the —g parameter witlie sky generation
process (this would have an unlimited size), or;

* By turning the ground reflectance off in the skygetion process and add
a surface representing the terrain to the modél aviixed size, or;

» Apply the combination of the two previously meneonpossibilities.

Therefore, there are two modifications for the glgneration line inside the
model if we would like to go with the ground reflacce value of 0.3- needed
for the validation process. These can be:

lgensky3 1 12:00CET-c-a49.10-0-16.11 (56)
—-m15-g0-B55.866
lgensky3 1 12:00CET-c-a49.10-0-16.11 (57)
—-m15-g0.3-B 55.866
The effect of available solutions can be seen enfollowing figures which
were acquired for the vertical working plane of @St case 11.10 — part a.

® Time zone setting is used if the meridian angl¢heflocation is unknown, or is not set. Once it is
defined the meridian angle also loses its meariidg) [Author].

" The —B Boolean switch is used to apply the valibasizontal global irradiance as part of the sky
generation process. It's usually set to 55.866dfabal horizontal illuminance of 10 000 Ix is nedd
for daylighting design (10 000/179).
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Fig. 36 Comparison of the reference and simulated datdiferthree available
methods of ground reflectance settings — verticakimg plane
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Fig. 37 Ray-tracing - a) and sky generation with gensky - b
Note the fluctuation of daylight factor levels iig.f36 when comparing the

simulated ones to the reference values at positm@sd D when the ground
glow reflection have had been turned off and theate was defined as a
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polygonal surface around the room. The edges gbdhgyon are in a distance of

30m from the walls of the room in each directiohislis apparent because of the
missing ground further away from the position aftwal sensors on which the

tested rays could bounce off and thus reach thésse/fig. 37).

Normally ground glow is not required within the tigiting design procedure
of buildings, because:

 The daylighting design is focused on the horizontarking plane,
therefore if the number of allowed inter-reflecgonould be equal to one (-
ab 1), only direct components would be evaluated. &horizontal plane
part of the investigated rays would be absorbethbyinternal surfaces of
the room or by the faces of external barriers aadl @f them would reach
sky, thus calculating the sky component of dayliglator;

» The dimensions of indoor spaces are relatively smatomparison to the
sizes of the terrain plane defined as a polygomratothe investigated
building. So even if some reflections would be regply but the rays would
be lost, the results would still turn out well.

The only examples, which would require a groundvgl@alue other than zero,
would be the ones where the daylight factor detestron must go on a vertical
face and the lighting system would be of void onadaws type located in a
vertical structure. Although the CIE test case$Oland 11.11 are of this type,
they were still tested in a different manner beeaak the experience of the
author in simulation processes done within « RADZE».
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6.1.4 Results of simulations and calculations done for #nCIE test cases

Test case I1.8 — part a, roof void 1-1m

Tab. 5 DFscomparison for CIE test case scenario 11.8 — @aftvert. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
A B C D E F - [%0/%]
CIE 171-2006 056 | 1.78| 232 220 182 1.43 - - -
Ref. values - - - - - - - -
RADIANCE : 049 | 1.771 229 214 183 1.41 - -| -12.5
Ray-tra_cing**) -12.5| -0.56| -1.29 -2.78 055 -1.40 - -l 05
WDLS 4.1 10.12( 8.02] 5.48 353 226 1.47 - -l 2.8
Allmeth.;th.0 | 1707 351| 136| 60.5 24.2 2.8 - -1 1707.1
WDLS 4.1 0.26| 1.52| 2.16] 1.9 158 1.1 - -| -53.6
All meth.;th.1 |-53.6| -14.6| -6.90 -10.5 -150 -21|7 - | -6.9
Tab. 6 DFscomparison for CIE test case scenario 11.8 — @afthor. plane
Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
G H I J K L (M N [%/%]
CIE 171-2006 | 2.29| 3.07| 3.82] 4.29 429 3.8 3.7 2.29 -
Ref. values - - - - - - - -
RADIANCE : 228 | 3.08| 3.88 425 42?2 378 3.04 228-1.6
Ray-tracing ) |-0.44| 0.33| 1.57| -0.93 -1.68 -1.05 -0.98 -0441.6
WDLS 3.1 223 | 3.06| 3.84( 433 438 384 3.(Q6 2.23-2.6
All meth.;th. 0 |[-2.62| -0.33] 0.52] 0.93 0.98 052 -0.8B3 -2/620.9
WDLS 4.1 265| 3.34| 397 43 436 397/ 334 2651.6
All meth.;th.0 | 15.7 | 8.79] 3.93] 163 168 393 8.9 15.715.7
WDLS 4.1 223 | 3.05| 382 430 430 382 305 223-2.6
All meth.;th. 1 [-2.62| -0.65| 0.00] 0.23 0.28 0.00 -0.p5 -2/620.2
Numerical: 230 3.10|] 3.85 434 434 38 310 28004
Mod. Daniljuk | 0.44| 0.98| 0.79 1.17 1.1f 079 098 0.441.2

" Ray-tracing parameters: —aa 0.01 —ab 1 —ad 20st82-aar 1024.

The tables above do show the comparison betweeRaeference values
and the calculated ones. Note that the differeraterden them exceeds a 10%
limit in several occasions. While looking at thertieal working plane
« RADIANCE » evaluates a higher daylight factor yonin point A,

« WDLS v4.1 » at each of the points. The mean @gdhe biggest in case of
wall thickness 6hm It can be up to 1700%. In the horizontal workpigne the
error rate is exceeded in two cases only by « WiA3 » at wall th. hhm
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Test case 1.8 — part b, roof void 4-4m

Tab. 7 DFscomparison for CIE test case scenario 1.8 — paftiert. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
A B C D E F > - | [%/%)]
CIE 171-2006 |39.28| 32.34 26.79 21.78 17.53 14,05 -
Ref. values - - - - - - - - -
RADIANCE: |37.22| 32.14 26.6f 21.72 17.51 14)06 5.2
Ray-tracing ) |-5.24| -0.56| -0.4§ -0.28 -0.11 0.07 - -l 0.1
WDLS 4.1 156.2| 81.51] 50.57 33.28 22.69 1590 ; 13.2
Allmeth.;th.0 | 298 | 152 | 88.8| 52.4 294 13p - -| 297.7
WDLS 4.1: 26.15| 23.64 20.2¢ 16.94 13.16 10383 - -33.4
All meth.;th. 1 |-33.4| -26.7| -24.4 -24.1 -249 -26|5 - -| 241
Tab. 8 DFscomparison for CIE test case scenario 11.8 — fmfthor. plane
Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
G H I J K L M [N [%/%]
CIE 171-2006 |31.36| 36.7q4 40.71 42.75 42.76 40J71 36{76 31.36
Ref. values - - - - - - - - -
RADIANCE: |31.42| 36.71 40.56 42.46 42.18 41,04 36/67 31.170.6
Ray-tracing ’ | 0.19| 0.03| -0.37 -0.21 0.05 0.81 -0.24 -0/610.8
WDLS 3.1: 30.40| 35.95 40.04 42.19 42.19 40)04 35(95 3(.4683.1
All meth.;th. 0 |-3.06| -2.20| -1.6§ -1.31 -1.33 -1.45 -2.20 -3)06-1.3
WDLS 4.1 36.48| 41.7q 45.5p 47.94 47.%4 4552 41[70 36.481.2
All meth.;th.0 | 16.3| 13.4| 11.8/ 11.4 11.2 118 13|4 14.316.3
WDLS 4.1 30.26| 35.8] 39.87 42.01 42.01 39/87 3581 3(.263.5
All meth.;th. 1 |-3.51| -2.58| -2.0§ -1.78 -1.76 -2.06 -2.58 -3/51-1.7
Numerical: 34.14| 40.33 44.98 47.34 47.34 44193 4033 34.18.9
Mod. Daniljuk | 8.86 | 9.71| 10.4] 10.4 10. 10¢4 9.11 8.8610.7

" Ray-tracing parameters: —aa 0.01 —ab 1 —ad 20st82-aar 1024.

The tables above do specify a data comparison aind the one in the
previous case. The only difference between thentha, in this case the roof
openings’ dimensions have had been increased tetdesy) meaning, that the
ceiling was transformed into a void. Hence, them&fice values are also higher.
A 10% error margin level were exceeded once agaistlsnby « WDLS v4.1 ».
When looking at the vertical working plane for bdthicknesses and on the
horizontal working plane in case of wall thicknedfsOmm The approach of
Daniljuk is on bad terms with openings without ghaz
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Test case 1.9 — part a, roof light 1-1m

Tab. 9 DFscomparison for CIE test case scenario 11.9 — @aftvert. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
A | B | C D E F - [%6/%0]
CIE 171-2008 | 0.19| 1.26| 1.90f 1.84 157 124 - - -
Ref. values - - - - - - - -
RADIANCE : 0.17 | 1.27| 198 193 162 129 - -| -10.5
Ray-tracing ) |-10.5| 0.79| 4.21] 3.21 3.18 4.08 - | 4.2
WDLS 4.1 9.10 | 7.22| 4.94 3.1§ 2.08 13 - -| 65
Allmeth.;th.0 |4689| 473| 160 70.]0 29.3 6.4p - -| 4689.5
WDLS 4.1 0.31| 1.73| 2.28 197 146 1.04 - -| -16.1
Allmeth.;th.1 | 63.2 | 37.3| 20.00 5.3 -7.00 -16|1 - -| 63.2
Tab. 10DFs comparison for CIE test case scenario 11.9 — @afthor. plane
Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
G | H I J K L [M [N [%%]
CIE 171-2006 | 2.00| 2.70| 3.36] 3.74 3.78 3.36 240 2.00 -
Ref. values - - - - - - - -
RADIANCE : 2.02| 2.89| 3.33] 3.91 388 360 216 191-45
Ray-tracing”’ | 1.00| 7.04| -0.89 3.44 265 7.14 2232 -4507.1
WDLS 3.1 2.01| 2.72| 3.41 3.8 388 341 2712 20105
Allmeth.;th.0 | 0.50 | 0.74| 1.49] 2.6§ 26% 149 0.44 0.50 2.6
WDLS 4.1 2.38| 3.01| 3.57| 3.94 392 357 301 238837
Allmeth.;th.0 | 19.0 | 11.5| 6.25/ 3.7 3.70 6.26 11|5 19.019.0
WDLS 4.1 2.01| 2.71| 3.39] 3.8 3.8% 3.3E 241 2.0104
Allmeth.;th.1 | 0.50 | 0.37| 0.89] 1.8 185 0.89 0.37 0.501.9
Numerical: 2.02| 2.77| 3.471 3.9Q0 390 347 247 2021.0
Mod. Daniljuk | 1.00 | 2,59 3.27] 3.14 3.1y 3.27 259 1.003.3

" Ray-tracing parameters: —aa 0.01 —ab 1 —ad 20st82-aar 1024.

Because voids are usually equipped with a kind itting element like

windows, doors and roof lights, test case scenHr® part a was slightly
modified and tested for directional light transrmosswhile verifying the sky
component inside a certain room. In the tables alsiwilar results can be seen
to those obtained for test case 1.8 — part a. OFNCE » has problems at one
point of the vertical working plane only. « WDLS.¥4> does have some serious
problems with vertical working planes. The preaistd Daniljuk’s approach and

« WDLS v3.1 » is highly noticeable, as well as « M@¥4.1’s » at th. thm
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Test case 1.9 — part b, roof light 4-4m
Tab. 11DFs comparison for CIE test case scenario 11.9 — fmftvert. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
A B C D E F > - | [%/%)]
CIE 171-2006 |29.21| 25.63 22.14 18.43 15.03 12/15 -
Ref. values - - - - - - - - -
RADIANCE: |28.22| 26.14 22.58 18.79 15.49 1225 -3.4
Ray-tracing ’ |-3.39| 2.15| 1.76| 1.95 3.0¥ 0.8 - -l 3.1
WDLS 4.1 140.6| 73.3d 4551 29.95 20.42 14331 17.8
All meth.;th.0 | 381 | 186 | 106 62.3 359 178 - -| 381.3
WDLS 4.1: 27.46| 24.59 20.61 16.419 12.85 9.89 - -18.6
All meth.;th. 1 |-5.99| -4.06| -6.91 -10.5 -145 -18{6 - -l -4
Tab. 12DFs comparison for CIE test case scenario 11.9 — fdmfthor. plane
Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
G H I J K L (M N [%/%]
CIE 171-2006 |27.44| 32.23 35.78 37.56 37.56 35[73 32(23 27.44
Ref. values - - - - - - - - -
RADIANCE: |28.23| 33.04 36.58 38.65 38.39 36/62 3286 27.92.0
Ray-tracing 288 | 254 224 299 221 249 195 2.002.9
WDLS 3.1: 27.65| 32.44 36.01 37.84 37.84 36,01 32{48 27.69.7
All meth.;th.0 | 0.77 | 0.78| 0.78 0.74 0.7% 078 0.48 0.Y7 0.8
WDLS 4.1 32.83| 37.53 40.9Y 42.718 42.Y8 40097 3753 32.833.9
All meth.;th.0 | 19.6 | 16.4| 14.7| 139 13.9 14)7 16/]4 19.619.6
WDLS 4.1 27.53| 32.34 35.86 37.9 37.69 3586 3236 271.53.3
All meth.;th.1 | 0.33 | 0.40| 0.36] 0.33 0.3% 036 040 0.830.4
Numerical: 29.65| 35.69 40.19 42.98 42.58 40J19 3568 29.6B.1
Mod. Daniljuk | 8.05| 10.7| 125 134 13.4 12pF 10/7 8.p513.4

" Ray-tracing parameters: —aa 0.01 —ab 1 —ad 20#t82-aar 1024.

Because the roof light was equipped with a glanihg kind (according to the
authors of the CIE 171/2006 standard, with a 6mmktlglass pane) the
reference values are also smaller. In case of tHABRIANCE » based
simulations the error rate was below 5%. The catedl values were better only
in case of calculations done for the horizontal kimy plane by « WDLS »
software tools. This however is not valid for thertical working plane, where
« WDLS v4.1 » was once again the worst of all. Bneor rate of Daniljuk’s
approach is higher too, but not the worst.
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Test case 11.10 — part a, void 2-1m
Tab. 13DFstDF, comparison for CIE test case scenario 11.10 — @aftvert. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
A | B | C|D E F - [%0/%0]
CIE171-2006 | 0.95| 1.06| 1.28 1.71 206 214 - - -
Ref. values - - - - - - - -
RADIANCE: | 0.91| 1.04| 098 13§ 198 211 - -| -23.4
Ray-tracing ) |-4.21| -1.89| -23.4 -19.3 -3.88 -1.40 - | -1.4
WDLS 4.1 1.01| 1.10{ 2.40 3.60 461 416 - -| 38
Allmeth.;th.0 | 6.32| 3.77| 87.5| 111] 124 944 - -| 123.8
WDLS 4.1: 095| 1.06| 2.37| 3594 448 3.9 - -| 0.0
Allmeth.;th.1 | 0.00| 0.00( 85.2] 108 117 83p - -| 1175

Tab. 14DFst+DF, comparison for CIE test case scenario 11.10 — @afthor. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
G | H I J K L [M [N [%%]
CIE171-2006 | 0.95| 1.38| 2.07 3.19 497 7.4 911 504 -
Ref. values - - - - - - - -
RADIANCE: | 0.98| 1.33| 2.0l 324 508 75 919 504-3.6
Ray-tracing ) | 3.16 | -3.62| -2.99 157 121 176 0.48 0.00 3.2
WDLS 3.1 0.94| 1.36| 2.01f 3.03 451 6.08 577 1.80-74.2
All meth.;th. 0 |-1.05| -1.45] -2.90 -5.02 -9.26 -18|81 -36.7 -74.2-1.1
WDLS 4.1: 1.04 | 1.55| 2.42] 3.9 6.75 11.88 2042 29669.5
All meth.;th.0 | 9.47| 12.3] 16.9] 23.§ 35.8 6OTL 124 488488.5
WDLS 4.1: 0.94| 1.36| 2.01f 3.03 451 6.0'9 517 1.80-74.2
Allmeth.;th. 1 [-1.05| -1.45| -2.90 -5.02 -9.26 -17[9 -3§.7 -74.2-1.1
Numerical: 0.96 | 1.40| 2.10 3.2 5.1 7.6'3 9.83 5.821.1
Mod. Daniljuk | 1.05| 1.45| 1.45 2.19 262 350 4.61 5.565.6

" Ray-tracing parameters: —aa 0.01 —ab 2 —ad 20st82-aar 1024.

The daylighting systems from now on have had beehanged by voids and
windows located in one of the walls of the roomeake notice the higher
deviations for the results coming from « RADIANCHos the vertical working
plane. Such error rates are caused by the impgypend reflectance settings for
the evaluation of the vertical working plane. Reliess « RADIANCE » and the
innovated Daniljuk’s approach do deliver the bessufts. « WDLS » has
problem in each version. The daylight factor lexddsermined in points closer to
the opening do have a non-realistic values.
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Test case 11.10 — part b, void 4-3m

Tab. 15DFst+DF, comparison for CIE test case scenario 11.10 — fmftvert. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
A | B | C|D E F - - | [%/%)]
CIE 171-2008 | 5.29| 6.46| 7.67| 8.8 9.78 10.29 - - -
Ref. values - - - - - - - - -
RADIANCE: | 4.18| 5.34| 6.67| 8.01 9.28 9.6 - -| -21.0
Ray-tracing ) |-21.0| -17.3| -13.9 -9.12 -5.14 -6.32 - | 5.1
WDLS 4.1 7.99 | 10.82 13.22 17.60 18.82 19.47 51.0
Allmeth.;th.0 | 51.0| 67.5| 72.4] 984 934 89p - -| 98.2
WDLS 4.1 7.39 | 10.19 12.47 16.52 17.37 17.p6 39.7
Allmeth.;th.1 | 39.7| 57.7| 62.6] 86.Q 785 70f - -| 86.0

Tab. 16DFstDF, comparison for CIE test case scenario 11.10 — gmfthor. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
G | H I J K L [M [N [%%]
CIE 171-2006 | 4.50 | 6.15| 8.53| 12.0p 16.97 23.91 33|08 44.43
Ref. values - - - - - - - - -
RADIANCE: | 4.34| 6.09| 8.43| 11.76 16.94 23.81 33J05 44.433.6
Ray-tracing ’ |-3.56| -0.98| -1.17 -2.00 -0.18 -0.42 -0.09 0.00 0.0
WDLS 3.1 4.35| 5.86| 7.95 10.7p 14.47 18.y9 23|03 26.0941.3
All meth.;th. 0 |-3.33| -4.72| -6.8Q -10.1 -14[7 -21|4 -30.4 -41.3-3.3
WDLS 4.1: 5.28 | 7.49| 10.92 16.4L 25.32 41.80 70|95 144.97.3
Allmeth.;th.0 | 17.3| 21.8| 28.00 36.4 50.4 72ff 114 226226.1
WDLS 4.1: 4.35| 5.86| 7.95 10.7p 14.47 18.y9 23|03 26.1441.2
Allmeth.;th. 1 [-3.33| -4.72| -6.80 -10.1 -14)7 -21{4 -30.4 -41.2-3.3
Numerical: 4.75| 6.54| 9.18 13.0p 18.90 27.86 39/00 57.4%F.6
Mod. Daniliuk | 5.56 | 6.34| 7.62] 9.0§ 11.4 144 179 18.018.0

" Ray-tracing parameters: —aa 0.01 —ab 2 —ad 20st82-aar 1024.

The results are much alike to the previous casee ®hly discernible
difference had appeared in case of Daniljuk’s mabhmgy, where because of
the luminance gradation formula the resulting dgtlifactor value near the

opening arose above 50%. In reality, this couldhagpen in reality.
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Test case II.11 — part a, window 2-:1m

Tab. 17DFstDF, comparison for CIE test case scenario 11.11 — @aftvert. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
A | B | C|D E F - - | [%/%)]
CIE171-2006 | 0.84| 0.94| 1.12( 150 1.81 1.89 - - -
Ref. values - - - - - - - - -
RADIANCE: | 0.81| 0.94| 091 130 183 19 - -| -18.8
Ray-tracing ) |-3.57| 0.00| -18.§ -13.3 1.10 3.17 - -| 3.2
WDLS 4.1 0.91| 0.99| 2.16 324 415 374 - -| 53
Allmeth.;th. 0 | 8.33| 5.32| 92,9 116 129 97p - -| 129.3
WDLS 4.1: 0.84 | 0.95| 2.12 3.14 398 347 - -| 0.0
Allmeth.;th.1 | 0.00| 1.06( 89.3 111 120 83p - -| 119.9

Tab. 18DFstDF, comparison for CIE test case scenario 11.11 — @afthor. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
G | H I J K L [M [N [%%]
CIE171-2006 | 0.83| 1.21| 1.8l 2.7§ 4.28 6.26 7.02 213
Ref. values - - - - - - - - -
RADIANCE: | 0.83| 1.25| 1.80| 299 448 6.36 7.35 212-06
Ray-tracing ’ | 0.00| 3.31| -0.54 4.33 350 1.60 3.48 -0474.3
WDLS 3.1 0.83| 1.21| 1.82 280 431 6.15 6.33 1.55-27.2
All meth.;th. 0 | 0.00 | 0.00f 0.55 0.74 0.70 -1.16 -9.83 -27.20.7
WDLS 4.1: 0.93| 1.39| 2.18 3.5 6.0 10.70 187 26/692.0
Allmeth.;th.0 | 12.0| 14.9| 20.4] 274 41.8 709 162 11p53153.1
WDLS 4.1: 0.83| 1.21| 1.82 2.89 4.32 6.16 6.32 1.55-27.2
All meth.;th.1 | 0.00 | 0.00f 0.55 0.74 0.98 -1.40 -9.97 -27.20.9
Numerical: 0.85| 1.24| 1.85 2.81 424 58 566 1.80-39.0
Mod. Daniljuk | 2.41| 2.48| 2.21] 1.0§ -0.98 -7.03 -19.4 -39.02.5

" Ray-tracing parameters: —aa 0.01 —ab 2 —ad 20st82-aar 1024.

The results were once again influenced by the gtp#tne same way as they
were in test cases 11.9. The error rate of moghefmethodologies is once again
higher than that of « RADIANCE » software package the horizontal WP.
This phenomenon originates in the expressions detfhi@ determination of the
directional transmittance of the glazing, i.e. undich angle does the light fall
onto its surface. For « RADIANCE » is a differeppé of application it is not
dominated by it. The other methods have had bdewtatl only in case that the

evaluated point were located closer to the opening.

6 Results

91




Optimisation of Light Conditions in Buildings

Test case I1.11 — part b, windows 4-3m

Tab. 19DFst+DF, comparison for CIE test case scenario 11.11 — fmftvert. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
A | B | C|D E F - - | [%/%)]
CIE 171-2008 | 4.65| 5.69| 6.75( 7.8 856 9.04 - - -
Ref. values - - - - - - - - -
RADIANCE: |3.79| 5.04| 6.14 7.14 8.13 887 - -| -18.5
Ray-tracing ) |-18.5| -11.4| -9.04 -8.70 -5.0p -1.48 - -l -1.9
WDLS 4.1 7.19 | 9.73| 11.89 15.84 16.94 17.p2 A 1 54.6
Allmeth.;th. 0 | 54.6| 71.0| 76.1] 103 97.9 938 - -| 102.6
WDLS 4.1 6.59 | 9.08| 11.08 14.6P 1547 15./0 A 1 417
Allmeth.;th.1 | 41.7| 59.6| 64.1 879 80.J 73f - -| 87.9

Tab. 20DFstDF, comparison for CIE test case scenario 11.11 — gmfthor. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
G | H I J K L [M [N [%%]
CIE 171-2006 | 3.94| 5.36| 7.41 10.3% 14.42 19.y4 25|70 30.40  ;
Ref. values - - - - - - - - -
RADIANCE: | 3.95| 5.42| 7.56| 10.5p 14.§7 20.10 26}43 30.990.3
Ray-tracing”’ | 0.25| 1.12| 2.02 15§ 173 1.82 284 1.9428
WDLS 3.1 3.96 | 5.39| 7.44] 10.3P 14.19 18.96 23|82 27.3710.0
All meth.;th.0 | 0.51| 0.56| 0.40 -0.19 -1.60 -3.95 -7.82 -9.970.6
WDLS 4.1: 4.75| 6.74| 9.82| 14.7y 22.97 37.17 63|85 130.20.6
Allmeth.;th.0 | 20.6 | 25.7| 32.5 42.§ 59.83 883 148 329329.3
WDLS 4.1: 3.95| 5.39| 7.44[ 10.3p 14.19 18.95 23|82 27.419.8
Allmeth.;th. 1 | 0.25| 0.56| 0.40] -0.19 -1.6D -4.00 -7.82 -9/840.6
Numerical: 4.20| 5.74| 7.95 11.1p 15.57 21.48 28|50 34.5&.6
Mod. Daniliuk | 6.60| 7.09] 7.29] 754 7.98 8.81 109 13.813.8

" Ray-tracing parameters: —aa 0.01 —ab 2 —ad 20st82-aar 1024.

The values with the smallest deviation were obthiftom « RADIANCE »,
although the values obtained by simulations forub#gical working plane are
clearly smaller than the reference ones, but Isétter than in case of the data
obtained by « WDLS v4.1 ». Daniljuk’s approach sasme problems when the
evaluated points are closer to the opening, onagaglthough this is curable. «
WDLS v4.1»issues with the wall thickness do remaonetheless for a wall
thickness of inmthe results are approximately the same as the attesaed by
« WDLS v3.1», hence within boundaries.
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Test case 11.12 — part a, void 2-1m and horizorgabding with 1=0.5m
Tab. 21DFst+DF, comparison for CIE test case over hor. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
G | H I J K L [M [N [%/%]
CIE 171-2008 | 0.95| 1.38| 2.07| 3.19 4.9y 7.4 8.7 0.p1 -
Ref. values - - - - - - - - -
RADIANCE : 0.93| 1.41| 2.10f 3.1§ 499 7.41 820 0.49-2.1
Ray-tracing ' |-2.11| 2.17| 1.45 -0.3] 0.40 -0.13 1.61 138.333.3
WDLS 3.1 0.94| 1.36| 2.01 3.03 451 6.08 532 0.09-57.1
Allmeth.;th.0 [-1.05| -1.45( -2.90 -5.02 -9.26 -18|81 -34.1 -57.1-1.1
WDLS 4.1 1.04 | 155 2.42| 3.9 6.75 11.TL8 1786 1.929.5
M.Refl.;th.0 | 9.47| 12.3] 16.9) 23.4 358 604 115 814814.3
WDLS 4.1 0.93| 1.35| 2.02] 3.11 480 6.84 6.32 0.10-52.4
M.Refl.;th. 1 [-2.11| -2.17| -2.44 -2.51 -3.4P -7.5142 -211.7 -52.4-2.1
WDLS 4.1 1.04 | 1.55| 2.42] 3.9 6.75 11.TL8 1786 1.p295
L.Rat.; th. 0 9.47 | 12.3| 16.9] 234 358 604 115 814814.3
WDLS 4.1 0.93| 1.35| 2.02 3.11 4.80 6.Eja 6.32 0.10-52.4
L.Rat.; th. 1 -2.11| -2.17| -2.43 -251 -3.4p -7.82 -21.7 -52.4-2.1
Numerical: 0.96 | 1.40( 2.100 3.2 5.10 7. 8.41 0.15-28.6
Mod. Daniljuk | 1.05| 1.45| 1.45( 2.19 2.62 3.% 421 -28.64.2

" Ray-tracing parameters: —aa 0.01 —ab 3 —ad 409@5@&-—ar 2048.

The given test case have had been developed t& theguality of computer
simulations software, while taking into accounhtigeflections in the exterior of
building objects.

Although, some of the previously verified test caskd already introduce
glazing within the openings, this particular tesise and the following ones
without any. These test cases do also care abeuigtht levels incident to the
horizontal working plane only.

A specialty of this test case though is that tHéecgons are caused by an
overhanging element of a building, which could dea&cony, cornice or a porch
in reality.

As for the calculations, the error rate is high fioost of the available design
methods. For example, at point N « RADIANCE » dbese a deviation of
133%, « WDLS v3.1» above -57% and « WDLS v4.1»dawall thickness of
1mm exceeding -52%. The daylight factor levelstfa rest of the points have
had been determined by « RADIANCE » and DaniljuiCsnerical approach, the
best. In the latter case, the equation to achidwe déxternally reflected
component have had been slightly modified (the loareging element reflects an
already reflected light particle).
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Test case 11.12 — part b, void 2-1m and horizorgabhding with |=1m
Tab. 22DFst+DF, comparison for CIE test case over hor. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
G | H I J K L [M [N [%%]
CIE171-2006 | 0.87 | 1.31| 2.02| 3.20 468 5.69 4.08 0.21 -
Ref. values - - - - - - - - -
RADIANCE: | 0.93| 1.40| 2.08| 3.1 469 5.6l 4.03 049-1.4
Ray-tracing”’ | 6.90 | 6.87| 2.97| -0.63 0.2]1 -1.41 -1.23 133133.3
WDLS 3.1 0.94 | 1.36| 2.0l 3.03 451 4.6l 299 0.09-57.1
Allmeth.;th. 0 | 8.05| 3.82| -0.50 -5.31 -3.68 -19{0 -26.7 -57.18.0
WDLS 4.1 1.04| 155 2.42 395 6.75 7.66 6.41 2.9318.3
M.Refl.;th. 0 |19.54| 18.32 19.80 23.44 44.23 34)62 57,11 129295.2
WDLS 4.1 094 | 1.36| 2.01f 3.0 451 433 229 0.12-43.9
M.Refl;th.1 | 8.05| 3.82| -0.50 -5.31 -3.68 -23|9 -43.9 -42.98.0
WDLS 4.1 1.04 | 1.55| 2.42] 395 6.75 7.48 584 192183
L.Rat.; th. 0 19.54| 18.34 19.80 23.44 44.23 3146 4314 g1414.3
WDLS 4.1 094 | 1.36| 2.01f 3.03 451 428 215 0.08-61.9
L.Rat.; th. 1 8.05| 3.82| -0.54 -5.31 -3.68 -25|7 -47.3 -61.98.0
Numerical: 0.96 | 1.40| 2.10| 3.2 470 5. 4.09 0.15-28.6
Mod. Daniljuk |10.34| 6.87| 3.96 1.81 0.43 -ojfa 0.25 -28.610.3

" Ray-tracing parameters: —aa 0.01 —ab 3 —ad 409@5@&-—ar 2048.

While verifying the «Velux Daylight Visualizer »the engineering
community doing the assessment refused to checkth&hthe software could
predict the daylight factor levels correctly or ndtecause of the mistypes
included in the appendices of the CIE 171/2006dzteth

The reference values in the table above do beloagdifferent set, though for
a CIE Standard Overcast Sky but it does not haaliteit the ones obtained by
numerical analysis, but those obtained by « Skylgeftware.

Fig. 38 displays the reference values for themgiest case for sky types 1, 2
and 15, and for CIE overcast sky (which is CIE gkye 1). By comparing the
reference values the errata is directly visible hoe CIE Overcast Sky. The
analytically generated values are close to thasenat for CIE sky type 15 (CIE
Clear Sky).

As for the comparison of the obtained data froncwations and simulations
with respect to these reference values, a consilded®viation (error margin) is
apparent, and that not just in case of « RADIANCEased simulations but also
in case of calculations done by hand as part ofniln@erical analysis or by
«WDLS 3.1 and 4.1 ». Yet « RADIANCE » and the Djakis innovated
approach could not foretell the daylight factorgmsely only in case of reference
point H, whereas « WDLS » in more than just onatior.
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SC+ERC on floor/measurement points

A BIC D E F G | H

CIE Type 1 0,87/ 1,31/2,02(3,20| 4,68 | 569 | 4,08 0,21
CIE Type 2 .0.921.42‘2,3%86 6.00 | 7.72 | 578 0,21

' »VDe o ] .‘_\ 3z R
CIE Type 15 | 2.22| 312 457 | 6.99
CIE overcast 2,22 312| 4,57 | 6,99

1011/ 12.24| 8,50 0,21
10,13 12,33

Fig. 38 The reference data table for test case 11.12 — pgdr4]

Test case I1.12 — part ¢, void 2-1m and horizorghhding with [=2m
Tab. 23DFs+DF, comparison for CIE test case over hor. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
G H I J K L M N [%/%]
CIE 171-2006 | 0.90| 1.16| 1500 1.99 220 1.68 0.40 0.P1 -
Ref. values - - - - - - - - -
RADIANCE : 0.88| 1.18| 153 191 221 187 1.02 0.47-2.2
Ray-tracing” ) |-2.22| 1.72| 2.00| 0.53 0.4% 11.31 155.0 123.855.0
WDLS 3.1: 094 | 1.36| 147 149 195 151 046 0.p9-57.1
Allmeth.;th.0 | 4.44| 17.2| -2.0Q0 -21.6 -114 -10{1 15[0 -57.117.2
WDLS 4.1 1.04| 155 154 193 346 339 219 30711
M.Refl.; th. 0 15.6 | 33.64 2.67 1.0 57.8 101F8 448 1362361.9
WDLS 4.1: 094 | 1.36| 1.33] 154 258 2.04 0.2 0.13-38.1
M.Refl.; th. 1 444 | 1724 -11.3 -16.8 150 2144 550 -38.155.0
WDLS 4.1 1.04| 155 149 1.8] 328 297 134 192-47
L.Rat.; th. 0 15.56( 33.64 -0.67 -4.74 49l 768 235 814814.3
WDLS 4.1 0.94| 1.36] 1.29] 1.49 242 184 0.38 0.08-61.9
L.Rat.; th. 1 4.44 | 17.2| -14.Q -21.6 10.0 9.5|‘2l -5.00 -61.917.2
Numerical: 091| 1.17| 151 191 221 1.(j6 0.34 0.15-28.6
Mod. Daniljuk | 1.11| 0.86| 0.67| 0.53 0.4% -1.19 -159.0 -28.61.1

") Ray-tracing parameters: —aa 0.01 —ab 3 —ad 409@5&—ar 2048.

When looking at the table including the resultewéluation for the accuracy
of design tools, the same occurrences are appasentthe earlier cases:

 « WDLS 4.1 » has continuing issues when the watktiess is set to Omm;
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» The numerical approach, using the innovated Ddaidjmethodology turns
out to have the best results, with an accuracyeslfilts varying between
1.1% and -28.6%;

» The CIE 171/2006 given values are either too soralbo big for reference
points M and N. Unfortunately the scinetific comie& of CIE, had not
done a thorough investigation of the test caskspotiv.

Test case 11.13 — part a, void 2-1m and verticatioer with h=3m
Tab. 24DFst+DF . comparison for CIE test case over hor. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
G | H I J K | L [M [N [%%]
CIE 171-2008 | 0.88 | 1.34| 2.07] 3.19 497 7.4 911 504 -
Ref. values - - - - - - - - -
RADIANCE: | 0.86| 1.36| 2.07| 3.21 500 7.39 9.08 4.94-2.3
Ray-tracing ’ |-2.27| 1.49| 0.00| 0.63 0.6 -o.zﬁ) -0.33 -1/981.5
WDLS 3.1 0.94 | 1.36| 2.0l 3.03 451 6.0|8 547 1.80-74.2
Allmeth.;th. 0 | 6.82| 1.49| -2.90 -5.02 -9.26 -18|1 -36.7 -74.26.8
WDLS 4.1 1.04 | 1.55| 2.42 3.9 6.75 11.TL8 2042 29|665.7
M.Refl;th.0 | 18.2| 15.7| 16.9] 23.4 358 60[L 124 4§8488.5
WDLS 4.1 0.94 | 1.36| 2.01f 3.0 451 6.0'9 547 1.80-74.2
M.Refl;th. 1 | 6.82| 1.49| -2.90 -5.02 -9.3 -17/9 -36.7 -74.26.8
WDLS 4.1 1.04 | 155 2.42] 3.9 6.75 11.TL8 2042 29|665.7
L.Rat.; th. 0 18.2| 15.7| 16.9] 234 358 60§ 124 4884885
WDLS 4.1 094 | 1.36| 2.01f 3.0 451 6.00 577 1.80-74.2
L.Rat.; th. 1 6.82 | 1.49| -2.90 -5.02 -9.26 -17'% -36.7 -74.26.8
Numerical: 0.88| 1.36| 2.10| 3.2 5.10 7.6'3 9.83 5.8330.0
Mod. Daniljuk | 0.00 | 1.49| 1.45| 219 262 350 4.1 5558

" Ray-tracing parameters: —aa 0.01 —ab 2 —ad 4096024 —ar 512.

While observing the results included in tab. 24ftilwing is visible:
* The simulations using ray-tracing had turned outhéwve the smallest
inconsistency while confronting them to the refeesdata array;
» The accuracy of the numerical approach is realyhhit can be compared
to that of « RADIANCE » based calculations;
* « WDLS » in both versions and calculation approactiees have some
problems, when the reference point is near theiogen
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Test case I1.13 — part b, void 2-1m and verticafioer with h=6m
Tab. 25DFst+DF, comparison for CIE test case over hor. plane

Evaluation Determined daylight factor levels [%] Amin
method Deviation to reference values [%] Amax
G | H I J K L [M [N [%/%]
CIE 171-2008 | 0.42| 0.48| 0.81 174§ 365 7.19 9.11 504 -
Ref. values - - - - - - - - -
RADIANCE : 0.31| 0.57| 1.03 2.1§ 426 7.33 9.10 4.94-26.2
Ray-tracing ) |-26.2| 18.8| 27.2| 224 16.J 264 -0.11 -1)9827.2
WDLS 3.1 0.36 | 0.42| 052 1.80 3.30 6.08 577 1.80-74.2
Allmeth.;th.0 |-14.3| -12.5| -35.4 1.1 -9.59 -15|84 -36.7 -74.21.1
WDLS 4.1 0.53 | 0.72| 1.09| 2.90 6.02 11.T;8 2042 29|6@6.2
M.Refl.;th.0 | 26.2| 50.0| 34.6| 629 64.9 65p 124.1 488488.5
WDLS 4.1 0.47 | 0.62| 0.90] 2.1§ 3.98 6.00 5.7 1.80-74.2
M.Refl.;th.1 | 11.9| 29.2| 11.1f 224 7.6 -15[3 -36.7 -74.229.2
WDLS 4.1 0.40 | 0.49| 0.76| 2.64 5.89 11.T;8 2042 29666.2
L.Rat.; th. 0 -4.76| 2.08| -6.11 48.3 614 65p 124.1 488488.5
WDLS 4.1 0.36 | 0.42( 0.61] 1.91 3.82 6.00 577 1.80-74.2
L.Rat.; th. 1 -14.3| -12.5| -24.1 10.1 4.66 -15|3 -36.7 -74.210.7
Numerical: 0.27| 0.45( 0.96/ 2.13 4.18 7.54 9.53 582357
Mod. Daniljuk |-35.7| -6.25( 18.5| 19.1 1452 487 4.61 5.5619.1

" Ray-tracing parameters: —aa 0.01 —ab 2 —ad 40985@&-—ar 2048.

Test case scenario 11.13 — part b should be inyastd by a specialized
committee. The aim of the commission would be tofyevhether the reference
data are correct or not. The results are varyiognach especially for points G,
H, I, J and K. The accuracy of the predicted vakmsdd be said is bad, for all of
the design methods.

While ray-tracing gives a steady erratum of +26.@P@averaged) for these
locations, Daniljuk’s approach does have an eveaghdri fluctuation. The
inaccuracy increases rapidly when taking into antothe outcome of
« WDLS v3.1 » and « WDLS v4.1 » software’s, too.

Test case 11.13 — part ¢, void 2-1m and verticatrioer with h=9m

For test case II.13-part ¢ a similar question ariiean in case of Il.12-part b,
when the reference data had to be exchanged witithen set from the
appendices of the CIE standard.

Could reference points G and H really have such biga rate, when already
fully shaded by the external barrier?

When the external barriers height was only 3metéss reference value was
already smaller when compared to 11.10 — part a.if8yeasing the barriers
height to 6 meters, the value did sink from 0.8890t42% because of the
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smaller visible portion of the sky. However, foetheference value to increase
back to 0.80% while making the barrier taller isngavhat inaccurate. There are
no internal reflections, since the light reflectancalues of indoor surfaces
are already O-.

By taking the value for point G from test caseQl-4 part a, which is equal to
0.93% and for sky component only, it would be palssto easily determine the
externally reflected component at full shading nimyitiplying it with 0.3-, which
Is the average surface reflectance of the barAkhough, this is a simplified
approach, the reference value should not exceed thla 0.39%.

Is it correct?
Another issue can be seen while looking at pointfkt would be assumed
that, the calculations done by the numerical apgraae the closest to reality

then a daylight factor level equal to 1.32% wouddnonsense. It does not reflect
the conditions on site.

Tab. 26DFst+DF, comparison for CIE test case over hor. plane

Evaluation Determined daylight factor levels [%0] Amin
method Deviation to reference values [%] Amax
G H I J K L (M N [%/%]
CIE 171-2006 | 0.80| 0.93| 1.08/ 1.23 132 393 9.11 5.p4 -
Ref. values - - - - - - - - -
RADIANCE : 0.31| 0.56| 0.90, 154 280 577 912 494613
Ray-tracing ' |-61.3| -39.8| -16.4 25.7 112{1 468 0.]1 -1]9812.1
WDLS 3.1: 0.36| 0.42| 052 1.4Q 1.7% 4.84 577 1.81-74.0
All meth.;th.0 |-55.0| -54.8| -51.9 13.4 32.6 23p -34.7 -74.032.6
WDLS 4.1 0.53| 0.72| 1.08) 250 3.66 9.48 20.42 29|6633.8
M.Refl.;th.0 |-33.8| -22.6| 0.00| 103 174 140 124 448488.5
WDLS 4.1: 0.47| 0.62| 0.89] 1.89 239 461 577 1.80-74.2
M.Refl.;th. 1 |-41.3| -33.3| -17.4 53.7 81.1 17B -34.7 -74.281.1
WDLS 4.1: 0.40 | 0.49| 0.76] 2.1§ 3.11 9.0 20.42 29|6650.0
L.Rat.; th. 0 -50.0| -47.3| -29.4 74.4 13¢ 130 124 448488.5
WDLS 4.1 0.36| 0.42| 0.61] 1.64 2.00 435 577 1.B0-74.2
L.Rat.;th. 1 -55.0| -54.8] -43.4 31.4 515 10ff -34.7 -74.251.5
Numerical: 0.27| 0.45| 0.7 1.3§ 241 551 9.533 5.82-66.3
Mod. Daniljuk |-66.3| -51.6| -27.4 12.4 82.6 40p 4.41 5.5682.6

" Ray-tracing parameters: —aa 0.01 —ab 2 —ad 40985@-—ar 2048.
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6.2 COMPARISON OF MEASURED AND CALCULATED
VALUES OF DAYLIGHT FACTOR LEVELS INSIDE
BUILDINGS

6.2.1 Determination of light reflectance values

Within the attic of the faculty, two indoor spacaee located. These are
referred to as laboratories and have had beenedréztallow Ph.D. students to
make measurements for their research projectseldrer it was decided earlier,
that some of the available measuring equipmentdctnael placed into these
rooms, too.

The laboratories are erected from the same builchatgrials, like:

» Gypsum boards for partitions and ceilings;

 Cetris boards for floor,

» Steel doorframe with a coating of a dark tint (attcolour is somewhere
around reddish-brown) equipped with white singlagwiloors;

» An electric heating equipment of white colour justler the roof windows;

* And a timber framed roof window with standard thermsulating double
glazing the light transmission of which was deterai to have a value of
0.7-, including the maintenance factors on botesiof it.

The only difference between the two rooms is ieirthpurpose. While
“Laboratory No.1” is to be used to obtain referend®ta by continuous
measurements for each of the research projectdyofiatory No.2” can be
modified within reason by new technologies, which & be monitored. At the
time of the measurements done by the author othésis, “Laboratory No.2”
have had been already equipped by PCM (Phase clmaaugeial) filled alumina
panels on most of the surfaces as part of an amggoesearch project of
Ing. Milan Ostry, Ph.D. and Ing. David 8evsky, Ph.D..

Because “Laboratory No.2” have had been used bwaubi®r for comparative
measurements only to determine the differencefhiénvisual response of the
available illuminance sensors the surface reffegtavalues of the PCM based
panels hadn’t been obtained only just a few wedles the primary monitoring
process had been finished, for safety.

Laboratory No.1

For the determination of the surface reflectanosgle of “Laboratory No.1”
an etalon lend to the author by Doc. Ingi. Bich, CSc. was used consecutively
on the 6 materials, making up the room. The sunfafiectance values then were
achieved by calculations from the obtained lumiranalues on both the etalon
and the original surfaces by the KONICA-MINOLTA L81 luminance meter,
after three sets of chosen iterations.

The results of these measurements in the form minlance and resulting
reflectance values can be seen in tab. 27.
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Tab. 27The determined surface reflectance values of “Labmy No.1”

Surface type Luminance levels in three stepsRefi.
(Colour) (Lrer/Lsurf) [cd/m?] [%]
Try 1 Try 2 Try 3
Walls/Soffit 0.888 0.831 1.054 77
(White paint) 1.741 1.694 2.078 '
Floor 2.905 2.680 2.884 19
(Cetris board - gray) 1.926 1.783 1.911 '
Door frame 0.158 0.156 0.160 5
(Dark brownish-red) 0.041 0.041 0.041 '
Door wing 0.508 0.510 0.507
. 51.5

(Snow white) 0.900 0.907 0.899
Window frame 3.768 3.915 3.905

) 30.7
(Pine tree) 3.968 4.142 4.155
Heatin element 1.685 1.538 1.199 48.6
(White matte coating)l 2.820 2.592 1.998 '

Laboratory No.2

The surface reflectance values of “Laboratory NolfZive had been re-
measured because of the alumina panels locateldeowdlls and ceiling. Since
the etalon used previously was not at dispositioynere, a new approach was
required. This had brought about the creation offarence surface, the theory
behind the determination of this given surfaceistirgflectance is in fig. 39.

LUMINARIE

/_.
Lref,m

LUMINANCE
METER

REFERENCE
SURFACE

Eref,m
ILLUMINANCE
METER

Fig. 39 The measuring process for the determination oféference surfaces light
reflectance value, in theory [Author].
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This given reference surface was based on a mlasgmdar to that used for
the luminance value measurement in “Laboratory Nd.khe surface reflectance
of this surface was determined with the help obmémade box from cardboard.
The main purpose of this box was to house the tecéygad of the KONICA-
MINOLTA T10 illuminance meter for a small amounttohe, essential to obtain
the data for the surface reflectance determinat@8mthat these measurements
could take place, the top of the cardboard box Heaak been cut open at two
positions. One of the holes was for the receptadhe go through the wall of
the box, while the other was for the display tardé@dable. Before this though, a
thin film a self-adhesive foil (the same materiahich have had been used to
create the reference surface) was glued onto tfi@cguof the cardboard box, to
decrease the influence of the paper while the eafsr surface was located on
top of it.

The actual measurements then took place in oneeofdoms of the faculty,
carefully chosen, for the monitoring process diduiee a light source with a
constant luminous flux (small fluctuations thougVere allowed). This meant,
that these measurements could not have been dader natural light, as to
daylight is dynamic. The housing box for the illumance meter was then located
at a height of 8&m (circa) on the door wing, and the luminance metas
placed in a distance of 1m away from the positibthe top of the receptor head
on a tripod with its optics focused onto the ceofrthe illuminance meter.

After everything have had been put into place,ligjiets were turned on and
were left shining for 30minutes, roughly, before thctual measurements took
place.

The whole process including the theory behind teasarements are shown in
and fig. 40.

The reflectance value of the reference surface Washdetermined from three
sets of data with the help of eq. 58, which is aified version of eq. 37:

N(L., T
pref,m :Z[ EJ ]/N (58)
i=1 ref i
Where:

Pem - IS the mean surface reflectance of the referendace]-];
I—ref,i
E

- is the luminance of the reference surfpaki?] ;
- is the illuminance incident to the referencdate|[lx] .

ref i

The calculated resulting surface reflectance is:

p,efm=n[€1'594+ 1.620, 1599 ja_ 4 1740700 0.174]  (59)
’ 2870 29.21 28.9
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Mutual relationship between the The receptor head covered up by the
illuminance meter and the holes. reference surface.

.J |

The measuring process. View through the optics of the luminance meter.

Fig. 40 The making of the apparatus and the process ofsutent monitoring.

The surface reflectance determination done to bkl Based alumina panels
turned out following values:

Tab. 28The determined surface reflectance value for “Latory No.2” — PCM panel

Surface type Luminance levels in three stepsRefl.
(Colour) (Lref/Lsurf) [cd/m?] [%0]
Try 1 Try 2 Try 3
PCM panels 1.861 1.816 1.839
: 40.0
(Brushed alumina) 4.290 4.185 4.219
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6.2.2 EMIlux and MuuLUX

EMIlux (a screenshot of the software is shown belasva software which is
coupled to the KONICA-MINOLTA T10 illuminance metdry the Czech
distributor when buying the measuring apparatuse 3bftware was primarily
written and developed by Ing. Petr Baxant, Ph.Demployee of The Faculty of
Electrical Engineering and Communication of Brnoiwgnsity of Technology,
though it is being sold by a company called EMdaén today.

The computer program is described to be stabledard have some advanced
features. The first tries and measurements made digg however display the
complete opposite, unfortunately. In particular, warstable, slow and slightly
complicated side of the software. Although the ddtauld have been saved to
the hard drive continuously, the crumbles of thegpam still caused a data loss,
which means that most of it was stored at a temmpdoagation, like the RAM of
the machine. Hence, the measurements had to baedédomost of the time.

As to this happened a few times while still leagnthe know-hows of EMIux
it have had been decided that it's going to beebett depart with it in the
beginnings and create a new free computer tool.

| % Foto - zdroj dat

(Méfeni
[~ Upravit soufadnice
% [m] y [m}

[0 |
R o ]

@ Zméf a zapis
ref: 00 & 121 E=

Fig. 41 A shot of the KONICA-MINOLTA T10 illuminance métear the left) and a
screenshot of EMlux software on the right [51]

Thus MuuLUX was born.
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Nevertheless, because of low programming skills atichited time available
for the development of MuuLUX the program itselveehad been created in a
cooperation of the author with a friend of his (&@n/Althego/ Bagyi, from
Budapest) who knew how to write programs with R2-Z®mmunication
necessities. The author was told about the basacfRC (Internet Relay Chat)
and have had begun to secure the required infasmdtke the access codes for
the RS232 interface of the measuring equipment.

Because, the e-mail communication was most probélred-out by the
spam rules of KONICA-MINOLTA Company a bit of regerengineering had
been done. It is a process similar to that of hagkbut fortunately, it did not
handle about hacking or even about cracking, jostiadata flow monitoring via
the serial port of the computer when the illumireameeter was connected to it.
For this a software called SerialMon have had bestalled on the computer of
the author (it handled about a serial port monitiee of charge). The essential
data have had been obtained by subsequent measiisesnel connections done
by EMIux, for different settings of the KONICA-MINKOTA T10 illuminance
meter. The different settings do primarily referth@ addresses of the receptor
heads (these are manually adjusted on the sockiet alevice).

The hexadecimal codes were determined within aadayell as the basic one.
These values were then sent to Hungary, wherehthey had been implemented
Into the resulting software.

MuuLUX, at its current version still has its sounvetten only in PASCAL.
Has some minor bugs, but those does not reallgtatiie capabilities of it. The
software requires a configuration file to be setaagprectly for it to run. The
given file holds data about the serial port conimecsettings throughout which
the illuminance meter is to be connected to theprder (serial port number,
parity of the port, etc.), then about the monitgriprocess itself. Part of the
configuration file is visible in fig. 42, while MWWX in action in fig. 43.

What are the advantages of MuuLUX?

« Continuous backup of measured data (after eathehtry the values are
saved to a text file);

» Easy to use (once the configuration file is credteth the example file it
can be run at any time);

» Repeated measurements can be done if needediforted|time using MS
Windows OS'’s task scheduler (example: 60 measuresnae to be done
after each and every 5 minutes on each day forekvirem 9:30). In this
way the values obtained would be saved into sepéitas;

e It's stable and has low hardware requirements (oanused on older
personal computers with lower CPU frequencies gwstind 100 MHz and
RAM of 16-32 MB’s);

» By using the correct libraries when ported it carrin also under U/L;
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# # Measurement properties # #

# Measuring heads handling status, maximum of 30 heads

# (0=autodetect, 1=connected, 2=not connected)

# @ Head addresses: 00,061,02,03,...,27,28,29 (total 30)
devices=0,0,0,0,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
# Measurement interval in seconds, do not set this too small
interval=68

# The number sent in measurement command, identifies style

B (O=multiple, 1=only once)

# @ Note: recommended value "0, "1" means hold button

# on the actual luxmeter

style=0

# The number sent in measurement command, identifies response time
B (B8=fast, 1=slow)

# @ Note: recommended value "0" for sky illuminance measurements
quality=9

# Uerbose mode states to write the measurement values to the screen
k (on|off)

verbose=on

# Date and time format used to write values to the screen and/or files

# Timestamps for measurements. Definition rules are the following:
B ~'y'=year, ‘m'=month, °'d*=day, "h'=hour, ‘n’'=minute, ‘s’'=second,
# double characters mean leading zeros
dateformat=yyyy-mm-dd,hh:nn:ss

# Start the measurement at a given date-tinme,

# use the specified 'dateformat’

# @ Note 1: leave blank if note used ; Note 2: don't forget to

# update time before run

startrun=20611-01-22,10:40:01

# Stop the measurement at a given date-time, use the specified

# "dateformat’ from the timestamps

# @ Note 1: leave blank if note used ; Note 2: don't forget to

# update time before run

endofrun=

Fig. 42 Part of the configuration file of MuuLUX [Author]

(e — ~

C:\Windows\System32\cmd.exe e e =6

c :\Drophox\Dizertace\Sof tware\Muulux\muulux_1.08>nuulux
MUULUX serial luxmeter communication tool by Althego and Moon—Yalker
For Illuminance Meter T-108 from Konica Minolta Sensing

Waiting until 2012-11-17,20:12:01

Sent init... Timeout. Terminating.

c :\Drophox\Dizertace\Sof tuvare\Muulux>type "0901301240 - kopie.lux"
1,2009-01-30,12:40:01,1,1224.4000,2,140.6300,3,23.0620
:45:01,1,1279.4000,2,142.9300,3,24.4220

:50:01.,1,1179.4000,2,143.6300,3,.23.6720
:55:01.1,1161.4000,.2,137.1300,3,22.4820
:00:01.,1.1177.4000,2,133.0300.3,22.3020
:05:01,1.,1130.4000,2,135.6300,3,.22.0120
7,.2009-01-30,13:10:61,1,1082.4000,2,137.0300.3.21.8920

Fig. 43 On the top MuuLUX run inside of MS Windows OS hernbiottom part of the
result file written out [Author]®

® Althego is the nickname of Sandor Bagyi, Moon-\ialkefers to the author.
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6.2.3 The visual response of HOBO U12-012 data loggers

The HOBO U12-012 data loggers have had been pwrparchased on the
recommendation of our colleagues working at theuRacof Architecture,
University of Sheffield. There was however a problevith them from the
beginning. Their response to any visual load wadean. Therefore, these data
had to be obtained throughout measurement alongsfdéhe KONICA-
MINOLTA T10 illuminance meter, done in “Laboratoiyo.2”. Three of the
available detectors have had been put onto triploels placed into a line in a
distance of 100@maway from the walls of the laboratories. Two sessvere
located at the ends of the column and one in tluelleu

The HOBO U12-012 had to go through a setup proocekse they could have
had been placed. The reason behind this was,hbdinhe and date settings had
to be the same as they were on the computer ruriMing_UX, therefore the
applied data loggers were connected one after antdhthe same PC, through
OnsetComp © a software for manipulation them. Afiee initial setup, the
HOBO U12-012 data loggers have had been movedtogke measuring heads
of the T10 illuminance meters on separate tripoasthe measuring process had
begun.

The results regarding this comparison are showhariollowing figures.
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Fig. 44 10 day data collection in “Laboratory No.2”

6 Results 106



Optimisation of Light Conditions in Buildings

AT MOST 94% ATOP.

’S‘KEXELUDING VALUES BELOW 11.8 Ix.

ol
A

\

LL« od

1600

1400

_
(=4 o o (=4
o o o o
(=} @© O ~

1200

-~

[X1] ST3A3T JINVNIWNTTI

200

00:8L €Y

JE 0€:LL €

00:¢L €%
0€9L €%
0091 €%
0€:SL €
00:SL €%
0EYL €Y
0071 €%
0€€L €
00:€L €%
0€:Zl €
00:ZL €%
0€LL €%
00:LL €
0€0L €
00:0L €%
0€'60 £
00'60 £
0€:80 €%
00:80 €%
0€'£0 €Y

= 0020 €77

0€90 €%
0090 €%

DATE AND TIME [D.M.Y H:MIN]

——T10-00 —<U12-00

Fig. 45 Illuminance levels at point A under overcast skiyditbons.

00:8L €%
0€LL €
00'£L €%
0€9L €Y
009l €%
0€GL €Y
00:SL €%
€L €Y
0041 €%
0€€L €
00:€l €%
0€ZL €%
00:ZL €%
0€LL €
00'LL €Y
0€:0L €
00:0L €%
0€'60 €Y
00'60 €%
0€'80 €Y
0080 €%

i

EXCLUDING VALUES BELOW 118 Ix.
R [V, A %ﬁ \‘/\

AT MOST 62% LOWER.

T T T T I T T T T T T T T I T T T T T T T T T T T T T T T T T T T T T T T T I T T T I I I I T T T T ITTTT T T TTTTT

o
m
r&
o
m
~

00'£0 €Y
0€:90 €1
0090 €%
o (=] o oS o o o
Q o o 0] O P ~N

[X1] STIATT FINVNIWNTTI

DATE AND TIME [D.M.Y H:MIN]

——T110-01 ——U12-01

Fig. 46 llluminance levels at point B under overcast skyditions.

107

6 Results



Optimisation of Light Conditions in Buildings

N
Ul

AT MOST 77% LOWER.
EXCLUDING VALUES BELOW 11.8 Lx.

N
o
|

—_
ul
|

-—
o
|
5

.

ILLUMINANCE LEVELS [lx]
®

(Ua)
|
T
o
T
B
<

O O OO OO O OO OO O O OO0 OO0 O OO0 OO0 O O O
oMo Mo Mo moMmMmo Mo mMo Mo mMmMo Mmoo mom o
W WO MH~TM~ O O O O T NN MMFE F NN D O =~ ©
S 6 60 O 6 6 6 6 - - T 5T - - - - 8- = - -
M MM MMM mMmMmMmMMm MM mmmmm M MMMMMMM M
T T S RE e RS SR N S I S S N R R e

DATE AND TIME [D.M.Y H:MIN]

——T110-02 ——U12-02 =—@—Rady!
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The previously shown figures do tell us, that thererate of the HOBO U12-
012 data loggers with means to measure illumin#nads is shockingly huge.

The HOBO U12-012 data logger’s lowest threshol@tis3.2 or 11.8 luxes.
This means, that these types of measuring appastannot be used for high
guality measurements of light sources with lownstges.

Another of the findings was that the response ththe photo-sensor in the
HOBO U12-012 loggers is low at low levels of inamidight. This can be seen
in fig. 46. While the KONICA-MINOLTA illuminance nter had measured
different values and the resulting chart is zigiieg, the data logger did obtain a
constant value at a 5-minute cycle and thus themyn effect of daylight did
not appear (9:30 to 9:50 or 14:30 to circa 15:20).

The results had begun to look alike only at higledues, though taking into
account the difference between the values achidyedhe HOBO U12 and
KONICA-MINOLTA T-10 illuminance meters, it can béased that something is
amiss. The HOBO'’s did measure with up to 94% higleminance levels in
case of values exceeding 100 lux’s on the T-10%l about 62% less while
looking at values below 100

The same can be also seen in the figures repnegeamt intermediate sky,
below.
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Fig. 50 llluminance levels at position C under intermedidy@amic sky conditions

Under intermediate sky conditions, the graphs doash slightly different
view. The HOBO U12-012 closest to the roof windowt dave approximately
the same graph plot than the T-10’s receptor hkatlthe values obtained by
them were higher. This by itself is similar to ttesults obtained under overcast
sky conditions.

In the middle of the room, due to a different s@ihle under which the light
reaches the illuminance meter the table turns I8y.IBhe biggest values, except
for one case, have had been shown by the KONICAMINA manufactured
measuring equipment, which is valid also for thekdst part of the room too,
the position furthest away from the windows.

If a closer look would be taken at the resultgntla special occurrence
happens, caused by the ineffective cosine correatiothe HOBO U12 data
loggers, and thus they are influenced less by din@nlous flux arriving at a
different angle then those closest to the appagatsigsrface normal.

6.2.4 Sky luminance verification and global horizontal ilumination
determination

Sky luminance measurements took place repeatediy e first period of
measurements done inside the two laboratoried)andft of building D of the
faculty. The monitoring process depended on twinfagcontinuously:
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* Visual verification of sky and weather: by lookiagthe sky it was possible
to tell, whether it handled about a CIE standarercast sky or not;
* And by teaching and other activities ot the author.

To obtain the suitable data the determinationkgf lsminance values have
had to be in accordance with the monitoring procesisle the laboratories. The
computers’ hardware clock running MuuLUX, thus cected to the KONICA-
MINOLTA T10 illuminance meter was set to be in agrent with the watch of
the author.

The luminance values have had been determinedvataddocations of the
sky, but only under those azimuthal angles fromcithe sky elements could
influence the daylighting the most. Therefore thg slements at which the
luminance values were measured, had to have anutdmmangle of 45°, if
taking into consideration of the roof windows glagsurface normal in plan.

Because of the slower response time of the Ilummamngeter, the
measurements had to be timed perfectly with a tifference of 3 seconds. The
first value was taken already six seconds befoeentimute got full. The next
values were then taken after three seconds. Alth@ugh measurements took
place about ten times within three months, the aldy in case of which the
verification finally turned out to be positive waa 17" of March 2009. These
data together with the evaluation is part of t&h. 2

Tab. 29The obtained sky luminance values and their evaloat

Time [(17.3.09 12:0% 17.3.09 12:10 17.3.09 12{15 17.3.0902:2

Sky Sky luminances [cd/m2] and their verification [-]

elem. | L Ver. L Ver. L Ver. L Ver.
poS.

Zenith | 8044| 1.0p -| 7380 1.00 -| 7369 1/00 |- 6487 1.00 |-
45.1 6100| 0.760K| 5050 | 0.68 5150 | 0.7Q0K | 4764 | 0.73 OK

15.1 4640| 0.580K| 3770 | 0.51 OK | 4149 | 0.560K| 3925 | 0.61BAD
45.2 6056| 0.7p0OK| 5235 [ 0.71 OK | 5211 ] 0.710K| 4802 | 0.74 OK
15.2 4674 0.580K| 3815 | 0.52 OK | 4100 | 0.560K | 3853 | 0.59 OK

Ee[lX] 19655 isn't evaluated 18006 isn't determingd

6.2.5 RADIANCE and WDLS models

Daylighting simulations, at least the models infudaylighting simulations
are often simplified. The degree of simplificatiatepends on the actual
evaluation method, from graphical methods up tomaer simulations made in
rendering software like « RADIANCE » visualizatisoftware package, which
made it possible to imply the ray-tracing algorithalso to daylighting
calculations at a higher rate.
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This software allows the engineering community hange the basic surface
material descriptions from a simple models whichtheught as a perfectly
diffuse “Lambertian” one up to high grade ones, iagldcertain roughness,
specularity to them and if needed even textures.

Another advantage of these more advanced packagd#mt the scene can
have a higher detail, including complex objects lkirfaces of revolutions.

The following figures do demonstrate the model itetfar which the results
are being represented in the following chapteraatsf the results.

Fig. 51 The used quality details for the models
/LQ — Low quality, MQ — Middle Quality, HQ — Highu@lity/ [Author].

Altogether three different model details have hagkrb used within the
assessment.

« Low quality model — in this particular case thefsoes are present by their
averaged surface reflectance values obtained loylesibns. The complex
window is input as a single sheet of glass thet lighnsmittance of which
was determined earlier with measurements. Hendegadtto be modified
with the ratio of the areas of the transparentspaftthe windows and that
of the overall area of the daylighting system, oflizese data are used in
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each of the computer aided design tools involvethiwithe evaluation

process of the thesis and also while doing theutations via the only
numerical approach. The calculations within «WDISlv» and

« WDLS v4.1 » have had been provided for all ofdkiailable choices built
into them, from multiple reflections until empirmoethods. The innovated
Daniljuk’s methodology had been improved with the®technique, since
Daniljuk’s concept cannot be used for the deterttonaof the internally

reflected component of the daylight factor. The Big$e equations for the
determination of the minimal and average valuethefinternally reflected
components of the daylight factor were chosen alkceehmann-Kittler's

theory because the later includes reflections cgrfiiam the terrain, too,
nonetheless in case of the laboratories, becaudeeabof windows angle
these can be neglected,;

« Middle quality models — It handles about a moreatied description of the
same model, in both « RADIANCE » and « WDLS ». There detailed
refers to the description of the PCM based panelsnted all over the
surfaces of the given room, on top of the rooms @ilings, but it is not
just about the alumina panels. The door wing arddiborframe have had
been described separately, too. Moreover in « RAITE » the window
description is already separated into the frame taedglazing, though it
handles about plane elements only;

* High quality models — have had been input only iatRADIANCE »
because of the lack of possibilities in other eadhg methods. These
models have almost everything modelled out justt a®uld be seen in
reality inside of the laboratory. The window frardees already have 3
dimensions. Instead of one glass pane, there avewtth a total light
transmittance equal to the measured value. The pals are the closest
to reality, not just with their geometry, but witheir material descriptions
too, which have had been based upon plastic (eqaie® metal (eq. 61).
Fig. 52 and fig. 53 do view the alumina panelsaal tife, and in the scene,
also. The high quality model consists from 7164neetary surfaces after
being exported to a radfile.

void plastic PCM_FULL_PLASTIC
0

60
X (60)
5 0.390 0.385 0.349 0.025 0.200
void metal PCM_FULL_METAL
0 (61)
0

5 0.410 0.400 0.363 0.500 0.200
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Fig. 52 A closer view to the installed PCM panel [Ing. Ddekovsky, Ph.D.].
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Fig. 53 A closer look at the full detail model of the sa@&MV panel [Author].
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6.2.6 Results of simulations and calculations done for Uaoratory No.2

Tab. 30Daylight factor value comparison for Laboratory Rat 12:05 on 17.3.09

Evaluation Determined DF levels [%] A min
method Deviation to reference values [%]| A ax
A B C [%0/%]
Measured data 13.51 1.69 0.28 -/-
RADIANCE : 14.00 1.40 0.14 -50.0
Ray-tracing, LQ 3.63 -17.16 -50.00 3.6
RADIANCE : 14.76 153 0.17 -39.3
Ray-tracing, MQ 9.25 -9.47 -39.29 9.3
RADIANCE : 14.67 1.44 0.14 -50.0
Ray-tracing, HQ-P® 8.59 -14.79 -50.00 | 8.6
RADIANCE : 14.73 i e 0.16 -42.9
Ray-tracing, HQ-M" 9.03 -15.38 -42.86 | 9.0
WDLS 3.1: 14.43 1.61 0.21 -25.0
Multiple refl., LQ 6.81 -4.73 -25.00 6.8
WDLS 3.1 14.14 1.68 0.37 -0.6
Kroch.-Kittler, LQ 4.66 -0.59 32.14 32.1
WDLS 3.1 14.32 1.83 0.48 6.0
Kroch.-Kittler, MQ 6.00 8.28 71.43 71.4
WDLS 3.1 13.89 1.49 0.24 -14.3
BRS, LQ 2.81 -11.83 -14.29 2.8
WDLS 3.1 13.96 1.56 0.32 7.7
BRS, MQ 3.33 -7.69 14.29 14.3
WDLS 4.1 15.60 1.80 0.30 6.5
Multiple refl., LQ 15.47 6.51 7.14 15.5
WDLS 4.1 16.50 2.70 0.90 22.1
Multiple refl., MQ 22.13 59.76 22143 | 2214
WDLS 4.1 15.60 1.80 0.30 6.5
Lum. ratio, LQ 15.47 6.51 7.14 15.5
WDLS 4.1 16.50 2.60 0.80 22.1
Lum. ratio, MQ 22.13 53.85 185,71 | 185.7
Numerical: 13.70 1.48 0.22 -21.4
Mod. Daniljuk 1.41 -12.43 -21.43 1.4

3 The material description of the PCM based alurpiaels was based on the properties of plastics
®) The material description of the PCM based alumpiraels was based on the properties of metals
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Tab. 31Daylight factor value comparison for Laboratory M@t 12:15 on 17.3.09

Evaluation Determined DF levels [%] A min
method Deviation to reference values [%]| A ax
A B C [%0/%]
Measured data 13.45 1.62 0.28 -/ -
RADIANCE : 14.00 1.40 0.14 -50.0
Ray-tracing, LQ 4.09 -13.58 -50.00 4.1
RADIANCE : 14.76 1.53 0.17 -39.3
Ray-tracing, MQ 9.74 -5.56 -39.29 9.7
RADIANCE : 14.67 1.44 0.14 -50.0
Ray-tracing, HQ-P® 9.07 1111 -50.00 | 9.1
RADIANCE : 14.73 1.43 0.16 -42.9
Ray-tracing, HQ-I\/lb) 9.52 -11.73 -42.86 9.5
WDLS 3.1 14.43 1.61 0.21 -25.0
Multiple refl., LQ 7.29 -0.62 -25.00 7.3
WDLS 3.1 14.14 1.68 0.37 3.7
Kroch.-Kittler, LQ 5.13 3.70 32.14 32.1
WDLS 3.1 14.32 1.83 0.48 6.5
Kroch.-Kittler, MQ 6.47 12.96 71.43 71.4
WDLS 3.1 13.89 1.49 0.24 -14.3
BRS, LQ 3.27 -8.02 -14.29 3.3
WDLS 3.1 13.96 1.56 0.32 -3.7
BRS, MQ 3.79 -3.70 14.29 14.3
WDLS 4.1 15.60 1.80 0.30 7.1
Multiple refl., LQ 15.99 11.11 7.14 16.0
WDLS 4.1 16.50 2.70 0.90 22.7
Multiple refl., MQ 22.68 66.67 22143 | 2214
WDLS 4.1 15.60 1.80 0.30 7.1
Lum. ratio, LQ 15.99 11.11 7.14 16.0
WDLS 4.1 16.50 2.60 0.80 221
Lum. ratio, MQ 22.68 60.49 18671 | 1857
Numerical: 13.70 1.48 0.22 -21.4
Mod. Daniljuk 1.86 -8.64 -21.43 1.9

3 The material description of the PCM based alurpiaels was based on the properties of plastics
®) The material description of the PCM based alurpiaels was based on the properties of metals

In the tables with the measured, calculated anculated values for the
illuminance meters sensors at position A, B and cCddplay two sets of
comparisons. Tab. 30 stands for measurements dord&"oof March 2009 at
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12:05. On the other hand, tab. 31 includes the fdatameasurements done on the
same day, but 10 minutes later.

By taking a closer look at the calculated and meskulata, it can be seen,
that most of the daylight factor values which web¢ained by « RADIANCE »,
« WDLS » (only version 3.1) and the combined inrieda Daniljuk’s
methodology with the BRS approach for point A &:0b and 12:15), which is
below the window, does have a relatively high aacyr The main difference
between the data sets is only up to 10%. Only « WD4.1 » did have a higher
error rate, exceeding that of 15% when choosineeibf the available settings
for the determination of the externally reflectenimponent of daylight factor
(i.e. luminance ratio between the sky and the eégrar multiple reflections) at
the lowest model detail. In case of a higher matighil, referred to as “MQ
(middle quality)” the difference had increased && which was already too
high.

For position B, « RADIANCE », more specifically thatrace~ returned a
value with a difference between -9 and -17.2%, wloeking at the monitored
data at 12:05 and a difference between -5 and fbd¥%ata valid for the time of
12:15. The difference between the time sets isexhlry the slightly different
daylight factor levels attained for both times bgasurements. This difference is
visible on the rest of the researched approachesTioe numerical approach
turned out to have a difference of -12.43% and4®%6So far, « WDLS v3.1 »
had given the most correct predictions of daylighttor levels inside
“Laboratory No.2".

For location C, the variability of the differencaned quite a lot. While
radiance was estimating lower values of daylightdalevels, and its predictions
were off with roughly 50%, the other approacheseex for the numerical one,
had the same issue depending on the know-howstapsf « WDLS v3.1 and
v4.1 ». The results of « WDLS v3.1 »latv qualitymodel detail were off within
the interval of -14% up to +32%. The bigger resgitvalues have had been
obtained by Krochmann-Kittler's approach for théedmination of the internally
reflected component, which by guessing includedesosflections coming from
the terrain. Fomiddle qualitymodel detail the difference was changing between
-3.7% and +12.96%. Unfortunately « WDLS v3.1 » wiasible to finish the
simulation process while set to multiple reflecdithe author tried to run it on
10 different computers, but the toll of 1900+ elaetagy planes had taken its
price and the computers froze down resulting ira meset). In «WDLS v4.1»,
the results were in a close range to the originehsared ones only when the
input was of low quality model detail. At middle td#, the values were
unreasonably high, but these are to be seen ialies above.

A comprehensive comparison as part of the followpigjures shows results
from both « RADIANCE » and « WDLS v4.1 » in low, chem and high detail.
The figures coming from « RADIANCE » does have ecsalty, that is, that they
do display the luminance distribution over the aoes. In case of «WDLS», the
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amount of light falling onto the surfaces is digtirshable too, but the values do
display the illuminance values incident to a pawr the surfaces.

FALSECOLOR FISH EYE VIEW OF THE ROOM (LUMINANCE MAP OF SURFACES) DETAIL AT THE DOOR

DETAIL AT THE WINDOW

Fig. 54 Luminance values on the surfaces and detail vie@maaquality, from ~rpict-~
and ~falsecolor~ <—aa 0.05 —ab 4 —ad 2048 —as T121:024>

Fig. 55 A view to the room from the position of the domnt WDLS v4.1 in LQ.

Notice the aberration between the luminance didtiobs in low and middle
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gualities near the floor. The picture with « WDLSas a source is darker
compared to the previous, but at the same timétmigat the glazing.

FALSECOLOR FISH EYE VIEW OF THE ROOM (LUMINANCE MAP OF SURFACES) DETAIL AT THE DOOR

DETAIL AT THE WINDOW

Fig. 56 Luminance values on the surfaces and detail vigwsiddle quality, from
~rpict~ and ~falsecolor~ <—aa 0.05 —ab 4 —ad 2048 512 —ar 1024>

Fig. 57 A view to the room from the position of the domnt WDLS v4.1 in MQ.

At full quality, the biggest diversity is visiblenothe surface of the PCM
panels. While plastic, the luminance distributisncontinuous, while described
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as a metal there are some jitters, caused by tlghness specified.

FALSECOLOR FISH EYE VIEW OF THE ROOM (LUMINANCE MAP OF SURFACES) DETAIL AT THE DOOR

DETAIL AT THE WINDOW

Fig. 58 Luminance values on the surfaces and detail vidviaggh qual. — plastic mat.
~rpict~ and ~falsecolor~ < —aa 0.05 —ab 4 —ad 2048 512 —ar 1024>

FALSECOLOR FISH EYE VIEW OF THE ROOM (LUMINANCE MAP OF SURFACES) DETAIL AT THE DOOR

DETAIL AT THE WINDOW

y

Fig. 59 Luminance values on the surfaces and detail vigwsgh qual. — metal mat.
~rpict~ and ~falsecolor~ <—aa 0.05 —ab 4 —ad 2048 512 —ar 1024>
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» Conclusions to the results
« Contributions for the profession
* Visions
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7.1 CONCLUSIONS TO THE RESULTS

The discussed thesis, deals with several aspedigydighting design, from
CIE test cases until calculations done by handlumainance measurements of
the sky and computer simulations done with the tardetermine the quality of
evaluation methods. Accordingly, the conclusion daiscuss each issue
separately:

» CIE test cases;

« Sky luminance and illuminance measurements;
e Computations in RADIANCE and WDLS;

» And for numerical analysis.

7.1.1 Conclusions to the validation of design methods agest CIE test
cases

CIE test cases for the validation of the accuratycamputer simulation
software for lighting were introduced in 2006. Tétandard itself implements
some ideas, which were described earlier by F. Naarklowever, after the
implementation a number of mistakes became appawvetitin it, more
specifically in the appendices of the standarduidicig the reference data for the
test cases used to assess the quality of softvgaxckfor daylighting simulations.
Some of these errors have had been already pamiteish the previous chapter
of the thesis, some not. Nevertheless, becausehefet mistakes some
laboratories do tend to test the software senth&tonly for a few of the
reference cases and leaving out the rest or testingagainst other values, like
it was done in case of the already mentioned “VeDaylight Visualizer in
version 2” [6].

To cite the authors of the report, from the teporeitself:

“The authors of the current study believe the atiedy reference given in the
original CIE document is erroneous for test casé35and 5.14. The Chief of
project of CIE 171:2006 document (Fawaz Maamari¥ een contacted and
acknowledged the analytical reference for Test CGad8 and 5.14 is certainly
erroneous, and explained the CIE will emit an exraiVe invite the reader to
refer to section ‘Proposition of alternative .%.”

Although the authors of the test report did turm tmupropose a few changes
for the evaluation process, the standard was lsfilluntouched. That is why
« RADIANCE », « WDLS » and the numerical approaevéhhad been tested
against all of discussed test case scenarios itisediesis.

° This test report can be downloaded from the imterfiree of charge.
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7.1.2 Sky luminance measurement

The sky luminance measurement enclosed in thesthesialid for 1 of
March 2009, only. Despite the fact that it hand#xbut a CIE Overcast Sky
verified with the expressions published by R. I€ittin 1983, in reality while
comparing the simulated and calculated values ¢oates obtained over the
working plane of “Laboratory No.2” by consecutivee@asurements, it made it
clear that a small inaccuracy had planted its radts the validation process.
This error is something, which can but at the séime cannot be called as a
mistake, because the values were compared to onlyations and numerical
evaluations, but let us review the issues reganting

At first, the luminance gradation ratio of 1:3 ofCdE Overcast Sky from the
horizon to the zenith the interval of <0.3, 0.6&difor the verification of the sky
elements luminance ratio at 15° angle above thezdwrallows quite a
considerable play. The values entailed in tablali29ust-just meet the highest
value, therefore the luminance gradation of the skas influenced most
probably by a slight turbidity of the atmospherenide, the daylight levels were
also higher than anticipated in the back of themmoBy taking into consideration
the year when R. Kittler's work have had been mmht@d and how the measuring
apparatuses and approaches did change over thetembe, it could be revised.

For second, the luminance measurements over thedskyge by the author of
the thesis, were bound by a small error rate themsecaused by the fact that
the values were obtained in a sequencesoffBe time difference between the
first and the last shot taken by the luminance metes 12. By considering the
dynamic properties of the sky, even under the gsiecumstances it would be
unthinkable that such a change could occur undehn sushort time under an
overcast sky. However, the errata of the measurssmmyuld be cured by an
apparatus made up from illuminance meters (fig. 60)

(BLACK COATING)

STRENGTHENING STEEL

TRANSPARENT COVER JB

METAL PIPE
(BLACK COATING)

SHADING
ELEMENT

e e —

T

METAL COPULE

ILLUMINANCE
SENSOR

| —

FASTENER
METAL COPULE

Fig. 60 A device measuring the luminance values of skyesitat 9 positions.
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The question is, whether a research focused on athalability of a
CIE Overcast Sky in the age of global and diffusgiBuminance measurements
is still actual or not.

7.1.3 Computer simulations
WDLS

The findings regarding this computer aided desigwol tare full of
contradictions especially in version 4.1, whichaasommercial tool written in
the Czech Republic for the Czech engineering conimuvould be thought as
one of the best, unfortunately that is not the case

By looking at « WDLS v3.1 », it is possible to saeslight resemblance
between the retrieved values and those of CIE eater cases for most of the
evaluated points under for different approaches détermined data with the
help of it, do have a relatively small error rateav values, which is for the
best, whereas are smaller when glazing is appbi¢det openings. Yet, by taking
a good look at « WDLS of v4.1 », some major flaws aisible. One of these
flaws is that the sill must have a thickness oftifian that of hm In reality
however, it is not a mistake of the program andatlgerithm inside of it, but that
of the CIE test cases and the authors of theseerefe models by not taking into
account concreteness, like structures. Neverthedsss have had come to this, it
must be mentioned that « WDLS » cannot handle athiakness of Omm. The
output is determined with a huge error rate, paldity when a vertical working
plane is validated. Nonetheless, under real-lifeddeons such a thing cannot
happen, maybe if evaluating the daylight factoelsun a point on the facade of
the building.

Another of its flaws can be seen within the congmariof results obtained for
“Laboratory No.2". In « WDLS v3.1 », a user can cke from three available
concepts, which can be used for the determinatidheodaylight factor over the
working plane. While researching the differencestifie CIE reference cases, it
had not really matter, which of these options wsedy as to each and every of
them influences the internally reflected componeithe daylight factor only.
This on the other hand is not valid when the assess revolves around real
measured data. The simulations involving averagethee reflectance values
and lower detail of the scene were closer or smidléhe data attained for the
working plane of the laboratory than the modelshvhigher details. But the
results alternated more by the model detail in «\§¥4.1 » than in « WDLS
v3.1 » and were even higher than the referenceesatievery time, furthermore
the lowest values attained for the least illumidgteint “C” did turn out to have
a non-realistic value.

In overall « WDLS v4.1 » is non-reliable softwahe tapplication of which is
not recommended for expertise activities. Enginskauld rather fall back to the
older version of the given software.
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Radiance

The simulations in « RADIANCE », although they'vadchbeen done for a
large number of combinations of ambient parameteese still validated against
CIE test case scenarios with an allowed maximumatiem from the base
values equal to 10%. This means that in case efamance value, which would
have had a number a 1%, the ray-tracing processohadurn a number between
0.9 and 1.1%. However, only the horizontal workjptgne was checked this way
because of the modified sky description generatibare the ground reflectance
was manually set to 0- and the missing lower heh@spresulted in a loss of the
externally reflected component of daylight factdegcribed in chapter 6.1.3).

Once the results have had been checked by a progrdien by the author, it
was clear, which ambient value combinations werle &b predict a similar
output to those given within the CIE 171/2006. Each of the CIE reference
models 343 ambient parameter combinations weregetteavhich do result in
343 result files.

By looking only at the test cases, which do chdek quality of the given
methodology for the determination of the sky conmgua only, then CIE test
cases I1.8 up to I1.11 must be examined in moraitjeh spite of that these have
had been already partially presented in chaptdrtBeothesis. By increasing the
ambient parameters, « RADIANCE » is freely appliedior daylighting design
of buildings. Interesting results have been acldeakeady by the following
combination of ray-tracing parameters: —ad 512 Hasar 32 —aa 0.01 —ab 1.
This however, cannot be taken as granted, becaude @&xact same time the
following parameters have had failed the evaluati@u 1024 —as 1024 —ar 64 —
aa 0.01-ab 1.

By adding all of this together, « RADIANCE » is gegt tool when viewing
the sky only, with a high value of ambient density.

In cases 11.12 and 11.13 except for a few occasidms results were within a
reasonable boundary. Those exceptions can be dedntecthe issues regarding
the quality of CIE data sets.

When looking at the quality of « RADIANCE » packagéh a viewpoint to
real measurements, the values do fluctuate depgrahnthe model detail the
values though were almost every time lower, thbeigt a great safety factor.

In overall « RADIANCE » package is to be recommehfter use in case of
expertise activities connected to daylighting desig

7.1.4 Hand made daylighting design

The innovated Daniljuk’s methodology did give theshunexpected results.
Globally it gave one of the best deviations comgat@ those of computer
simulations, with a steady flow. When the valuedweeeto be lower, it was
determined as smaller. The errata, hence wasladowest.

In overall Daniljuk’s approach should be used ambvated in the future too,
alongside « RADIANCE » or « WDLS v. 3.1 ».
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7.2 CONTRIBUTIONS FOR THE PROFESSION

The findings of the dissertation as part of the chagsion mainly for the
profession can influence the field of research e as the daylighting design of
buildings. These may be categorized into the falhgycategories:

* Measurement of daylighting;
» Daylighting design of indoor spaces with compuiasdd tools;

7.2.1 Quality of measuring equipment

Nowadays more and more companies do manufactursumeg@ apparatuses
for different fields. Sometimes these firms do camebseveral products into one
tool only so that they could sell it better andshachieve a higher cash flow,
resulting in a higher profit. Such a product isoatke HOBO U12-012 data-
logger used within the solution of the dissertatipeculiarly for daylighting
measurement next to the specialized product of KGINMINOLTA.

As it was found out that the quality of the seniuoiit-in to the data logger
can’'t be necessarily used for the measurementlwhithance levels over the
working plane or anywhere inside and outside oftth#ding, because it has an
huge transgression in comparison to the valuesevetu by the KONICA-
MINOLTA T10 illuminance meter. The error was arous@0% (roughly),
sometimes bigger, sometime smaller.

When the devices have had been bought from ONSHipaoy, who had
advertised the product as an illuminance meter gnuthers, nevertheless, it is
also true that the manufacturer had not publisinedspectral response of the
data-loggers and they were not even asked to prawidm before issuing the
order. Only after the evaluation of the results anit of communication with
the manufacturer it became clear, that the prodachave some issues and
what's worst of all a response to optical radiatiamch isn’t even close to the
V(4) curve for photopic vision (see. fig. 61).
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Fig. 61 The light wavelength response of HOBO U12 data-¢og58].
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So if ONSET did know about these problems eanidry didn’'t they apply a
colorimetric correction to the data-logger. Alsohywdidn’t they use a cosine
correction for the sensor, whereas it is evidentv,nthat the directional
capabilities of the data-logger are as low as tifavisual response. At the
current, the data-logger U12-012 is an unfinisheddpct sold for relative
measurements of light, though a question arisesttga product be clearly used
for relative measurements? By placing them in gadte of 1m the user cannot
even be sure that the obtained data is compandbtestheless, it handles about a
great tool for measuring relative humidity and tengpure.

Therefore, a user should always ask for the redquieda sheets before issuing
out an order for machineries or equipment’s.

7.2.2 Daylighting design of building

Existing older computer programs in the field ofyldghting and artificial
lighting are often based on a combined graphicatérical evaluation method,
such as the diagrams of Daniljuk or the protractor«ittler. A representative
of these is also « WDLS ». Although in case of «MBD> newer versions do
arise from time to time, it still utilizes the sarokl algorithm in place of the
newer ones like radiosity or ray-tracing and so with the flow of the
technologies available in the 2aentury.

In « WDLS », the user is limited to the set-up @%x available in the given
version, used. On the other hand, software likeARRRNCE » or POV-Ray, do
allow the user to define the parameters influendiregresult from the worst to
the better, but not just the result but also theetheeded for the computational
process.

At the concurrent time, it could be said that tages$t version of « WDLS »
should not be used for daylighting design procésdl.a

The author himself began to use « RADIANCE » after assessment as to
« RADIANCE » did turn out to have a great predictiof final daylight factor
levels. Some of the results are presented withen ttiesis. If a person has
prerequisites for programming then can create pkiglke the Diva for Rhino.
The latest version of this tool costs $470 [59]jalhin contrast to « WDLS » as
a separate tool, did focus on the integration Rkono 3D modelling software
and on the utilization of free tools applicable hait other fields of building
physics too, not just in daylighting. Older versonf the tool are free to
download. Then again, the author must inform th@roanity about the issues
connected to it.

Diva for Rhino uses the Rhino 3D’s internal pluginsave the model into a
WaveFront file format (having an extension of *)oljhis is then turned into a
RADIANCE file (radfile) by a specialized internal omponent of

« RADIANCE », called as obj2rad. The problem arisesen the model is
exported for Rhino into WaveFront. This is visilaethe inconsistency of the
exported surfaces. The plugin creates the mesipster on top of the original
ones, not inside of them. Thus, the edges of sesface moved in the direction
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of their surface normal a bit, causing a discreparibroughout which the
elementary planes are not going to be connectek this, some particles
observed via backward ray-tracing could reach itjie source directly without
any reflections, and can influence the resulth@&worst.

As a solution to this problem, instead of Diva Ritino a user can use a different
plugin written for a different program, namely, f8oogle SketchUp. The plugin
is called ~SU2RAD~ (short for SketchUp to RADIANCE)nce a model is
saved into *.skp file format it can be used in $kétp itself to export the model
into a radfile. The given script should be ableun the ~rpict~ process too, but
not the ray-tracing ~rtrace~ one required for thumination calculations to take
place. SU2RAD is free of charge, and does not redbiva for Rhino. Another
of its advantages is that SketchUp can be usednnection with AutoCAD, too.
Therefore, the costs do fall rapidly.

A comparison of the models exported via Diva forrfehand SU2RAD is visible
below.

_g Lister - [c:\Dropbox\Dizertace\Eval_CIE\E-l_E...EM er - [c:\Dropbox\Dizertace\Eval_CIE\E-I_Err... L. &2 B8] %
Soubor Upravit Moznosti Kédovani Napovéda 2% r Upravit Moinosti Kédovani Napovéda 1%
# Rhino ~|pbj2rad -m obj.map rhino.obj -

hino
g Terrain
v -32.15000152587891 -32.15000152587891 © rain30 polygon Terrain.1
v -32.15000152587891 -22.98428535461426 O
v -32.15000152587891 -13.81857109069824 ©
v -32.15000152587891 -4.652857303619385 ©
v -32.15000152587891 4.512856960296631 6 -22.9642848969 -22.9842853546
v -32.15000152587891 13.67857170104981 © -32.1500015259 -22.9842853546
v -32.15000152587891 22.84428596496582 0 -32.1500015259 -32.1500015259
v -32.15000152587891 32.0099983215332 0
v -22.96428489685059 -32.15000152587891 © Ifrain38 polygon Terrain.1
U -22.96428489685059 -22.98428535461426 O
v -22.96428489685059 -13.81857109069824 ©
v -22.96428489685059 -4.652857303619385 0O
U -22.96428489685059 4.512856960296631 O -32.1500015259 -32.1500015259
v -22.96428489685059 13.67857170104981 © -22.9642848969 -32.1500015259
U -22.96428489685059 22.84428596496582 6 ~ |} -22.9642848969 -22.9842853546 <
« » )
4

Fig. 62 Rhino to Wavefront (on the left) and Wavefront ADRANCE (on the right)

(= ———— A
{_j Lister - [c:\Dropbox\Dizertace\EvaI_CIE\E-I_Errors\Rhino_to_SKP_to_Rad\Terrain.rl—d! Lﬂm
Soubor Upravit MozZnosti Kédovéni Napovéda 25%
Terrain polygon f_1_8 -
[§]
[§]
9

-2.150000 -2.150000 0.000000
-2.150000 2.010000 0.000000
-32.150000 32.010000 0.000000

|
Terrain polygon f_2_80
0
[¢]

\ 9

-2.150000 2.010000 ©0.0600000

2.150000 2.010000 0.000000

32.150000 32.010000 ©0.000000 Y
< »
- _______________________ _

Fig. 63 The same model exported to RADIANCE vie SketchUp.
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Notice the decimal numbers regarding the edges.

Another great tool available for the daylightingsdgm of buildings, tested by
the author, is VELUX Daylight Visualizer (VDI forhsrt). It handles about a
ray-tracing application with results and renderisgsilar to those one can get
from « RADIANCE ». The main difference, howeverslim the sky definitions
included in VDI, as to it can simulate all 15 typdsskies for every day and time
of a year. It is free of cost and the output imdiereadable.

Then are the most widely developed software’s ofayp the DIALux and
RELUX. Both of them focused primarily onto luminatgsign. The only flaw of
DIALux is, that the peripheral walls must to havahi&ckness of 300mm. In
DIALux Evo this issue was however already solveBLRX on the other hand
iIs complicated to use if a daylighting evaluatidran indoor space is required.
Both DIALux and RELUX are based on the already ussed ray-tracing
algorithm, but the ray-tracing parameters are antyethe software itself.
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7.3 VISIONS

There may be many visions for further developmerthe field of daylighting,
from further research on the efficiency of tubuleht guide systems until
research done on very new systems that could bal emubetter than the
windows, which are used now the most. In the foifmwears, the author would
like to focus his attention onto the indirect methoof daylighting, more
specifically on daylighting with the help of Frestenses and optic fibres.

Furthermore, he sees a possibility in the evolutiaglighting evaluation in
case of contrast comparison and glare design, athdonewer and newer
technologies and computer aids do respond to tleelshef the applicants,
therefore it may possible to visualize these effatino time.

During the solution of the given dissertation ahe expertise activity the
author was and is still involved in, he had metesalproblems in the field of
daylighting and insolation of buildings, which cdue solved by scientific and
research activities. Some of these are:

* Optimize the solution of insolation determination;

« Daylighting of in-accessible spaces in buildings fgssive and active
methods of daylighting system;

» Optimization of integral lighting design of buildjs;

» Etc.

7.3.1 Optimize the solution of insolation determination

The insolation time of living spaces, can be deteeoh with the help of three
available diagrams (methods):

» The shading diagram (the simplest);
» The orthogonal diagram (advanced);
* And the stereographic diagram (most complicated).

Each and every of these methods is however bast#te@ame latitude, which
Is equal to 50° for the Czech Republic, resultingthe same base graphical
element.

The set-up and application of these diagrams tlsermependent on the
longitude of the given location in the form of theeridian convergence
coefficient, an angle that rotates the north witthie@ diagram clockwise, so that
the real direction of the north could be taken mtoount.

However, is this approach correct? Would not itble¢ter to divide-up the
country into zones and create separate diagrantedar?

Another disadvantage of the current insolationdaton is how the sunrays
influencing the insolation are taken into accounfhe standard
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CSN 73 0581:2009 states, that the angle betweersuheays and the glazing
must have at least 25°.

Why exactly 25°? Would not it be more appropriatdake into account the
thickness of external walls, with regard to thetwidf the opening?

7.3.2 Daylighting of in-accessible spaces in buildings byassive and
active methods of daylighting systems

Architects and civil engineers do often have protdedaylighting, while
designing building objects of administrative typelauge plots in case of which
they aren’t able to locate the indoor spaces nearenvelope, or just because
some rooms are going to have a huge depth as k& oéslie dimensions of the
building itself. In the Government Decree 361/2@0H. It is on the other hand
stated that a working space can be illuminated uhinaries only if it handles
about a room located underground, or in the ceotra building (though the
officials doesn't like this solution). Neverthelessost of the builders are against
the usage of indirect systems, against light guidesause of their overall
efficiency and their interference to the structures

However, there are other aspects too, like thazatibn of optic fibres,
transparent concrete or even Fresnel lenses, etc.

Into the future, the author would like to map a fewhese available elements.

7.3.3 Optimization of integral lighting design

Daylighting moreover integral lighting design igask, which does not care
about the optimization of uniformity of light jusi meet the requirements for the
daylight factor of natural light. However, if thetegral lighting including that of
the luminaries should be designed correctly in $teps from the beginning, then
it would require the evaluation to take into acdogiare too in the proximity of
windows and openings.

Natural light, especially under different sky tygkan that of the overcast sky
can influence the wellbeing of humans when theytwartake a closer look at
something or someone located under the dayliglgystems, hence often these
objects can be seen only as dark faces with atsitifouette. This effect can be
casually corrected by moving closer to the objeqieyson from the depth of the
room, as to the eyes of a person do adopt in dant& the changing amount of
light, or could be counterbalanced by spotlightsyfpag in the direction of the
transparent elements dividing the exterior fromitherior.

Into the future at least the author thinks so,otild handle about a useful
theme for scientific and research activities.

7.3.4 Upgrading MuuLUX

The first and so far the latest version of MuuLUdftware have had been
created under time pressure in PASCAL programmamgiage. Hence, it does
have some limitations, may they be connected tcatlaiable operations, GUI
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(graphical user interface) creation possibilities mply to the libraries
throughout which the software could create a commecto the KONICA-

MINOLTA T10 illuminance meter via the serial poifta computer. In addition,
the computer industry does not solely rely on 1@ &2-bit applications
anymore, furthermore as time moves on it is evaddrato find and operating
system, which could host such software any moreugh MuuLUX requires
only a terminal.

MuuLUX in its current version with the configuratidile cannot be launched
by anyone. The person, who would like to use iedseto know the working
scheme of the actual illuminance meter itself, éf@e the usage of MuuLUX is
recommended primarily to researchers, only.

Nevertheless, the newer versions of MuuLUX withiad luck could be
written in C++ or JAVA programming language, whiafo allow the
implementation of GUI, tooltips, help files, advadcresult exporting features
while it could be run on most of current OS’s.

Another aim regarding the new MuuLUX would be isnpatibility with the
newest illuminance meter from KONICA-MINOLTA, namelith the model
T10A, sold approximately from 2011.

7.3.5 Creation of an application for daylighting calculations

Nowadays there exists only a handful of computautation software created
for the daylighting and integral lighting designinfteriors, which could be used
without any limitations. Just taking into accouhe tthree most widely used
applications in the Czech Republic: the Den-DQL, M&kxhd WDLS/WILS. The
previously mentioned software are old (some of tlaeennot sold anymore), or
are anything but user friendly at all (and we ao# even talking about the
graphical user interface).

In an international scale one would say that AuskitdeEcotect has some cool
features regarding the daylighting design of indawd outdoor spaces with the
help of daylight factor and daylight autonomy valuer that DIALux and Relux
are nice even if they are primarily written foritictal lighting design. Another
person could say, that the best program availaldalled AGI32 or ...

But, is it really so?

An aim of mine into the future is to develop of @ngputer simulation tool
working on several theories at the same time, lgpameasy to use interface and
3D scene import feature from peculiar file formgt®WG, *.DXF, and so on)
without deteriorating the shapes of objects witthe model. The output and
results coming from the software should be convdnie use, understandable
and reproducible.

A possibility for this would be the creation of eorit-end to RADIANCE
only, similar to that of Diva for Rhino, but havinfgatures needed for
daylighting design only.
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9.1 LIST OF SYMBOLS AND SHORTCUTS
9.1.1 Latin alphabet

Symbol Unit |Description
A - !s the a_rea of the projected cross-section oighiecorpuscle
influencing a surface
a,b - Luminance gradation parameters
B (x,t) - Immediate deviation of magnetic waves
c,d.e - Scattering indicatrix parameters of CIE standarelssk
Co [m's'] [Velocity of light in vacuum
Ci [m's'] [Speed of light passing through a material
C (x,t) - Immediate deviation of electric waves
Cn - Amplitude of the deviation of electric waves
DF [-] or [%] [Daylght factor
DF ¢ [-] or [%] [Externally refiected component of dayiight factor
DF; [-] or [%] [Internally reflected component of daylight factor
DF i [-] or [%] [Mean value of dayight factor determined over tioeking plane
DF max | [] or [%] Maximal value of daylight factor determined oves W#orking
plane
DF .. ] or [%] Minimal value of daylight factor determined ovee thiorking
plane
DF ¢ [-] or [%] [Sky component of dayiight factor
dQe 7] Maximal radiant energy
ep [eV] Energy of photons
Ee [1x] lluminance under an unobstructed CIE standard sky
Ei [1x] lluminance indecent to a point on the working plan
E ref) [1x] lluminance indecent to the reference surface
Ev [1x] lluminance
Ewm [1x] Mean value of illuminance determined over the waykilane
E w.min [1x] Minimal value of iluminance achieved over the wogkplane
f [Hz] Frequency of oscilation
f(Zs) - Scattering indicatrix function of the sky at thaitre
f(r) - Scattering indicatrix function of the sky at anitaaloy point
fp [m] Frequency of a photons adequate radiation
Hp [eV-s] |Planck's constant
Iy [cd] Luminous intensity
Km [-] Luminous efficiency of electromagnetic radiation
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Symbol Unit  |Description

L 15 [cd'm™?] |Sky luminance of sky at an angle of 15° above tizdn
L 45 [cd'm™?] |Sky luminance of sky at an angle of 45° above ¢izdn
La [cd-m'z] Sky luminance at an arbitrary point
La [cd'm™®] [Average sky luminance
L e [cd-m'z] Luminance on the reference surface
L ref; [cd-m‘z] Luminance on the reference surface
L surf [cd-m‘z] Luminance on the base surfaces
Ly [cd'm™?] |Luminance of an arbitrary area on a surface
L, [Cd_m-z] Sky luminance at zenith position
L, [cd'm™?] [Sky luminance at an angleyofbove the horizon

Me  |[[W-m™/um]|Stefan-Bokzmann law
Me; (4,T) [[W-m%/um]|Spectral radiant exitance of materials

My [Imm™?] [Luminous emitance of a surface

N [-] Number of terations

q [-] Luminance gradation fator required by Danijuk’shoidy

t,T [s] time

£ ] L?ght trgnsmissivity of glazing, necessary dataR&DIANCE

simulations

Th [-] Light transmittance of glazing
UAL [-] Uniformity of artificial ight indecent to the worlg plane
UDL [-] Uniformity of daylight indecent to the working pé&an

v [m's'] [Phase velocity of motion
V() [-] Relative luminous efficiency of photopic vision

XE [m] Displacement of current

Z [rad] |Angular distance between the sky element and thi ze

Zs [rad]  |Angular distance between the Sun and the zenith
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9.1.2 Greek alphabet

Symbol| Unit |Description
a [rad] |Azimuth of the sky element
avy [-] Light absorption of matters
Angles required by Daniljuk's methodology for treesmination
ai [°] or [rad]|of the sky and externally refiected componentsséise can be
determined numerically or graphically from thenpddi the building.
as [rad] |Azimuth of the Sun
Angles required by Daniljuk's methodology for treesmination
o of the sky and externally reflected components/dige can be
i bz |lor[rad] determined numerically or graphically from thetiseoof the
building.
Y [rad] |Elevation angle of sky element
Vs [rad] |Elevation angle of Sun
A max [%] The biggest higher deviation
A min [%] The biggest lower deviation
I [F-m'l] Permittivity of environment
€0 [F-m'] |Permitivity of vacuum environment
no [-] Index of refrection of light in vacuum
ni [-] Index of refrection of light in a material
0 [K] Temperature of matters
o (rad] The angle enclosed betv\{een the direction of this lgpreading
and the surfaces normal it's faling onto
A [m] Wavelength of motion / radiation
/. BBody [m] |Wavelength of radiation emitted by a black body
U [H'm''] [Permeabiity of environment
Ko [Hm''] [Permeabilty of vacuum environment
D blue [-] Light reflectance value of surfaces in the blu®ae spectrum
P green [-] Light reflectance value of surfaces in the gredours spectrum
P red [-] Light reflectance value of surfaces in the red ursiepectrum
P refm [-] Mean light reflectance of the reference surfacade}t
Py [-] Light reflectance of matters
pd [-] Light reflectance value of Lambertian surfaces
c [rad] |beginning phase angle
Correction coefficient representing the area dgiinside
£o -] openings
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JvJ

Symbol| Unit |Description
To, ] A coeffient representing the light transmittancsés of glazing in
’ overall
T loss [-] Light transmittance losses of openings
T m.ext [-] Maintenance factor of glazing reprezenting theriexte
T m.int [-] Maintenance factor of glazing reprezenting theiotte
o (] Light transmittance of glazing under an angle jetalthe glazing
’ surface normal vector
Ty [-] Light transmittance of matters
0(2) - is the luminance gradation function
De [W] Radiant flux
Do, [W] Luminous flux for wavelength
D, [lm]  |Luminous flux
Dy, [Im] |Absorbed component of indecent luminous flux
Dy, [Im] |Reflected component of indecent luminous flux
Dy, [Im] |Transmitted component of indecent luminous flux
X [rad] |Angular distance between the sky element and the Su
W [rad-s'l] Angular frequency of motion
Q [sr] Solid angle under which light is emitted into space
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9.1.3 Shotcuts

Shortcut [Description

-aa, -ab, -ar,
-as, -ad, -av,|Ambient parameters required by RADIANCE
-aw
CFL Compact fluorescent lamp
CIE Commission Internationale de Eclairage
CSN Czech national standard
-g Ground reflectance used by Gensky while sky gaoarat
I/O Input-output software
IR Infrared radiation

LED Light emitting diode
LNBL Lawrence Berkeley National Laboratory
LW Long wavelength
MinGW
CYGWIN
MS Win  |MS Windows Operating System
MW Middle wavelenght
NASA National Aeronautics and Space Administration
OPT5 Optics 5 software developed by LNBL
rough. Roughness of surfaces
Sl Le Systéme International d'Unités
spec Specularity
SW Short wavelength

Crosscompilers for U/L based applications onto MSdivs OS

-u A boolean switch turning on/off the Monte Carlo gémg within ray-tracing
U/L UNIX/ LINUX Operation system

Uv utraviolet radiation
VDI Velux Dayiight Visualizer

VSG A type of safety glazing

Windows Day Lighting System, a software widely usettie Czech
WDLS ) - . . .
Republic for daylighting design by the engineecogimunity
WP Working plane
X11 X window system of UNIX/LINUX based operation syste
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