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LIGHT AND COLOR IN NATURE
AND SCIENCE

What is light? Light is the visible part of
electromagnetic radiation, as detected by human
eyes and interpreted by brain. For the most of living
organisms light is:

e Means of vision: electrically and gravitationally
neutralt, thus light rays propagate straight in the
vacuum and transparent media, e.g. uniform air
or water; but also absorbing and scattering in
all media, reflecting and refracting from and
through near ideal surfaces and interfaces, and
deflecting, bending in non-uniform media;

« Meansforenergytransport: any electromagnetic
radiation, and by definition this includes light,
caries energy via propagation from the source
to the object or media that absorbs it. That is
how plants get energy for photosynthesis,
and we feel the warmth of a fireplace or under
solar rays. That is how our radios, cell phones,
tablets, computers and TVs receive information
— analog or digital data, messages, computer,
audiovisual or any other data;

e For many beings, color vision is one vital
and very precise source of information about
shape and surface of the objects and for self-
positioning in the surrounding space.

For human beings additionally light, color and
associated perceived shapes are:

e Means of comfort and order through organizing
urban surrounding.

e Means of self-expression through visual impact
of architecture, design (including e.g. web
design), fashion, landscaping, and media and
in general through all arts.

The visual information, static (pictures) and
dynamic (videos) with increasing fidelity can be
registered, transferred and stored.

LNR3UL 64 GNh3LL PLNRE3UL
G4 GhSNk33UL UGR

Fus £ (nyup: Lnyup EGYunpwdwquhuwlwu Gwnw-

gwjedwu wbuwubh dwut k, npu puuynud £ dwpnnt

wsph Ynnuhg b ypdwuynid ninbinnid: Ybunwuh opqu-
upquubiph Uadwdwuunypywu hwdwp [nyup’

wbunnnipjwtu vhong £ wju fiGYunpwywunigyuu L
dgnnulwunipjwu wnndny stigqnp £, quynindnud
U hwdwubin  dhowywjpnid, op." hwdwubin onnud L
onntd, [Nuwjhtu dwnwgw)pubpp Lwpwdynid Gu ni-
nhn gdny, Yuuynid U gndnud &u pninp dhowyuwynb-
pnud’ wunpwnwnund dwybipunyputiphg U pblynud,
Gpp npwug nwpwddwu dwuwwwphphu dhowywjph
funnipniup thntuynid £, Ywd, dh funnypjwdp dhow-
Juwyphg wy| funnipjudp dhowywip Gu wugunid,
Lubpghwjh hwnnpndwu dhong k. gwulwgwsd kY-
pwldwquphuwwu dwnwguwjend, win pYnd uwl
(nyup, nmwpwddwu dhongny wnpjniphg Lubipghw &
wbnwihnfunwd nbwyh wnwplwu Ywd ppbu Ywunn
dpowduwjpp: <bug wjnwbtu Gu pnyubpp Lubpghw
unnwund $nnnupupbigh hwdwp, b hbtug wjnuwbu
Gup Jdbup qgnud pnifuwpnt Ywd wpbquyh Gwnw-
gwjputnh otipdnieiniup: <tug wynwbu tu Jbp nw-
nhnpunniuhsubpp, poowihtu hbnwfunuubpp, hwdw-
Ywpghsubipu nu hbnntunwgnygubpp wuwngqujhu
Ywd pYwihu wnyjwutp, hwnnpnwgnpnieniuutp,
hwdwlwpgswiht, nbuwunnuwu Jud npbk wy
wnyjwubp unwunid,

LUbunwuhp bwyubphg 2wwnbph hwdwp gniuwhu nk-
unnniejniup wnwpywubph éup b dwybplnyeh Jw-
uhtu wwwybpwgnid Yuqutnt, huswbu twl 2powlw
wmwpwdniejwu dbe hpbug nhppnpnodwtu  Yhuuw-
Ywunpbu wuhpwdtion wnpjnip £:

Pwgh wjn, dwpnnt hwdwp |nyup, gnyup W npwg

2unphhy puluwiynn Gukipp’

puwynipjwt dhgwywiph Yuqdwltipudwu dhongny
unbindnwd BU hwpdwpwybunieniu bW Yupguynp-
wénip)niu,

Swpunwpwwbnniugjwu, nhqwjuh (wn RYnid, hw-
dwlwnpgswihu nhqwyup), Unpwdunipjwu, puwunb-
uwpuwuh (wunpwdnh) Yuqdwybpudwy, 2pgwlw
dpowdwiph b punhwupwwbu' pninp wpybuwnubph
nbunnulwu wqnbgniejwu 2unphhy huptwwnpunw-
hwjndwtu dhongubip Gu:

Stunnwlwu unmwunply (Uywnpubp) bW nhuwdhy (nk-

uwujnietin) myjwiutipp Yunnn Gu gpwugyb), thnfjuwug-
yb b wwhwwuybi:

1 For cosmic scale, involving many lightyears of distance and huge masses of black holes, there is however, gravitational deflection of light
rays, which, in the most of the cases, could be totally neglected for any applications within Solar System and especially on Earth.
Shbgbpwlwu dwupnwpubpnud' pwqdwehy (nruwnwph hbnwynpnieiniuutiph W ule funnngubiph hulw quiugywdubiph wnlwjniejwu
wwjdwuubpnd® wyjunthwunbing, dgnnulwunipjwu hbnbwupny nyuh Gwnwqwypubpp Ywpnn Gu obindb), uwlwju, Uptquuwhu
hwdwlwpgnud b, hwinwuwbu, Gpyph ypw Yhpwnnipniuutiph dbé dwuntd wju Gpunyep Ywpnn £ wdpnnontpjwdp wuwmnbuyb:
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CHAPTER 1. Lighting Theory and Principles for Engineers and Architects

1. Basic Physics

1.1. Electromagnetic spectrum

Any moving electrical charge, e.g. such an
elementary particle as electron that is negatively
charged, when it moves, generates electromagnetic
radiation (EMR). While a charged static particle that
is not moving has an electrical only, i.e. electrostatic
field, when it moves, it generates electromagnetic
radiation. If the particle oscillates with frequency
v, it emits harmonic electromagnetic radiation with
wavelength

Equation 1-1 / <wdwuwpnid 1-1

1. Dhqhlwlwt hhdntupubip
1.1. EltYwmpwdwqupuwu uybljunp

Swulwgwd pwndynn Lihnpwlwu |hgp, ophtwy’
pwgwuwlwu |hgpwynpyws EGYwpnup, owpddwt pu-
pwgpnd EGYwnpwdwgquhuwlwu wihpubp £ dwnwqu)-
pnud (EUB): Uu nbiwpnid tpp (hgpwynpywd unwnhy
(wugwpd) dwuuhlyp nup dpwju  EGEYunpwunwnhy
nwown, www 2wpdybhu wju ulunud £ EGYnpwdwqup-
uwlwu wihputip 6wnwquwpb): Grbt dwuthyp Lwwnwu-
ynuwd £ v hwéwfunipgjwdp, wwyw wju hwpdnupy LGYun-
pwdwquhuwlwu Swnwqwjeutn § wpdwynd wihph
htulyw) Gpywpniejwdp’

A= c/y,

where ¢ is the velocity of light in vacuum,
c = 299,792,458 meters per second, approximately
3x108 m/s or = 300,000 kilometres per second. E.g.
if an electron oscillates harmonically at frequency of
1,000,000,000 Hz, i.e. 1 gigahertz (GHz), it emits
electromagneticwaves thatare 0.3 meterslong. This
is approximately the frequency at which electrons
oscillate in our cell phone antenna and emit so-
called decimeter waves. To produce visible EMR,
e.g. green light with wavelength of A=0.5 micron
(1 micrometer or micron = 10® m, also denoted as
um), the corresponding frequency of oscillation is
equal to v = 600 terahertz (THz) = 6x10%* Hz. Figure
1 schematically shows the relationship between the
oscillation frequency and EMR wavelength.

Figure 1. The electromagnetic radiation spectrum.
Source/Unpynipp" https://writescience.wordpress.com/tag/ligo/.

lll‘*-
.

.

B o &

|t it | By e P - P o o it

npntin  c-Uu  |nyuh  wpwgnentut £ Juyninwdned,
€=299,792,458 dtwnp  Jwyplwunwd,  =3x108d/Y,
Ywd =300,000 Yypindtwnp Jwypljwunwd:  Ophuwy,
Get  EGUwpnup  hwpdnupl  wwwnwuynd  k
1,000,000,000 £g, wjuhupt' 1 ghqwhtipg (3<g, up-
owqquiht tpwuwynwip' GHz) hwbwfunipjwdp, www
wju  dwnwguwjend £ 0,3 dbwnp Gplwpnigjwdp (nb-
ghdtiwnpwyhu) biGyunpwdwguhuwlwu wihpubip: Skuw-
utiih EUB, oppuwy' 0.5 dhypnu (1 dhypndbnpp Yuwd
dhypnup = 10° d L bpwuwyynwd £ dyd, dhowqguwihu
Upwuwynip' pum) wihph Gplupnugyudp Yuuws [nyu
wpdwybint (Gwnwaqw)ebnt) hwdwp nmwwnwudwu hw-
dwwwwnwufuwt hwbwfuniginiup hwywuwp £ v = 600
wnbpwhbpgh (S<g, vhowqquihu tpwuwlnwp' THz) =
6x10" <g: Lwp 1-nud ufubdwwnhynpbu wwwnytipywsd
E wwunwudwu hwéwfunypjwu b EUS wihph Gplwpne-
Rjwl Ywwp:
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Uhwp 1. biGhipnpwdwqbhuwlwl dwnwquypdwi uwblppp
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Figure 2. The visible electromagnetic radiation spectrum - each basic color univalently related with a

wavelength of EMR.

Source/Unpynipp' http://ecpaint.blogspot.am/2011/01/how-light-affects-color. html

Uhwp 2. GEhippwdwqbhuwwl dwnwaquyph ipGuwbbih uwblppp. jnipwpwbsinip gnyti dhwpdtipnpbt hw-
dwwwiynwupuwbnd £ EUD-h nnnpwyh wihph Gpluwnpnipywin:

Note that the center of lower bar of the picture
shows the colors of the visible portion of the
electromagnetic spectrum, whichis usually accepted
to be within only the 0.38 + 0.72 micrometer range
of the wavelengths. Figure 2 illustrates the visible
portion in more detail.

1.2. Black body or thermal radiation

In general, all bodies that have temperature
greater than absolute zero (T>0 K), emit radiation,
since they constitute an ensemble of charged
particles experiencing thermal motion. Since the
number of the particles is huge and they move and
oscillate in all different directions, frequencies and
velocities, the thermal or black body radiation (BBR)
has a very wide spectrum, including the whole axis
of frequencies and wavelengths. The intensity and
the peak of the BBR spectrum are uniquely defined
by the temperature of the body, as illustrated in
Figure 3. Note that higher is the temperature,
higher is the intensity of the BBR, and shorter is
the wavelength corresponding to the spectrum
peak — thus the peak location is also called Color
Temperature (CT).

If the bodies are in the equilibrium, e.g. the
temperature of a closed system is uniform, the
BBR in all directions is the same, means that each
body emits exactly as much of radiation energy

ULobkup, np ulwpnd pbpdwd unnphtu uwunnuyh
ytuwnpnund gnyg Gu wnpjwsd EEYnpwdwquhuwywu
uwbtiyunph wbuwubiih dwuh gnyubipp, npnup pulwsd tu
0.38 + 0.72 dhypndtiinp dhowwypnid: Llwp 2-nwd wyn
nbuwubh dwup wwwnybpywsd b wybh dwupwdwut:

1.2. Uk dwpduph Yud 9bpdwjhtu 6wnwquypnd

Cunhwunip wndwdp, pninp wju dwpdhuubipp, npnug
obpdwuwnhbéwup pwndp b pwgwnpdwy gpnjhg (T>0 K),
dwnwaquwyenid U wihpubp, pwup np npwup Yugdyws
Gu obipdwihu swpddwu dbe guuynn [hgpwynpywsd
dwuuhyutphg: Wn hujwjwlwu pwuwynipjudp dwu-
uhyubipp 2wpdynid W wmwwwuynd Gu wmwppbp nin-
nniejniuutipny, hwéwfunyeniuttipny W wpwagnie)nu-
ubpny, npph hGwnbwupny otipdwjpu Ywd ul dwpdup
dwnwaquwjendp (UUD) 2wwn [wju uwblwp niup, ubpw-
ntiny hwdwfunieniuubph W wihph GpYywpnieniuttpp
nn9 wnwugpp: UUD uwblwph huwnmbuupynieniup b
dwpuhdnuip (wnwybjwagnyu wpdtpp) dhwpdbipnptiu
npnaynud GU indjw dwpdup gbipdwuwmnpbwuny’ huswtiu
gnyg £ wipynid uwp 3-nwd: Lokup, np nppw pwpép
£ oipdwuwnpbwup, wjupwu wybh pwpép £ UUA pu-
wbuuhynipyniup b wybih Yupd § uwblupph dwpupdne-
Uphtu hwdwwwwnwutuwunn wihph Gpywpnieyniup, npp
2unphhy wju twl Yngynid t gniiwght obipdwuwnpéwu
(AR):

Gpb Jwpuhuubpp gquuynd Gu pbpdnnhuwdhlw-
Ywtu hwywuwpwyznnypjwu yhdwynud, nw tpwuwynwd
E, np dwpdhup 6hon wjupwt dwnwaqw)ew)hu tukipghw
E wpdwynwd, nppwu unwunud £ Uwlwju, bGeb dwpd-
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as it receives. However, if the temperature of a  Uh 9bpdwuwnhtwup pwpdpwunwd £, www upw UUB-
body increases, the BBR from it also increases, as  unyuwbu dbdwunwd t, huswbu wwwnhbpdws £ unnpl
illustrated in Figure 4. papdwsd Ulywp 4-nud:

UUB-u wyu Gpunypu k, npu puywsd & ohlugdwt jwd-

BBR is the ph that underlies th
'S he phenomenon mat Underies e nh ;nyuwpdwldwl wbhiuninghuwgh hhdpnid:

operation of incandescent light generating sources.

Figure 3. Intensity and the peak of the BBR spectrum are defined by Plank’s and Viens laws respectively and
uniquely depend on the temperature of the body.
Note. At certain temperatures the peak of the BBR is in the visible region (0.39-0.72 micrometers).

Source/Unpynipp ' hitp:/iquantumfreak.com/wp-content/uploads/2008/09/black-body-radiation-curves.png
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Upnud. Npnpwlh obipdwuippdwbiph nbwypnid UUB-h dwpuhdnidp gipbynid b inbuwath inhpnyenid (0.38-0.72 dpypndtiypn):
Ulwp 3. UUD uwblyyiph htuppbbupynigyniap b dwpupdnidp npnpynid GU hwdwwwipwupiwbwpwn Mwayh b
dhbuh opttpttinny ni Uphwndbipnpbt Yuwpuws Gt dwpdup oipdwuiphbwpg:

Figure 4. Cases of metal glowing, i.e. emitting visible electromagnetic radiation due to increased temperature
and thus BBR.

Source/Unpyninp’ http://feps.as.arizona.edu/outreach/bbwein. html

Ulwp 4. hywgwds dbipwnp iniuwpdwlydw oppiwylin, wyuptipt' obpdwuiphdwioh pwpdpwgdwt’ hbtipliw-
pwp UUD -h wpmyniupnid wyli inGuwbbp EiEyippwdwgqbpuwwt dwnwquypbbn b wpdwlnid:
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1.3. Solar radiation

While the temperature inside the stars is
defined by the fusion reaction taking place at
temperatures of tens of millions degrees, the Sun’s
irradiation spectrum is stipulated by the much
lower temperature of its chromosphere, the outer
layer, which, on average is 5777 K. Figure 5 shows
the spectrum of the electromagnetic radiation
of the sun measured in the space, above Earth
atmosphere as well as on the ground at sea level,
with the corresponding black body radiation curve.
Note that solar radiation peaks inside the visible
for human eye region of 380-720 nm wavelengths
of EMR spectrum. White light is the composition
(superposition) of all the wavelengths in this range.
For Newton’s experiment, please see Figure 10, c.

1.3. Upbquljuwyhtu wnwqwjenid

Uuwnntipph ubpunud 9bipdnipintut wnwowuntd k otip-
dwdhontywjpt nGwyghwih wpryntupnud: Wu pupw-
unwd L obpdwunpbwuh wnwutjwy dhihnuwynp wuwnp-
dwup wwjdwuubpnud, uwlwju wplph dwnwgwjpwihu
uwtlupp wwydwuwynpyws £ hp ppndnudbipugh’ wp-
wmwphtu 2Gpnp 2w wybh gwdp obpdwuwmpdwundy,
npp, Uhoht hwoyny hwuund £ 5777 K: Llwp 5-nud
wwwlbpdwsd Gu wnpbgbppnid, L éndh dwlwpnwyht'
gbivmup Ypw swihjwd wpbh b ul dwpduh dwnwqw)pe-
dwt uwbtywnpubipp Ynpbipp: Lokup, np wpbiquyuwhu
dwnwagwypendp dwpnnt wsph inbuwubh nhpnyend
(380-720 ud) dwpuhdntd niuh: Uwyhwnwy (nyup wyu inp-
nnyph pninp wihputiph fuwnunipnu £ (Yspwnpnigyni-
up): Stu uwl Lynunnuh thnpép ulwnp 10, g-nud:

Figure 5. The spectrum of the electromagnetic radiation of the sun measured at the Earth outer space and on

the ground at sea level.

Note: Solar radiation peaks inside the visible region of 380-720 nm wavelengths

Source/Unpynipp’' https://en.wikipedia.org/wiki/Solar_irradiance
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Upnud. Upbgquijbuyhti dwnwquypnidp dwpnnt wspht (nbuwtbh, wipph 380-720 ud Gpluwpnipjwl pnhpnyph bbpund dwpupdnid nibp:

Uljwp 5. Upbquilhih bihipppwdwqbbuwlwt swnwquypdwt uwbtilppp' swhdws Gpyph deuninpipnhg Y’
iphtqippnud, hliswbiu bwle Sndp dwhwpnwiht' glipntip Jpw:

1.4. Rutherford—Bohr model of atom

Figure 6 shows the Rutherford—Bohr model of
the hydrogen atom. Similar to the solar system,
according to this “planetary” model, electron orbits
the nucleus of the atom, which in case of hydrogen
is just a proton — a positively charged particle with
mass, 1836 times exceeding that of the electron.

1.4. nEqEpdnnn-Anph wwnndh dnnbp

Llwp 6-nud gnyg § ipdwéd Ntegbpdnpn-Fnph opwisd-
uh wuwndh dnnbp: Cun wyu «dnpnpwlwghtu» dnnbih,
wpbqwyuwjhu hwdwlwnpgh udwu, EGYuwpnup nints-
npny yunwnynid £ opwdup wnndh dhontyh ontpop: puid-
uh nbwpnw wjiut ywpquuwbu wpnunnu k, EG{wnpnup
dwuuwt 1836 wuqwd gbipwqwugnn npwlwu [hgpw-
ynpywd vh dwuuply: Uwuwyu, Eyunpnup W ypnnnup
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CHAPTER 1. Lighting Theory and Principles for Engineers and Architects

However, the dominant force that attracts electron
and proton to each other is not gravitational as in
the case of the solar system, but electrostatic.

According to classical physics, the moving
electron of the hydrogen atom, while orbiting the
proton, as a charged particle should emit radiation,
lose all of its energy and eventually drop onto the
proton. Experimental evidence does not confirm
this for hydrogen or any other atoms. It has been
the Rutherford—-Bohr model, which implemented
a new approach paving the road to quantum-
mechanical physics, explaining the EMR emission
spectrum lines of the hydrogen atom.

dhdjwug dgnn gtiphotunn nudp ng el Ggnnuiwu nidu £
huswbu wpbquyuwihu hwdwlwpgnd, w) fEYnpwu-
wwnhl nudn:

Cuwn nwuwlwt phaghluwh, gpwdup dheniyh (wpn-
wnuh) onipgp wipdynn (wywwnynn) Liinpnup’ npuybu
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Figure 6. The Rutherford—Bohr model of the hydrogen atom with an electron transition to a lower level and

related emission of a quantum.
Source/Unpyninp’ https://en.wikipedia.org/wiki/Bohr_model
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npwbny wuydwbwynpduwdé' pduwbipughli dwnwquypnidny.

The quantum-mechanical approach of the
Rutherford—Bohr model suggests that while orbiting
nuclei, electrons do not emit any energy when they
are in a steady state — lowest possible orbital. Only
when electron is excited, it can drop to a lower
orbital, and release a portion of electromagnetic
radiation, called quantum.

Per quantum physics, orbitals’ radii inside any
atom attain only certain strictly defined discrete
values, connected to allowed energy levels or
states of the atom. Thus, the amount of energy
emitted, or the quantum energy is equal to the
difference between two allowed energy levels
AE=E -E,.

Ntgbpdnpn-Pnpph dnnbjh pywun-dbuwuhyulwu
dninbignwdp Gupwnpnud t, np dhontyh onipg winnytijhu
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phu ninGépnd: Uhwyu Eiltyunpnuph gpgnwé yhdwyned
(hubnt nbwpnd  (wyupupt’ Bpp biGYwpnup Ywund |
Fubipghw W wbnwihnfuynid wybh pwpép nintidhn), wju
ypwnwnuwiny nbwh uwpuyhtu nintidhp dwnwquw)-
pnud £ (Yepwnwpdunid £) Yluwudwsd ubpghwih pwuw-
Up obtipdnigywu Ywd pywbitpnp wmbupny:

Cun pjwuwmwiht dhghlwih, gwulwgwd wwn-
udp ubpund nintidpwipu 2wnwyhnubipp punnwund Gu
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nwyubiph Ywd wwnndh dpbéwlubph htwn: <Ginlwpwp,
buwtdws fud wpdwywsd Lubpghwih pwuwlyp' pdwu-
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For an atom to move to an excited state, it
needs e.g. to absorb a quantum, elevating the
system to a higher energy state, which in the model
corresponds to a higher orbital of the electron. The
atom (electron) will absorb the quantum of energy
only in the case, if energy of the quantum is exactly
equal to a difference of values of energy states. In
this case electron jumps to a higher energy level.
Figure 7 schematically shows the discrete structure
of energy states of an atom and the quantum
absorption and emission processes.

Npwbugh wwndu wugup gpgnwdé yhbwyh, wu-
hpwdbioin £ np wju pywuwn Yjwuh, npp hwdwlwnpgp
Ypwnpdpwguh wybh pwpdp tubipgbinphy dwywpnwy
(Unnbnw wju  hwdwwwwwufuwund L EGYwnpnup
wyblh pwpdp nintéphu): Uwnndp Eubipghwih pjwiwm
Yywup vhwju wju nbwpnw, Gt pjwuwnp tubipghwu
Gogpuinpbt hwdwuwnp E Eubpgbnpy dwwpnwyubph
wndbpubph wmwppbpniegjwup: Wu nbwpnwd EiGYunpnup
wugunwd E nbwh wybijh pwpép fubpgbunpy dwlywpnwy:
Llwp 7-p gnyg £ wwhu wwnndh Lubipgbunpy dwywp-
nulutiph nhulypbin Yunngywsdpp b pjwuwnbph Yjwu-
dwt b wpdwydwl tplinyeutiph ufubidwnhy ywwnybpp:

Figure 7. a, b, c. The discrete structure of energy states of an atom (a), absorption (b), and emission (c)

processes. AE = E,- E, = hv.
Source/Unpynipp' https://en.wikipedia.org/wiki/Energy_level.
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wpdwldwi (q) gnpdplpwgp: AE =E,- E, = hv.

This discrete structure of possible energy levels
in an atom is due to the quantum-mechanical
behaviour of objects of this micro scale. In general,
this corresponds to the fundamental behaviour of
the micro-universe, which defines the existence
of all atoms. It also rules the principles of modern
electrical engineering and electronics, including
most of the modern light generating sources.

Figure 8 shows the emission spectrum of a
hydrogen atom in a logarithmic scale. Note the
strong discrete character of the spectrum lines.
Also note the region corresponding to the hydrogen
emission in the visible range of EMR wavelengths.
Any quantum in the visible range is called a “photon”
from the Greek @g (phos), meaning “light”.

Uwndh ubipunud Eutipgbinhy huwpwynp (enyjww-
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dwdwuwywyhg Eyunpwwnbuupywih W EGYunpnup-
Ywyh, win pYnud’ dwdwuwlwyhg (nuwwnbuuhywulwu
wnpniputiphg UBd dwuh wofuwwmwuph hhdpnud pu-
Ywd uygpniupp:

Llwp 8-p gnyg £ wwihu opwduh wwnndh dwnw-
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Nwnpnueyni nuipdpbip  uwbynph  gdtph  fupuwn
nhuyptwn punyehu huswbu twl 9pwdup Gwnwaqwe-
dwu gotiphu EUB wnbuwubh wnhpnyenwd: Stuwubh
dhowlwiph gwulwugwd pjwuwnn Ynsynid £ «pninntx:
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Figure 8. The emission spectrum of a hydrogen atom.

Note: The spectrum extends from ultraviolet to far-infrared wavelengths of the EMR. The discrete values of emission wavelengths are
stipulated by transitions between various discrete energy states of the hydrogen atom. Note the lines in the visible range.

Source/Unpynipp' https://en.wikipedia.org/wiki/Hydrogen_spectral_series
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1.5. Quantum dualism

It is interesting to note that any quantum or
photon behaves like a particle with a discrete
energy value, and at the same time as a wave with
a particular wavelength defined by Equation 1-1.
Since, as we have mentioned, the EMR always
generated when an elementary electrical charge
carrier moves or oscillates, the EMR has the
characteristics of a wave. At the same time, the
discrete nature of the energy states in the atoms
forces to generate the EMR in portions, i.e. quanta
(or simply quants) in general, or photons in the
visible range.

The frequency of the EMR, i.e. also the color
if it is in the visible region, is proportional to the
quantum energy. The Plank-Einstein formula relates
the frequency and wavelength of the quantum or a
photon with its energy AE:

Equation 1-2 / <wdwuwnpnid 1-2

where h is the Plank’s constant, h = 6.626 x107%*J-s
(joules x seconds). Using Equation 1-1 it is easy to
transform (Equation 1-2) into:

Equation 1-3 / <wywuwpnd 1-3

1.5. Lqwuwnwhu nnuwhqd
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nhy dwlwpnwyutiph nhuypbin punyep unhwnud £ EU
wihpubpp Gwnwquwjeb] swihwpwdhuubpny, wjuhupu
pjwuwnbpny' punhwupwwbu, Yuwd $nnnuubpnd’ nb-
uwubh dphowlwjpned:
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wbjuh pwuwdlp gnyg £ mwihu pJwunh Yud Sninnup
v hwéwfunigjwu b hp AE Eubipghwjph Yuuwnp:

AE = hy,

npinbin Mwulyh hwunwwniup' h = 6.626 x10-3 -y
(onni] x JwjpYywu): Yppwntny 1-1 hwwuwpnudp, hbo-
nnipjwdp Ywpbih £ hwjwuwnpnid 1-2 dbwihnfubip hbun-
Ww| nbupp'

AE = hc/A

Instead of using joules, the Plank’s constant
can also be expressed though a smaller energy
unit, called electron-volt or eV. 1 eV is the energy
that electron obtains or loses when it passes a

2nniph thnfuwpbu, Mwuyh hwuwmwwniup Ywpnn
E wpunwhwyndb, twl, tubpghwih wytih thnpp dhw-
ynpny, npp Yngynw t EiEYnpnu-ynpn Yud £l 1 EY-u
wju Eubpghwt k, npp EiGYwnpnup unwund Ywd Ynpg-
unw L, Gpp wju wugunud b EGYunpwuwmwnhly nwownh
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difference of electric potential equal to 1 volt (V). 1
eV is approximately equal to 1.6x107" joules. The
unit of electron-volt is widely used to measure the
photon energy. The Plank’s constant hence is equal
to 4.1357x107 "% eV-s.

There is an easy formula derived from Equation
1-3 to switch back and forth between wavelength of
the light in microns and photon energy in electron-
volts:

Equation 1-4
E(eV)=1.24/Npm),

or, naturally,

Equation 1-5
Mpm)=1.24/ E(eV).

Note the univalent reverse relationship between
the energy of a photon and its wavelength. Figure
9 shows the graph of energy (eV) vs. wavelength

(nm). Thus when talking about color of a photon,
one can equivalently use either the wavelength or
the frequency or the energy, knowing that all three
are univalently connected with each other.

Figure 9. Graph of wavelength (nm) to energy (eV).
Source/Unpyninp’ https://en.wikipedia.org/wiki/Electronvolt
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1.6. Optics

Optics is the branch of physics that studies
light radiation processes, dispersion of light in
various environments and interaction of light with
substances.

In 1666 to 1668, Isaak Newton, thanks to his
experiments, became the first to reveal the true
nature of natural light for the humanity. When he
directed a narrow beam of natural light to a glass
prism, an image of color stripes appeared on the
white screen. Newton called that “specter” (in Latin
“spectrum” means vision and “specto” — watch).
This experiment showed that white light consists
of components with various wavelengths, that
is — various colors. Breakdown of natural light to
color components emerges due to differences in
refraction indices of beam shift angles in a prism,
which in its turn depends on the length of the wave.
Because of that, components of natural light with
different wavelengths, passing through the prism,
shift at different angles. The longer the wave the
smaller the shift of a beam on a prism. Particularly,
red light shifts the least, while magenta — the most.
This phenomeon is named dispersion (from Latin
“dispergo”). When Newton used lens to collect
the color components streaming off his prism in a
focus, he received the same white light (Figure 10,
¢). Humans perceive white light due to combination
of red, green, blue colors in the eye (Figure 10).

Particularly a lens that creates an image on a
camera sensor or inside animals’ and humans’ eyes
uses the refraction phenomenon: due to the higher
refraction index of the lens material compared to
e.g. the air refraction index, the lens is able to focus
rays (Figure 11).
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Figure 10. a, b, c. Showing scattering, reflection, refraction and dispersion of light (dispersion resembles
Newton’s pioneering dispersion experiment).

Source/Unpynipp' http://tiny.cc/59faly
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Figure 11. How a lens is able to focus and generate image due to refraction phenomenon.

Note: Refraction is not the only necessary condition for collecting the rays in a focus, since the refraction index of the diverging lens is
also larger than that of the surrounding air. If the refraction index of the surrounding medium is smaller than that of the lens, then convex
lenses (1,2 and 3) will collect the rays in the direction of the NN axis passing through the center of the lens — the ray passing through this
axis will not refract or deflect. A beam of parallel rays incident normally on the lens will be converging into one point called the focus. Such
converging lenses are also called positive lenses. The concave lenses 4, 5, and 6 are called diverging or negative — the beam of parallel
rays would diverge away from the NN axis. Diverging lenses do not have real focus. If the refraction index of the surrounding medium is
larger than that of the lens, then convex lenses become diverging and concave ones — converging. For example an air bubble in water,
being a biconvex lens serves as a diverging lens, since the air refraction index is smaller than the that of the water.

Source/Unpynipp' www.passmyexams.co.uk, https://elearning.cpp.edu
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2. VISION OF HUMANS AND
ANIMALS

2.1. Human eye

Figure 12 shows the human eye cross section.
Eye operation principle is similar to that of a digital
camera (see section “Photographic Camera”).
The lens, in conjunction with cornea and iris
provide projection of the object image to the retina.
Information from the retina transferred to the brain
through optic nerve.
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Lhwp 12-nud ywunybpgws b dwpnnt wsph Gplwjuw-
Ywu hwuwnnyep: Usph wofuwwmwuph ulygpniupp udwu k
RrYwjhu |nuwulwpswlwu fughyh woluwnwupht (nbu’
«Lnwwulwpswywu fughl» pwdhup): Usph owunhyw-
Ywu hwdwlwnagp (nuwtywlp tngbpwpwnwteh U ph-
ph htwn dhwuht) wnwplwih wwwnlbpp, hnppugywd
dwupnwpny, wpunwwwwnybpnud Gu gwbgwpwnwiph
Yypw: Swugwpwnwupl wjn nyjwiubpp nbunnuywu
ujwpnh dhongny thnfuwugnid & ninbinhu:

Figure 12. a and b. The human eye cross section. Note one of the first drawings related to the human vision by

Leonardo Da Vinci

Source/Unpyninp’ (a) http://2012books. lardbucket.org/books/public-speaking-practice-and-ethics/s18-presentation-aids-design-and-u.html, (b)
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Figure 13 shows the enlargement of the retina
cross-section. Retina acts similar to the image
sensor of the camera. Note the rods and cones
inside retina that resemble the color photo sites
on the image sensor of a camera. There are three
types of cones, for red, green and blue (RGB)
colors. These colors are called main, basic or
simple colors. All visible colors are represented
by three output signals, or sensory quantities,
caused by influence of primary color values of
light, the tristimulus values. Cone output signals
are continuously interpreted by the brain to form
pictures.

Spatial (3D) vision is the result of the combination
of signals from two eyes in the brain, therefore it is
called binocular vision and provides the full color
and richness of the interpretation.

Lwp 13-n1d pbipqwsd £ gwugupwnwuph jwjuwywu
hwuwnyeh dwupwdwult wwwybipp: Swugwpwnwupu
woluwwnnud £ $nnnfughlp wwwnybiph ubuunph udw:
Nuwnpniejniu nwpépbp gwugwpwnwueh ubpunwd
quiynn wsph qquynit tnwppbipht’ dnnhltipht W 4n-
btippt, npnup Udwu U INwulwpswlywi fughyh ywwn-
Ybph ubuunph Ypw gniiwqguijuniju [nuwqgw)nLu
wmwnpbipphu: Ynubpp |hunwd Bu tipbip lmbuwyh: Udbu nb-
uwlp nluh hp qqujunyejwu Jwpuhdnidp' pulwd Yup-
dhp, Ywuws ywd Yuwnywn (RGB: Red, Green, Blue) inp-
pnypubipnd: Wu gnyubipp Ynsynid Gu hpduwlwé, Yud
wuwnq gnyubin: Pninp wbuwubiih gnyubipp Gpbip whwh
Ynubiph ypw tiptip hhduwwu gnyubiph npn2 wpdtipub-
ph hwdwnpdwu wprynwup Gu: Ynubiph Gpw)hu (5EYn-
pwlwt) wgnwuowuubpp nintnp ybpdwunwd £ wywwn-
ybpubph auny:

Swpwdwlwu (3D) nbunnnipntut nintinnwd Gpynt
wspbiphg  uwnwgynn  wqnwuowuubph  hwdwnpdwu
wpryntup £, wyn ywwbwnny Ynsynd £ phuoyniyjwp
Ywd Bplwyw nbunnnieintu b wwwhnynd £ gnyup
hwpuwnniejniup bW wwwybph |pnpyniejniup:
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Figure 13. The enlargement of the retina cross-section.

Source/Unpyninp' http://webvision.med. utah.edu/book/part-i-foundations/simple-anatomy-of-the-retina/, http://www.uxmatters.com/mt/

archives/2010/07/updating-our-understanding-of-perception-and-cognition-part-i.php
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1. pigment epithelium/whqutiipuyhti (gnibwbynipuyhti)
hintudwidp, 2. rods/dnnplyulin, 3. cones/nubin, 4. outer limiting
membrane/wpywphti uwhdwbwhwlynn pwnuwiye, 5. Miiller
cells/Unytipnh pohotitin, 6. horizontal cells/

hnphgntiwlwl ppholilin, 7. bipolar cells/ipyplitin poholttin, 8.
amacrine cells/wdwlphtwght pohotilin,

9. ganglion cells/quiigihntwpn pohotitin, 10. nerve fiber
layer/tywpnwpebihlyubtinh i, 11. inner limiting
membrane/ubinphti uwhdwbwhwlnn pwnwbpe

2.2. Human eye luminosity
function

Each type of cone of the retina has its own
sensitivity spectrum, as shown in Figure 14. The
rods sense black and white in low light conditions
— for detecting of brightness levels only, which is
often called scotopic luminosity, and the vision is
called scotopic.

At high brightness, when cones are actuated, the
vision is called photopic, and at intermediate levels
— mesopic. Photopic vision starts at luminance
levels as low as three candela per square meter
(see “Luminous intensity: Candela” for candela
definition). Scotopic vision occurs at very dark
illumination, below 2x107% cd/m?.

Thus, the night or scotopic vision is provided
by rods that have their maximum sensitivity at =
500 nm, while the daytime or photopic sensitivity
maximum is at 555 nm. This is the reason that at
low illumination blue light seems brighter — due to
rhodopsin, the light sensitive pigment of the rods.
At high illumination levels rhodopsin loses its
coloration, its maximal sensitivity drops and shifts
to the blue region of the spectrum. Here rods serve
as additional receptors of blue light.

Note the fovea in the human eye, a little dimple
at the close to the center of the retina, almost

I

Ulwpn 13. Swbgwpwnwlph jwjbwlwh hwipnyph
dwipwdwul wwipybipp

2.2. Uwipnnt wsph [niuwqgujuntejw

Pniulghwa

Swugwpwnwueh jnipwpwugnip Ynup wnbuwy ni-
uh hp qquyunipjwt uwblunpp, hugwbu wwinhbpgws £
Llwp 14-nwd: Annplubipp wwwhnynud Gu ub-uwyhwnwy
wmbunnnipNtu eny| [(nuwynpnipjwt  wywjdwuubpnd,
Gpp Ynubiph qquwjunie)niup sh pwywpwnpnid:

Lnwwynpnipjwt pwpép dwiwpnwyubpnd wnbun-
nnieinip Yngynid £ $nnnwihly huly dhowuljw dwlwp-
nwyubipnw dptpwnuyht Ywd dbgnwhl: Sninnwyhy nb-
unnniejniup uyuynud £ wwydwnniejwu wnujwqu bpbp
Ywunbijw dbYy pwnwyniup vbnph ypw dwlwpnwyub-
pnud (Yuunbwih uwhdwundp nbu' «Lnyuph hunbBuup-
dnipjnit, Jwunbiw' Yn»): Uynnnwhy nbunnnipiniup
wnbinh t niubunwd 2x10-5 Yn/d2-hg gudp (nwuwynpyuwdne-
pINLU wwjdwuubipne:

Wuwhuny  ghgtipwjhu - (uynuinwhly) - nbunnnig)ni-
up wwwhnynd Gu dnnplutipp bW wyn ywwbwnny gh-
oGpwihtu wbunnnuejwu uwtYunpw| Ynpp dwpuhdnidp
hwdwwwuwnwutuwunwd £ ~ 500 ud-h, h tnwppbipnientu
gbtptywihuh ($nuinwpy inbunnniejniu) 555 ud-h: Ujn
wwwbwnny dnye  dwdwuwly Yuwwnw-Gpyuwagnyu
(nyup wybh ywpdwn £ pynid pwu gbpbyp: Tw wwy-
dwuwynpywés L &nnplyubph nuwqgquyniu whgubu-
niny' nnnowuhuny: Gpp [nuwynpnigjuu dwlwpnwyp
pwnép k£, nnnowuhup gniuwgpyynid £, upw wnwybjw-
gnyu [nwwqgqujunyeniup ujwqgnud £ U obnynud nbwh
uwyblyuph uwnyw inppnyep: Wu wywpwgwnd &n-
nhyutipp gnpénid Gu npwbu nyup Ywwnywun nppnyeh
Inwgnighs punniuhgubin:

Nwnpnieintu nwpéptip dwpnnt wsph $nybtiw Yng-
Jwd wnbnwdwupt' gwugwpwnwueh YGunpnupu dn-
why' gpbipt nuwujwyh wnwugph dpw wyn thnpphy
thnuhyht:2 Udkuwpwwn Ynubpp Yunpnuwgwsd Gu htug
wju tnwpwdpntd (nbu bwl Lwp 13-h we unnphu hwwn-
quwop): dnybwih ounphphy dwpnywipt wnbunnnipjwu
hGwn juwwywd owwn swihnifubp Gu Yuwwnwpynid 2° ud
10° wnbunnwlwu wbuwuyntuhg, npwbugh $nytwu

2 There is an angle of about 5 degrees between the optical axis (lens) and visual axis (fovea).
Owwnhywywu wnwugph (nuwuywyh) b nbunnuywu wnwugph (thnuhyh) dholt Yw 5 wunmhbwuh wuyniu:
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on the axis of the lens.? This is the area that the
concentration of the cones is the highest (see also
at right bottom on Figure 13). Due to fovea, many
measurements related to human vision are done
either in 2° or 10° visual angle so that fovea is in the
center of the vision. Humans perceive the richest
color information here - that is why we look at a
direction to an object. At the periphery, in contrast,
the density of cones is being decreased and the
vision there is in fact more black and white.

The peaks of sensitivity for each type of cone
usually are in the 560-580, 530-540 and 420-440
nm — in red, green and blue range respectively.

These sensitivity spectra are defining integral
human light perception, called luminous spectral

guinuyh nbunnnipjwu Yeuwnpnunid: Uju ibnwdwuntd k,
np dwpnu pulwinw £ gniiwiht wdbuwunipp Gpwug-
ubpp L npwuny b wwjdwuwynpywsd dbp hwjwgph nin-
nnieyniup: Wn wbnwdwuhg wybih htnnt, dwuwywun
Swjpwdwubipnud, Ynubph funnigyniup ujwgnid £ b wyu-
nbin mbunnnieinut wytih gnttwgpyqwsd £ (dnuin £ uli-
uwhunwlh):

Udtu Ynu niup hp qquijunijwu Ynph wnwybjwagniyu
wndtipp, npp quuygnud | 560-580, 530-540 L 420-440
ud dhowlwypubiphg daynid, hwdwwwwnwufuwuwpwnp'
Yuwpdhp, Ywtws b uwnywn gnyubiph wnhpnyeutipnid:

2qujunijwu wju uytynpubipp npnanid Gu dwpnnt
Ynnuhg gndwpwjht, wpryniiwpwn [nuwiht puyuine-
dp, npp Ynsynwd £ [nwuwghtu uwybyunpw) qquijuniyentu
Ywd unwunwpw NUwqqujuniERjwu pniuyghw (ULD,

Figure 14. Color sensitivity of each of the cone of human eye and integral sensitivity. Note integral sensitivity

curve and overall luminosity.

Note: Blue cones have lower sensitivity, sensitivity is highest for greens and lowest at the both ends of the spectrum, and all curves overlap.

Source/Unpyninp’
vision#/media/File:Eyesensitivity.svg.

https://www.quora.com/Why-are-only-seven-colors-visible-to-the-naked-human-eye,

https://en.wikipedia.org/wiki/Color-_

Upnud. Ywiynyy Ynbliph qquipinggyniutt wybgh gwédp b, wyt wdbiwpwnanpt b yutiwstbph hwdwp b wdbbwgwdpp' uwyblipph Gpyne dwy-

nbnpnud, U pninp Ynpbpp Updjwiig htyy hwnynid Gu:

Ulhwp 14. Uwpnnt wsph jnipwipwibsinip Ynuh gniiwqquytingagniip U htupbignwy qquyanyeyniap: Npwnpnt-
pyntt nundpbip htiplignw qquytinieywtl Ynpht U ptnhwbnip (ntuwqquybinipywin:

sensitivity or standard luminosity function (SLF,
Figure 15) - a model of the spectral sensitivity of the
human eye to different wavelengths. This function is
also called average frequency response of a human
eye. Worth to memorize that the word “luminous”
always means the radiant intensity or EMR that is
related to the light as perceived by humans in the
context of the visible spectrum sensitivity. As the
graph shows, for the wavelength corresponding
to the peak intensity, A=555 nm, the radiant and
luminous intensity values match, having the same

perceptual effect. However, e.g. for a A=490 nm
blue light, one needs to have approximately five

uywp 15), npu wipph wwppbp Gplwpnieniuubipp
uywwndwdp dwpnywiht wsph uybYwnpw| gqujuniypjwu
dnnbu £ Wu $niuyghwu uwl Yngynid b dwpnnt wsph
dhohtwgqwé hwbwluwjhu puntpwghp: Updt dnwww-
hG|[, np «|ntuwjhtu» pwnp dhown tpwuwynid |k wju EUB-p,
npu puywynid £ dwpnni Ynndhg: huswtiu Gplnd £ qdw-
wwwybipnud, wnwybjugnyu hunbuupynipjwup hwdw-
wwwwufuwunn wihph Gpyupniyejwu nbwpnud' =555
ud, biGywnpwdwquhuwlwu Lubpghwih wnwqwjedwu
nL (ntuwjhu hunbuupynipjwu wpdtiputipp hwdpulunwd
&, pwuh np ntubu dhlunyu puudwu wgnbtignieniup:
Uwlwju, opptuwy, A=490 ud Juwnyw [nyuh nbwpnd
wuhpwdbown Yphuph wnpjniphg dninwynpwwbiu hhug
wuqwd wybh fEYunpwdwqupuwywu tubpghwih dw-
nwgwjpUwU hunbuuhynie)niu niubuw|, npwtugh hwu-
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Figure 15. Overall spectrum of human perception of light intensity (or standard luminosity function).

Note: The Photopic curve is colored in red. In this case, i.e. in bright conditions, sensitivity peaks at 555 nm. The Scotopic curve is colored

in blue.

Source/Unpynipp” https://commons.wikimedia.org/wiki/File:V-lambda-phot-scot.svg.

ENERRAAEISRIBENAEEL

Upnid. bwipdpp gnybing tbpluywgywé £ pnipnwyhly Ynpp, nph nbwpmid, wyuptipl’ inuwgdnp wuydwbtbpnd, dwpuhdw) qquitingeynip

555 ud Ypw E: Guwwnyyp gnyting tpdwé £ ulynipnwyply Ynpp:

Ulwp 15. Uwpnnt Ynndhg nyup htpGhupdnipguti ptywidwt ptinhwony uwbyppp (Qud ugpnwbnwpg (ni-

uwqquiybnput pniulighwts):

times more radiant intensity from the source to
have the same perceptual luminosity effect as for
the green 555 nm light, if at a moment the color
information is disregarded and overall brightness or
illumination is taken into consideration.

Naturally, if a light source generates radiation
beyond the range of the sensitivity spectrum,
humans will not be able to see it, and this energy is
wasted. Thus the light sources, to be effective should
generate as much as possible within this spectrum.
Unfortunately most of the light sources generate in
a wider or much wider spectrum, contributing more
in the heat generation and lesser in light generation.

Also human comfort need illumination that allows
reliable color perception. This means:

e we are always interested in photopic sensitivity

e we need to make sure that the colors are
reproduced with high fidelity. Here the
benchmark is the daylight® — humans have
been sensing daylight for ages.

It is necessary to mention that along these
sensitivity spectra, there are also a number of other
biophysical and psychological factors and criteria
that influence human vision, discussed in the next
sections. All, virtually infinite colors that people
perceive are possible to obtain through excitation
of red green and blue cones, i.e. through a certain

superposition of signals coming from the cones.

ubif unyu |nLUwqqwunEjwu wqnbigniejwun, huswhupu
555 ud |nyup nbwpnud &, et Uh wwh wuwmbuyh gni-
uwjht puywinup b hwogh wnuyh dhwju punhwunip
wwjdwnnijnLup:

Puwlwuwpwp, b nyup wnpniph Ynndhg wp-
dwlwd dwnwqwyep gnuynid £ gqwjunigjwt uyblwn-
nh whpnyphg nnpu, www dwpnp sh Yupnnuiw wjt
wbuub] bW wyn Eubpghwt Jwwnugnd £ Npwbugh [ny-
uh wnpjnipubipt wprynwwybin |hubu, npwup wbwnp
huwpwynphtu 2w |nyu wpdwytt uwblinph nbuw-
ubilh Jpowlwpnid: Swynp, [nyuh wnpnipubph Ubs
dwup Swnwqwjend tu wybh jwju Jud wwn wybih
[wju wnhpnyentd, nph wpryniupnud wybh owwn obpdne-
[INtu  wnwowuntd, pwu |nyu:

Uwpnnt hwpdwpwybunnyeiwi hwdwp wuhpwdtow
E bwl wjuwhup [nuwynpnieinit, npu wwwhnynid |
hnwiwih gntuwjht puluinwd: Uw tpwuwynid &, np.

w. Utq dhoun htunnwppppnid £ $nuinnwhy qqujunyeniup,
p. Utup wtwp £ wwwhnybup gnyubph yGpwpuwnpne-

[Intup Utid Gogpuniniejwdp: Wuwnbin swihwuhop puw-

Ywu gbpbYwihu (nuwynpdwdniggniut £° dwpnp

nwnbp swpniiwy wwpb £ puwlwu (nyuh ubippn:
Uuhpwdbon £ Ugk, np pwgh wn qquwjuniejwu
uwbtyunpbphg Ywu twlb dwpnne wbunnnipwu Ypw
wqnnn uh pwpp wy| Yeuuwdhghhwlwl U hngbipwtiw-
Ywu gnpdnuubip L swihwuhoubip, npnup Ynhunwplyytu
hwonpn pwdhuubpnid: Uwpnnt Ynndhg pulwiynn pn-

3 In fact the light of a flame is also perceived as natural source of light, to which humans have also been historically accustomed to.
h nbw, Ypwyh nyup, unyuwbiu, npwbu puwlwu |nyup wnpnip £ puluynid, pwup np ywwndwlwunpbu dwpnp nput unyuwbu,

unynnti k:
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2.3. Photographic Camera

It is instrumental to discuss the principle behind
the photographic camera. Figure 16 schematically
shows the principle: an image is formed on the
sensor that is in the focal plane of the lens.
Depending on the intensity of the light falling on each
individual photosite, the sensor sends the digitized
information to the processor, which creates a file in
a standard format, e.g. JPEG*. Note that in front
of the image sensor a composite red-green-blue or
RGB color filter is placed, so that each of the three
colors are registered via different dedicated sensor
photosite. This simulates the action of the cones of
human eye. The object’s projection in full color can
be retrieved in the brain with more than acceptable
accuracy using only the three basic red, green,
and blue channels registered by the camera. Why?
Explains the next section.

Figure 16. The principle of the camera operation.

(np, thwunnpbt wuuwhdwtu Gpwuqubpp huwpwynp
E unwuw] wpdhp, Ywuws bW juwwnywn Ynubph gpgn-
dwu dhgongny, wjuhupu' Ynubiphg tYnn wgnwupwuubph
npnawyh hwdwnpnigjwu dhongny:

2.3. Lniuwuwpswlw fjughy

Ogunwlwp Yhup twl npunnwpyb) pruwuyupswywu
fughyh wpluwwnwuph ulgpniupp: Llwp 16-p gnyg £
nwihu win ulygpniuph ufubidwu. wwwnybpp dbwwynp-
Ynud £ ubtunph pw, npp gunuynid £ nuwuywyp $nluwg
hwppeniRjwu Ut: Ywlujwd jnipwpwiynip gnyuptu hw-
dwwywuwnwufuwunn  wnwppwlwt  nwqquint Jhw-
Unph Ypw pulwsd nyup hunbuupynieiniupg’ ubuunpp
pYwjuwgywd wnyjwiubp £ ninupynd wpngbiunp, npp
unwunwpu duwswihny, ophtuwy' JPEG* dwy| k unbin-
onwd: Lokiup, np wwwybiph ubtunph nhdwg gniuwjhu
pununpjw| jupdhp-Ywtws-Yuwnywn Yuwd RGB dhynn
E wbnwnpqwsd, wjuwtu, np tiptip gnyubiphg jnipwpwu-
gnipp gpwugynid £ npw hwdwp hwwnnty bwfuwwntu-
Jwd' |nuwqguyniu wnnwpph dhongny: Uw udwuwyned

E dwpnnt wsph Ynubiph gnpdnnnieiniup: Unwplywjh

Source/Unpyninp’ http://www.trustedreviews.com/opinions/digital-photography-tutorial-raw-usage

Ulywp 16. fughlp wppawpwitiph ulyqpnitipp:

Figure 17 shows the internals of a real camera:
one can see the lens, image sensor, processor
and other electronics, which allow controlling the
exposure interval (shutter speed) and aperture
of the lens (f-stop or pupil) depending on the
brightness of the scene.

The file created by camera is being used to
reconstruct the image on a display screen, to store
or print the image. The values registered from each
pixel, need to be such that it would be possible to
reconstruct the colors later on a computer screen

gniuwynp wwwnybpp Ywpnn £ wybh pwu punniubih
Gaqnuinuejudp wnunwpbinyti nintinnud’ fughlh Ynndhg
gpuigqwd dhuy tpbip' Yupdhp, Yubwg, Ywwnyn
ubuunpubiph Jhongny: busnt”: Pwgwuwpnipniup wp-
Ynud £ hwonpn pwdunid:

Llwp 17-p wuwwnfbipnd £ hpwywu fughyh utinphu
Yuwnnigwdpp. Yuptih £ wbuub opjtiyinhyp, wwwnyb-
ph ubuunpp, wpngbunpp L wy EiEYwpnuwhtu dwubpp,
npnup, Ywiujwd wnbuwpwup wwjdwnniiniuhg, eyl
tU wwihu Yupgwynpbi Fpuwnghghwih dwdwuwyp, wy-
uhupt thwlwnwyh pwgdwt nbnnniejniup U opjtiyuinp-
yh nhwhpwgdwih dbdnieyniup (fFupdtipp Ywd phpp):

4 The term “JPEG” is an abbreviation for the Joint Photographic Experts Group, which created this compression standard.
“JPEG” wbpuhup' wwwnybph wyu ubinddwt unwunwnup, Joint Photographic Experts Group-h hwwwyntdu k:

https://en.wikipedia.org/wiki/|PEG
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Figure 17. The internals of a real camera.

Source/Unpynipp' tech.firstpost.com

Ulwpn 17. bpuwlwb ughlh tlinphti unnigdwdpp:

to be seen by human eyes and interpreted with
certain accuracy by the human brain. Note that it
is not possible to provide 100% accuracy, due to
a number of differences between the photographic
camera and human eye. The main difference is
certainly is in the fact that photographic camera
photo-sites of RGB colors do not respectively have
exactly the same human eye cone sensitivities.
The same situation is also with light sources - their
spectral power distribution in the visible range not
always replicate the logic behind the human eye
sensitivity. Despite of this fact, cameras and light
sources are able to convey the color information
with acceptable or high accuracy.

2.4. Color and Color
Reconstruction

As it has been already mentioned, human
color perception is related to the signals that are
generatedinthered (R), green (G), and blue (B)cone
receptors of the eye retina. All colors that sensed by
humans are some kind of combination of the output
signals from RGB cones, generated by tristimulus
values — the triads of numbers corresponding to
the intensities of primary colors reaching the eye.
This is called trichromatic vision — characteristic of
humans and a number of mammals. Many other
living beings have dichromatic vision (cats, dogs,
Figure 18) tetrachromatic or pentachromatic (e.g.
pigeons, butterflies).

However, the human trichromatic vision is more
complicated that it may seem initially. There is a
mismatch in the way, how the colors are formed
under artificial lighting or captured by a camera
and rendered on TV or computer screens from one

fughyh Ynnuhg uwnbndwsd dwju ogunwagnpdynid
E wwwnlbipp Eypwup ypw YGpwpuwnpting, wwhww-
ubint ywd wju nwbnt hwdwp: Snipwpwusnip thhp-
utilhg (pixel" wwwybiph gniuwiht punwinpjw) wwippp)
gpwugywd wpdtipubpp wbwp E |hubu wjuwhupu, np-
wbugh hnwaqwinid huwpwynp [huh hwdwYwpgswihu
Eypwuptu yGpwpwwnpbp gnyubpu wjuwbu, np wspp
Jupnnwuw wju wbuub|, huy nintnp npnawyh dogpuinne-
pjwdp ybpdwub;: Lwwh niubgbip, np [ntuwtlwpsw-
Yt fughyh b dwpnni wgph dhol Uh wipp wwippbipni-
pintuutiph ywwéwnny, huwpwynp sk wwwhnyti; 100%
Gognpunnieynitu:  <hduwywu wnwppbipnueyniup, hhwp-
yt, Yuwjwund £ upwunud, np (nuwuywpswywu fugh-
Yh RGB gnyubiph pulwinn wwpptiph U dwpnne wsph
hwlwwwwwufuwu Ynubph qquwjunigjwu Ynpbpp sGu
hwdpuyunid: Lnyu hpwyhbwlu § (nyup wnpjnipubipp
nbwpnid. wnbuwubh whpnyend npwug uwybYunpuw
nidtiph pwotunudp dhouin sk wwndbund dwpnne wsph
qquwjniuntjwu hhdpnid npjwd wnpwdwpwuntgyniup:
Quwjwd wju hwugwdwupht, fughlubpp W [nyuph wn-
pintputinp Ywpnn Gu thnfjuwugb] gnibwjhu wnyjwiutipu
punntubifh Ywd pwnpép Gagpinnipjwdp:

2.4. Gnyu U gnyup YEpwpuwnpnip)niu

huswbu wpnbu byt &, dwpnnt Ynnuhg gnyup pu-
Yuindp Yuwywsd £ wjiu wqnuugwuubph hbwn, npnup
qhiubpwgyt tu wsph guugwpwnwuph Yuwnpdhp (R),
Ywuws (G) L Yuwwnywn (B) pulwihs Ynubipnud: Uwpnnt
Ynnuhg puluiynn pninp gnyubipu tipkip whwh (RGB)
Ynubiphg Glunn wgnwupwuubph npnpwyh hwdwnpne-
pintu £ Uw Yngynud £ Gnwgnyu inbunnniejniu, npp
punpn? £ dwpnywug W vp 2wpp YwplUwuniuubphu:
Pwqdwpehy w)| Yaunwup twyubp Gpygnyu (Yuwnniub-
np, 2ubipp)’ Lwp 18, pwnwgnyu Yuwd huqugnyu (opp-
uwl' wnwduhubipp, phpbnubpp) wbunnnieniu niubu:

Wnnthwuntipd, dwpnnt  bGnwgnyt  wbunnnient-
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Figure 18. If the colour red is deleted from the spectrum, a cat would see the world like that (a), how a dog

would see the colors (b) .

Source/Unpnipp’

a) http://www.eurocatfancy.de/enl/nav/about-cats/cat-anatomy/eye.asp

b) http://ethology.eu/the-dogs-color-vision-and-what-it-means-for-our-training/

no color vision

human vision cat vision

dwpnnt wbunnnipintt Yuwndh inbunnniejniu

ns gniuwyhu
wbunnnientu

human vision
dwpnnt inbunnnientu

dog vision
2wl nbunnnipnLu

Uljwin 18. Gpbt uwbliipnphg hwubtp unpdhp gnybp, www Jugpnid (w) wofuwphp YipGubh wibwbu, htuswbu

qnytiipp Yintutilp 2nip (p)

side, and the way humans perceive colors under
the benchmark daylight illumination conditions.
From the other side, the cameras’ photo sites do
not have sensitivity curves that are neither ideal nor
exactly repeat the human cone sensitivity spectra.
Then how to make color reproduction as close to
the reality as possible?

First, we need to answer the question: “how
colors are being percept by humans’ eyes and
reconstructed in humans’ brain?”

Let us imagine for a moment that red, green and
blue cones’ sensitivities are described by the idea-
lized curves, as shown in Figure 19, instead of what
we know experimentally, as shown on Figure 14.

You may immediately notice that this plot
on Figure 19 has characteristics that clearly
differentiate it from those presented on Figure 14,
namely:

1. Overall picture is ideally symmetrical, all three
plots are identical, just shifted by translational

up 2w wybith pwpn £, pwu Yupnn b pyw| wnweht
hwjwgphg: Uuhwdwwwwnwufuwunteinitup upwunud ,
pt huswbu Gu gnyubpp duwynpynd wphbiunwlywu
(nuwynpnypjwu wwly Ywd npuynud fughyh Ynndhg L
ybpwpunwnpynd hnnwuwnwgnygh Ywd hwdwlwpgsh
Eypwuubpph Jpw, U huswbiu £ dwpnu pulwind gnyub-
pp puwlwu nuwynpywdnipjwt ywjdwuubpnud: Opp-
uwy, pwulwpswywu fughlubph gnyubipt pulwinn
EiGubunubph qqujuniejwu Ynpbipp, Gogpunnpbu sbu
Ypyunw dwpnne Ynubpp qqujunipjwu Ynpbpp: Wn
nbwpnwd huswtiu gniuwynp yepwpunwnpniginiup huw-
pwynphuu dnuintigubi| hpwlwuntejwup:

Lwlu, dbup wbwp b wwuwwujuwubup hGnbjw|
hwpght' «huswbiu Bu gnyubipu puwynud dwpnne wsph
Yynnuhg L yGpwpunwnpynid dwpnnt ninbnnwd»:

Bytip Jh wwh wwwnlbpwgutup, b Ywpdhp, Yuw-
Uws U Yuwnywn Ynubiph qqujuniejniuutipp ubipluwjwg-
Jwd Gu phnbwwywuwgdws Ynpbpny' huswbu gnyg k
wnpywd ulwp 19-nwd:

Uudhowwbu Gpund £, np Lwp 19-nd pbpdusé
ufubdwjnwd Ynpbipp mwppbipnud G Lwnp 14-nd ubp-
Yuywgywshg, wjuhupt’

Figure 19. Idealized photopic sensitivities of human RGB cones, the tristimulus values (notice the difference

with real curves on Figure 14.)
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btinp (pbubip Lhwn 14 -nid hppwlwts Yynph hwdtidwign npwbig ynwppbipnigynitip):
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symmetry on the wavelength axis. There are 4

segments, each 85 nm wide.

2. The overlap is only with the adjacent curve:
red and blue sensitivities do not overlap; green
symmetrically overlaps with both red and blue.

3. Every wavelength A causes signals to be
generated only on the outputs of two cones.

4. Similar to the real pattern, there are two ranges
at the ends of the spectrum, each 85 nm wide,
that are yielding signals only at one cone,
these ranges, as well as other areas are very
symmetrical.

Per this idealized setup, humans will be able to
differentiate all colors uniquely by discrimination
between the output signal triads.

For this idealized case, it would be reasonable
to define so called RGB space, where each axes
shows the intensity of the output signal at one of the
cones. Figure 20 shows the procedure of defining
the idealized RGB color space.

Here is the procedure to perform a transformation
from 3D space to an easier 2D space (simplified by
omitting the numbers and functions):

1. Define three dimensional symmetrical RGB
space, where vector angles (direction) define
the color, but the vector length is the intensity
of the color

2. Define Color Cube via and similar to 3D RGB
space

3. Define the <111> plane, where every color,
independently of the intensity is uniquely
represented on the formed triangle

4. Define the 2D color map — via the triangle in the
<111> plane, in which the edges are the pure
colors, and every other color is represented by
a pair of (xy) numbers.

This is a mathematical transformation, leading
from 3D color space values to 2D map values,
which is a much simpler representation.

Now it is much easier to describe any color by
a pair of numbers in the 2D color map. The central
point is the “equal energy color” or the gray value.
For this idealized — simplified setup, all possible
colors are represented in this color map. If we
would have light sources that their spectral power
distribution (SPD) either replicate these idealised
cone sensitivities, or narrower with the peaks at
the same values of 465 nm, 550 nm and 635 nm
as shown on Figure 19, their combination is also
able to cover all possible colors that a human
may sense. Similarly, if a light source, or a digital
camera, TV set or computer screen has pixels
with similar characteristics, the color reproduction
would have been 100% perfect. However, this is an
idealized setup. How about the real case?

1. Udpnn9 wwwnybpp hnbwjwlywu updtwnppy k, pninp
tpbp Ynpbpp unyutu U Wwpquwbu upwug Jwp-
uhdnwiubipp Jhdjwughg 2tnqwé Gu 85 ud-ny: 4 hw-
Juuwp hwndwsd Yuw' jnipwpwugnipp 85 ud jwyunt-
fjwdp:

2. ®njuwnwnpdnpbu ybpwowsdlyynid Gu dhwju hwpw-
Yhg Ynptipp. updhp U Yuwnyn Ynpbipp s tinfu-
swoélyynid, Ywuwsp updbinphynpbiu hnfudwsdyynid
huswtiu Yupdhph, wjuwbu £ Yuwnywnh hbwn:

3. Snipwpwgnip A wihph Gplwpnientu wgnwuwu-
ubp b wnwowgund  Jhwju Gpyne wnhwh Ynubiph
Glpntd:

4. Usph hpwlwu qqujunipjwt tdwunypjwdp, uwblwn-
nh dwjpbipnud Yw Gplne dhowlwyp’ jnipwipwitiginipp
85 ud jwjuniejwdp, npnup wqnwuwuubp Gu wnw-
owgunwd dhwju dtYy nhwh Ynunid:

Cun wju pnbwjwywuwgywsd Yuwnnigwdph, bi-
pwjht wqnwuowuh Grywlubph dhol tnwppbipnie)niu-
ubipp Gwuwskint dhongny dwpnp YYwpnnwuw dhwu-
owuwynptu wnwppbiptp pninp gnyubpp:

Ywnnigbup wju hnbwjwlywu nbwph hwdwp wjuwbu
Ynsywd RGB nwpwdnipntuu wjuwbu, np wnwugpubi-
nhg jntpwpwitigininp gnyg wiw Ynubiphg utiyh Gpwjhu
wqnwuowuh huwmbuuhynipyniup: Liwp 20-p gnyg k
wwihu hnbwjwlwu RGB gniuwjht tmwpwdnipjwu Yw-
nnigdwl pupwgwywpgp:

Uwnnpl ppdwéd Gu Gnwswih (3D) gniuwjhtu nmwpw-
onLeintupg GpYyswith gniuwjhtu (2D) mwpwodphtu wugub-
(Nt dwptdwnhluwlwu duwihnfuniypjwu pw)tpp (GLw-
thnfudwtu wwpgniejwu hwdwp pybpp L $niuyghwb-
np pwg GU pnnuywo).

1. uwhdwunw Gup tnwswih uhdtivnppy RGB wnwnw-
ontLeintu, npwntin ytlyunnph wuynuubpp (ninnnt-

[eintup) npnanwd Gu gnyup, huy ybyunnph Gplwpne-
pIntup’ hunbuuhynipyniup:

2. uwhdwunw Gup gniuwihtu funpwuwpn 3D RGB
wmwpwdniejwl udwuniejwdp:

3. uwhdwunw Gup <111> hwpenye)niup, npwnbn jni-
pwpwuginip  gnyu, wulwlu huwmbuuhynipeiniuhg,
dpwpdbpnpbu ubpyujwgywsd £ unwgwsd bnwu-
Ywu Ypu:

4. uwhdwund Gup Gplyswih 2D gniuwihtu pwpunbqp,
<111> hwppnipjwu Gnwuljwu dbg, npwnbin Ggpbipp
dwpnip gnyubipu Gu, W jnipwpwgnip gnyu ulw-
nwgnynud £ (xy) pqwihtu qnygh dhongny:
Wuwhuny uw dwpbdwunphlwlwu dLwihnfuntentu

£, npp huwpwynpnipyniu £ wwhu  tnwswih (3D) gnt-

Uwjhu  wwpwdnieintuhg  wugub] gniuwihu  wybih

wwnq, tiplswih (2D) nwnpwéph wndbiputinh, husp qqu-

(hnptu hbownwgunid £ hweywpyubpp:

Wuwhuph pnbwjwywuwgyws' ywpgbigqwsd Ywnnig-
ywéph hwdwp pninp htwpwynp gnyutpp ubplujwg-
ywd U wju gniuwihu pwpwinbiqnud: Gpb nyuh wnpjnt-
np, Ywd pywjht fughyp, htnnwwnwgnygh Yud hwdw-
Ywpagsh Eypwup udwu hwwnwuhoubpnyg thhpubjubp
nuGuwhtu, www gnyuh dGpwpunwnpniginiup fupnn
Ep 100% Ywuwnwpjwy hub:

Uwlwju uw pnbwjwywuwgywd wnwppbpwlyu
buly huswhufiu £ hpwywunieyniup:
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Figure 20. Definition of the idealized RGB space and map.

Source/Unpynipp’ https://www.youtube.com/watch ?v=82ItpxqPP4l
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2.5. Asymmetry of cone sensitivity
curves

The human eye cones’ sensitivities, as shown on
Figure 14, are laid up in a different way compared
to the idealized setup described above, leading to
these differences:

e Cone sensitivities are not symmetrically laid on
the visible range

e« Green and red curves are closer and,
importantly, they overlap a lot

e Blue curve is further to the left, overlapping to
a lesser extent both with green and red curves
(this is the main difference compared to ideal
curves, where there is no overlap between blue
and red curves at all).

This brings to the following phenomenon: e.g.
while yellow color, A=570 nm of the spectrum
generates signal with two types of cones only,
namely red and green, i.e. only red and green
cones can output signals under the influence of this
wavelength, blue cones do not output any signal,
and that combination of cone output yields the
sense of yellow color (Figure 21, a).

Interesting to note that the eye would not be
able to differentiate between the monochromatic

2.5. Unubkph qqujuniejwu Ynpkph
wuhdbEwnphwt

Uwpnnt wsph Ynubiph qqujunypjwu hpwlwu Ynpb-
pp hnbwwywuh hwdbdwun' wy| wbup niubu, npp hwu-
gligunud E htinlyw| tnwppbpnipniuutiphu.

o wbuwubih wnhpnyenud Ynuh gqwyunijwu Ynpp up-
utnnhy sk

o Ywuws W Ywpdhp Ynpbpu hpwp wybh dnun Gu L
gqwihnptu thnfudwdyynid Gu

* Yuunywn Ynpt puud £ thnpp hts wytijh Gwfu, ph

Yuwuws b et Ywpdhp Ynpbiph htin niuh thnfudwslydwu

wnphpnyp (uw hhduwYwu mwppbpnie)nut b hnbwjw-

Ywu Ynpbiphg' npuntin Ywwnywn U Yuipdhp Ynptipp

punhwupwwbu s6U hnfudwdyynid):

Uw hwugbgunid £ htwnlyw) Gplnyehu. hwjwmup §,
np wwwlt wphqdwih dhgny wugtitihu uwhunwly inyup
wipnhynud § pwnwnphsubph’ vmwpwnéynd £ Uyuwbu,
ophuwly’ pwnwnnhsubiphg utyp’ nbinhtt gnyup (wihph
GpYwpnieiniup’ A=<570 ud), pulubiny dwpnne wsph
dbe' wgnnud £ dphwyu Yupdhp b Ywuws Ynubph Jpw:
Tw Vpwuwynd £, np wyu Gplwpnipjwt wihph wg-
ntgnipjwu wwy vhwiu Ywpdhp b Ywuws Ynubpu Gu
wqnuwuwuubip hwnnpnnid, dhusnbin Yuwnyw Ynubpp
nplut wgnwuow s6U wpdwynwd: Ynubiph wnwowgpwd
wqnuwuwuubph wn hwdwnpnieintup dwpnnt dnn nb-
nhu gnyuh qqunipntt £ wnwowgunid (LYwp 21, w):

<tnwipnphn £ U2k, np wigpp sh uipnn inwippbipwilty
wwwyt wphquwh uhengny tnwpwinidyws’ uwhuwl
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spectral yellow colors obtained through dispersion
of the white light through a glass prism, and
generated by mixing certain intensities of green
color at 555 nm and with red color of 700 nm. In
both cases the ratio of the output signals on the red
and green cones would be the same, yielding the
perception of the same yellow color, e.g. A=570 nm.

Infact, there are infinite ways oflinearly combining
the various input green and red wavelengths of
various intensities to obtain the same yellow color
perception. This phenomenon, in respect of not
only yellow color but also any color, is laying in the
basis of the color matching techniques — colors
having different spectral composition but having
the same perceptual result are called metameric
colors. Due to color metamerism, it is possible to
reproduce colors via color TV-s, cameras, printing,
etc., despite of the fact that e.g. camera photosite
sensitivity spectrum is different from that of the
respective eye cone.

However, if we consider the “blue-green”
monochromatic color, A=480 nm (Figure 21, b), it
generates signals at all three cones, i.e. all three
cones sense this wavelength, albeit red outputs
at lower magnitude, yielding perception of the
“blue-green” color. This has a very important and
interesting consequence. If one tries to match or
reproduce the “blue-green” color, A=480 nm, via

(nyuhg unwgywsd dnunppnd nbinhu gnyuh L' npnawyh
huwnbuhyniejwdp 555 ud wihph Gplwpniejwdp Yutws
gnyup U 700 ud Gplwpnigjwdp Ywpdhp gnyup fuwn-
ubiint vhongny  unwgyws gnyup dhol: Gpynt nbwpnid
Bl Ywndhp U fuitws Ynutiph Gpwiht wgnwipwtiutinh
hwpwpbpnieynitup unyup Yhup' wwing unyu nbinhu
gnyup wjuhupt A=570 ud-htu hwdwwwwnwufuwu wip-
ph Gpywpnipjwu pulwndp:

Cuwn Enigywt, Ywu Ywuws b Yupdhp wihph Gpyw-
pnipniutipny dnunpwiht wgnbignipniuuiph wuytipg
hwdwnpnipniuttin, npnug wpryniupnd wnwewuntd
dplunyu nbinhu gnyup puywnudp: Wu Gplnyep, npp
ytpwpbpnud £ ng dhwju nbinhu gnyupt, wjl gwulw-
gwd wy| gnyuh, pulwsd t gnyubph hwdwwwwnwuluw-
unypjwt’ gnyup YGpwpuwnpdwu wbluuhlwgh hhd-
pnwi: Swppbp uwbywpw] Ywad' uwyuwiu puywdwu
dplunyt wprynwup niubignn gnyubipp Ynsynd Gu ub-
pwdbphly gnyutin: Snyutiph - Jpwdiphqup 2unphhy
huwpwynp £ nwnund gniwynp  hGnnunmwwnbunt-
rjwl, fughljutinh, tnwhgtbinh L wy| hgngutinny Ytipwip-
wnwnnb| gnyubipp, RGL, ophuwy' fughyh (Nuwqgquntu
wmwpph puywdwu uwyGyunpp twppbpynid £ wsph hw-
dwwwwnwufuwb Ynuh uwblwppg:

Uwlwju, Geb nhunwpybup «juwnywn-Ywuws» dn-
unppndwunpy gniyup, A=480 ud (Uywp 21, p), www wju
pninp tiptip Ynubipnud k| wgnwuowuutip  wnweowguntd,
wjuhupt pninp Gptp Ynubipu £ puund Gu wju wihpp
tpyupniegniup, L Ywpdhp Ynuh Gipwiht wgnwu-
owuh nidqunipiniup hwdtdwwnwpwp gwop k: Wu bp-
unypep dp 2w Ywplnp b hGwnwppphp hGnbwup ni-

Figure 21. While 570 nm wavelength is in the region of only red and green cone sensitivities (a), the 480 nm
wavelength stimulates all three cones.

Note: In the utmost left and utmost right regions, left to the 430 nm and right to the 660 nm, any wavelength stimulates only blue cones or
red cones respectively. Now ignore the rod sensitivity (black line).

Source/Unpyninp’ https://www.ecse.rpi.edu/~schubert/Light-Emitting-Diodes-dot-org/chap16/chap16.htm
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Upnid. Udbtiwhbnwynp dwiu b wdbitiwhbnwynp wy inhpnypbbnnid” 430 Ud-hg dwiu b b 660 bd-hg wy, gublwguws wihph tpluwpni-
pynit gpgnnid E dhuyt hwdwwwipwupuwbwpwn Guwnyg Ynulipp ud Gupdhp Ynubpp, wipbubip dnnplyutiph qquytinyeynitip' uli Ynpp:
Ulywpn 21. Wb nwpmid Gpp 570 ud wihph Gpluwpnysinitp dhuwyt Yuwpdhp b Yubws Ynbbiph qquytinigsynit pnp-
nnypenid k (w), 480 ud wihph tpywnpnygyniip gngnnid £ pninp Gpbip 4nbtpp:
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stimulation of three cones through certain mixture
of red, green and blue wavelengths (the tristimulus
action), it will appear that it is impossible to obtain
the same color perception — there would not be
completely equivalent metameric colors to match.
This is because whatever green wavelength would
you chose in tristimulus action, it will usually generate
also excessive signal at the red cone output, since red
and green sensitivity spectra are widely overlapping.

Figure 22. CIE 1931 RGB color matching functions.

uh: Grb Ywuwy W uwnyw wihph Gplwpnieniuutiph
npnawlh fuwnunipnh oqunipjwdp wju bGpynt Ynub-
nh gpgndwt dhongny thnpdbip Yepwpuwnpb «luw-
wnyw-fwuws» gnyup' A=480 ud, www Ywwpgyh,
np wuhtwp £ unwuw| wn gnyup puwinwip, pw-
uh np wulwfu wu gnpdnnnyRjwu hwdwp punpywd
Ywwg wipph Gplwpnieyniupg, wiu wykgniywht
wqnuuowt Junwowguh twl updhp (wju nbwpntd
fuwuguwpnn) Ynup Gpnud, Yupdhp b wuws gqujunt-
WU nhpnyRubph jwju thnfudwsdydwu hwmlwupny:
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Ulwn 22. RGB gnituypti hwdptydwt pnitlyghwiiipp puyn CIE 1931 uppwtinwipih:

The task of subtraction of unnecessary red
component rises in this particular case. In other
words, for color matching it is necessary to use
certain correction functions, so that the resulting
outputs from the cones yield better matched colors,
closer to reality. Figure 22 shows the CIE® 1931
RGB color correction matching functions, where the
red color matching function has a range of negative
values to compensate the red redundancy.

Now, when the sensitivities are transformed to
take into account the necessary corrections, we will
get a horseshoe pattern, shown in Figure 23, instead
of the triangle of Figure 20 d. Note that the perimeter
curve of the horseshoe pattern is called color locus
is showing clean monochromatic colors of the light
spectrum. In real cases, it is usually impossible to
use pure monochromatic colors as primaries, thus
yielding even a narrower gamut of possible color
reproduction, shown in the form of triangle inside the
horseshoe color map. Only colors inside that triangle
will be reproduced accurately by that lighting, color
registration or rendering system.

Uju dwutwynp nbwpnid wnwewuntd £ ng wuhpw-
dtigwn, «fuwugqupnn» Yunpdhp pwnuwnphsubinp hwubijne
fuunhpp: Wi Yepw wuwd, gwulwih gnyup unwuwint
hwdwp wuhpwdbon £ npnpwyh gniuwghu hwdpuy-
dwt dniuyghwubp (3<d) Yhpwnb wjuwbu, np Ynub-
nhg uinwgynn huwnbuuhyniejwu wpryntuptu ninnyh b
qqwihnptu dnnbuw ppwywunygjwup: Lwp 22-nd
gnyg £ wnpqwd ninnnn RGB gniuwjhtu hwdpuldwu
$niuyghwubipu puwn CIES 1931 unmwunwpuh, npwnbin
Ywpdhp gniuwjhtu hwdpuydwu dniuyghwt pwgwuw-
Ywu wnpdtiputinh whpnyge niih,  Yupdhph wybigndyp
thnfuhwwnnigtiint hwdwn:

Ujdd, RGB wwpwdnipjniup hpwywu gniuwjhu
pwputigh hnfuwybipwbihu Yunwuwup uyup 23-nwd
pbpwd wwjnwal wwwnlybpubpp' uuwp 20-h Gnwu-
Ywt thnfuwpbu: Lokup, np ywjunwdl ywwnybinh ww-
nwqdh Ynpp gnyg b wnwihu nyuh uwtlynph dninppnd
gniin gnyubpp: Ppwlwund unynpwpwp wuhtuwp b
gntin dnunfupndwunply gnyubipu oguwgnpdt| npwbu
hhduwlwu gnyubip, hush hGwnuwupny gnyup Ybpwp-
wmwnpnyjwu uwblwpp nwnunwd £ wybh ubin, husp
gnigwnpyws b wywjunwadl ywwybph ubpund wbnw-
Yynpywsd Gnwuljwu dhongny: Uhwju Gnwuljwu ubp-
uh gnyubipu Gu Gagpuinpbu Yepwpunwnpynid hwdw-
wwwwufuwu nuwynpdwt, gnilwjhtu  gpwugdw
Yuwd gniuwthnfuwugdwu hwdwlwpgh dhongny:

5 CIE - French for International Commission on Illumination (abbreviated CIE, Commission internationale de I'’éclairage)
CIE $pwuubintiuhg pwpgiwuwpwn tpwuwynud  Lnwwwynpnigjwu dhowqgquiht hwuduwdnnny (Commission internationale de

I’éclairage)
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Figure 23. Horseshoe chromaticity map and diagram. Gamut of the CIE RGB primaries and location of
primaries on the CIE 1931 xy chromaticity diagram.

Source/Unpynipp’ https://en.wikipedia.org/wiki/CIE_1931_color_space#CIE_xy_chromaticity_diagram_and_the_CIE_xyY _color_space
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Ulywp 23. Muyynwdl gniiwpdtipnisuti pupinbgp U upudwt: CIE 1931 xy gniiwndtpnieynit upulidugh dpw
CIE RGB hpduwlwt gnytlipnh gnitiwwbiwlyp U hhduwlwt gnytph nhppp:

2.6. Psychophysical Perception of 2.6. Lnyuph b gnyuph hnqbpwuwlw
Light and Color, Correlated Color $hqhywlwu puywind, Ynptjugwsé
Temperature gniuwghtu 9pdwunhbw

As it has been indicated in the section 1.2 “Black PUswbu wnnfit Lt £ «Ul dwpdup Yud ghpdwghl

dwnwaqwyenid» 1.2 pwdunud, UUB uwblwph hunbu-
. . uhynipniup W dwpupdnudp  dhwpdtpnpbu npnaynd
peak of the BBR spectrum are uniquely defined by bu dwpuuh sbpdwunhbwnyg, huswbu gnyg & wnpdwd
the temperature of the body, as illustrated in Figure  yLwn 3-nui: Puwlwtwpuwnp, hgnpnuejwit uwblupug
3. Naturaly, the peak of its SPD is stipulating certain pwotudwt (CUR) dwpuhdndp wwjdwuwynpnd £ npn-
hue or coloration that allows tying the temperature owlh gniuwynpnidp Ywd Gpwugp, np pny| b wnwhu ul
and color for black body radiators that are also dwpduh dwnwaquwyehsubiph hwdwp, npnup twlb Yns-
known as Planckian radiators, shown on Figure 24. gnud Gu Mwuywu dwnwquyehsubp, stpdwunpbw-
up hnfuluwwygb) (Ynpblugub) gniuwynpdwtu hbwn
(Uywnp 24):

body or thermal radiation”, the intensity and the

Figure 24. lllustrations for correlated color temperature scales.

Source/Unpynipp’  https://www.downlights.co.uk/fag-which-colour-temperature-.html,  http://www.photographymad.com/pages/view/what-is-
colour-temperature, http://www.luxtg.com/tag/color-temperature/.
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The color that is provided by the Planckian
radiator has always a location on the
chromaticity map. Depending on the source
temperature, this location is forming the so-
called Planckian Locus, shown on Figure 25.
While perceived “white” these colors have
different perceptual impact, Figure 26.

Figure 25. Planckian Locus — the curve in
the middle of the map — on the CIE 1931
Chromaticity map.

08y

02

Uljwp 25. Mywilyywts inpniup Ynpp' CIE 1931

Qnitiwndtipnipjut pwpipbiqgh Yypw Ynpp qpl-
ynid £ pwpipbigh dbgbiwdwunid:

Need to be stressed that the CCT is defined
for light sources that are overall perceived
as “white” light sources that however may
have some kind of coloration. Due to the
phenomenon of metamerism, there might
be huge number of light sources that deliver
overall white perception, but certainly, they
will have different color rendition abilities.
In the cases if the source is not a Planckian
radiator, hence its radiation cannot be matched
to a point on the Planckian locus, but via a
nearby point. In these cases, we speak about
Matching or Relative Color Temperature, via a
point on the Planckian locus that is the closest
to the aforementioned point.

Mwulyh dwnwquwyphshg unwgynn gnyup dhawn gunu-
ynw £ ppndwjunipjuu pwpuinbigh pw: Lbpdwunpbéwup
wbhu gnigpuewg, Muwuyh dwnwguwjphsh wpdwlwd uwh-
wwy nyup Bpwuguynpnudp thnfuynud £ Yupdhphg dhtgh
Gpyuwagnyu: Udbku vh Gpwughu Ybpwagpynd £ ohlugwd
ulk dwpdup wiu obipdwunpbwup (YGYhuph uwunnuyny
wpunwhwjnygwsd), nph dwdwtwl Upw dwnwgwjpwd uwh-
wwy nyup &bnp £ pbipnud hwdwwwwnwufuwu Gpwugp: Wn
Gpwuqubph Ynnpnhuwwnubpp gniiwjht twpwdpnid duw-
ynpnud Gu dh Ynp, npp Yngynid £ Mywbilyywits inpniu («npniu»
[wuwnhubipbu tpwuwynid £ «inbin») U gnyg £ nipdwd ulwn
25-nwd: Quwjwd wyn gnyubipp punhwunip wndwdp «uwp-
wmwy» U puluynd, vwwiu mwppbpynd Gu uyhwwyp
gntuwjhu Gpwugqwynpdwdp, Llwnp 26:

Geb (nyuph wnpnipp Muwuljwu dwnwquwehs £ (oph-
twy' wpbqwyp Ywd hwwnniy jwpnpwnnp jwidwbipp), www
upw wpéwlwsd uyhwwy nyup Gpwugwynpnidp gunuynd £
wwulwu inpniuh Ypw: Wnwhup inwiwiht wnpjnipp ulw-
pwgnynud £ Sniwwhtu bpdwunhbéwuny: Uuwgwd nbwpb-
pnud [nyup wnpjniph wpdwywsd uyhwnwy nyup Gpwuguyn-
pnudp gunuynid £ Nwuyjw (npnwuhg nnipu b (hwdbdwnnt-
WU wpryntupnid) upwu Ybpwgpynwd £ npniup wiu gni-
uwjphu 9bpdwuwnphbwup, nph gniiwjunteniup wdklwdnunu
£ (wdbtwhwdwwywwnwufuwut £) ndjw) (neuwihtu wnpjniph
(nyup Gpwugqwynpdwup: Wu nbwpnud (ntuwjhu wnpjnipp
uywpwagpynid £ Cwdwwywnwufuwt fuwd <wdbdwnwlwu
Sniuwihu Gpdwunpbwuny:

Figure 26. lllumination differences of BBR sources of
various temperatures.

Note: Our eyes adapt quite well to light sources with different CCTs, ranging
from 2700K for 100-watt incandescent lamps to 10000K for the blue sky.
Even though the light itself may look colored (FIG. 26), objects seen under
these light sources appear to have approximately the same colors, with
whites looking white.

Source/Unpnipp' http://agi32.com/blog/category/sports-lighting/

Upnud. UGp wgpbpp pwdwywupt (wy U hwpdwpynid tnwpptp 44Q2
ntutgnn |nyuh wnpjnipuppt® 100 Y 2hjwgdwl (wdwbph 2,7004-
hg Uhusle «ywuwntjin Gpyuph» 10,0004: QUwjwd hupp [pLjup Ywnpnn £
gnibwynp Gplwp (Uywnp 26), win wnpnipubph |nyuh Ukppn gunuynn
wnwpywutph gnyup Junwd £ Ununwygnpwwbu Uniup, pun npnid
uyhwnwyubpp uwyhwnwy GU Gplnd:

Uljwn 26. Swppbip obipdwuiphbwuttpmd UUD wnpnipbiG-

nh wpdwlws uyhypuwly inyup Gpuwbquiynpned:
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2.7. Color Rendering Index vs.
Color Quality Scale

The ultimate criteria for describing the color
comfort is defined via so-called Color Rendering
Index (CRI) and, recently, Color Quality Scale
(CQS). CRI is a measure of a light source’s ability
to show object colors “realistically” or “naturally”
compared to a familiar reference source, either
incandescent light or daylight.

Color rendering index, CRI is 100 for the ideal
light sources, i.e. the ones that have very smooth
and mostly uniform or slightly increasing or
decreasing pattern, and decreases for the ones that
are inferior, can even get negative values.

Here is the widely accepted definition of color
rendering:

Effect of an illuminant on the color appearance of
objects by conscious or subconscious comparison
with their color appearance under a reference
illuminant (here illuminant is synonym of “light
source”).

Roughly speaking, the number itself is calculated
as 100 minus a sum of mean-square distance of
the light source SPD from an ideal SPD (such as
SPD of a BBR source), naturally both in the visible
range. For instance, as the incandescent lightbulb is
virtually a Planckian radiator, its SPD has 0 mean-
square distance from the BBR curve at respective
temperature, yielding CRI=100. The real calculation
is a longer and more complex procedure, with
involvement of 8 color matching cards. However, it
is known to be as not perfect, e.g. it yields negative
values for monochromatic sources. That is why
the more modern Color Quality Scale (CQS) with
15 color cards and more advanced color space
implementation is in the process of development
and has obvious advantages over CRI [http://
colorqualityscale.com] (Figure 27).

Although, usually as a reference light source
a Planckian blackbody radiator of 5000K is
being chosen, but other BBR sources such as
incandescent lamps, that always have CRI=100, but
with other temperatures also can be chosen. This
is because human eye and the brain interpretation
psychophysically adapt to the color temperature
and map the colors to resemble as much as possible
the daylight illumination condition. However, this is
smoothly possible for light sources that are close
to CRI = 100. Otherwise, brain exerts extra efforts
for interpretation, which is perceived as discomfort
(Figure 28).

2.7. Qnyup yEpwpwnwnpnipjut (gniuw-

thnfjuwugdwu) gnighsp hwdwnpjwé
gnitwjhu npwyh uvwunnuyh htwn

Sniuwght hwpdwpwybunnieniup bywpwagpnn (w-
Juagnyu swthwuhoubipp uwhdwuynid GU wjuwbiu Yng-
yws gnybp dbpupgpunpnigiut gnighsh (348) L,
Jtipstipu, gnibughti npwihh vwbnnuyp (FNU) dhongny:
F43-U |nyuh wnpyniph Ynndhg gnyubinp dhaun Yeipwp-
nwnpbnt niuwynuejwu swihwuhou £ hwdbdwnws
wjuwhuh «Ewnwnuwihtu» wnpniputiph htin, npwhuhp
Gu gbiptYywiht |nyup Ywd 2hlwgdwt jwdwp, nph gny-
uh ybpwpunwnpniejwu gnighsp hwyjwuwn £ 100-h:

Muwnpq slwybpudwdp, win ehyp hwpduplynud t
npwbiu 100-hg hwuwd pnbwwywu <UP Ynphg (opp-
uwl' UUB wnpjniph <UPR Ynphg) (nyuh wnpnipp <UP
Ynpp vhoht pwnwynwwihu stndwu gnidwpp, npunbn
Gpynwu k|, ptwywuwpwp, nhunwpyynw Gu nbuw-
ubifh wphpnypnid: Ophuwly, pwuh np gnpduwlywuntd
ohjwgdwtu jwdwyp Mwulwu dwnwqwehs &, npw
CUPR-u, 948=100 wpdéwynn hwdwwwwnwufuwt obtip-
dwuwnphtwuny UUB-h Ynphg 0 dhohtu pwnwyniuwjhu
otinnud niup, nwwnh unyuwbu tpw Y43=100: bpw-
Yt hwpqwplyp wytih Gphwp b wdbih pupn wypngbu
E, npp Ywwwpynid £ gnyubph hwdbdwnmwlwu 8 pwp-
wnbiph dhongny: Uwlwju nw, unyuwbiu, Yuwmwnjwy sh
hwdwpynid, oppuwy' dnunppnd wnpjnipubiph nbwpnid
unnwgynud U pwgwuwlwu wnpdbiputip: tw b wwun-
Gwnp, np ubipluwjnudu dowyynd £ wnwyb| dwdwuw-
Ywyhg' 15 gniuwghtu pwpwnbiphg Yugqijwsd gniuwihu
npwyph uwunnuyp ($NU), npp S48-h uwwndwdp np
wyuhwjn  wnwybniejniuutip  [http://colorqualityscale.
com] (Lywp 27):

Figure 27. CRI vs. CQS

Source/Unpynipp’ https://www.youtube.com/watch ?v=e9K7KzP3In4&list
=PLNMt5b7ycv83HIQV03-ZmivpxdM5MjnNx&index=4

Color Rendering Index (CRI) - Gnyuh Jtipwpwwnpniejw gnighs (348)

Color Quality Scale (CQS) - Gnyuh npwlyh uwunnuy (NU)
Ul 27. Q48-h b ¥NU-h hwubdwepnyeniip:
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Figure 28.SPD-s yielding different CRI.

Note: CRI=100 for incandescent lamp and CRI=85 for quartz metal halide lamp. The decrease is due to the spiky character of the metal
halide lamp spectral power distribution.

Upnud. Chljwgdwtr jwdwybinnid 948=100 b Yunpguyht daypwnwhuwpnuyghl judwynnd ¥48=85: Uyu bjuqnidp dbyppnwnwhwghnuyht
(wdwtinh hgnpnpywt uwGlpnwy pwphudwt unnguidle ptinyph hinluwbipt k:
Ulywp 28. <UP-ttipp npntip qnwpplin 948 windtpubin Gt wnwowgtinid:

Quwywd, np npwtiu nyuh hnnudwihtu wnpynip ungnpwpwp punpynd £ Mwuyh S000K dwnwqwyehsp, uw-
Yuwju Ywpnn Gu punpyb] bwl wy UUD wnpgniputinp, huswhupp Gu w)) gbipdwunhéwt niutignn 2hlugdwu (wd-
wbipp, npnug G43-u dhouin 100 winpdtip ntuh: Fw E ywwdwnp, np dwpnnt wspp W nintinh Ynndhg ytipdwunidp
hwpdwnyntd £ nyjw gnituwihu obpdwumhéwuht W nintnnd wjuwhuh dLwthnfunid £ Ywwnwpnid, np gnyubipp
huwpwynphuu dninbuwt puwlwu |nuwydnpgwsdnipintt wwydwuubiphtu: “w huwpwynp £ uwhns Ypwny
Yuwuwwpb 948 = 100-hu dnwn |nyup wnpjniputiph nbiwypnud: <wlwnwy nbwpnid gnyuph Yypdwudwu hwdwp
nintinp [pwgnighs swuptip £ gnpdwnpnid, npu pulyuwyned £ npwtiuv wuhwpdwpwybinnigna (Lwp 28):

Table 1. CCT and CRI for a number of various light sources. Note the CRI = -44 for low pressure sodium lamp.
Source/Unpynipp" https://en.wikipedia.org/wiki/Color_rendering_index

Low-pressure sodium 1800 a4 gwdn dupdwu Uwwnphnwwjhu (wdw
(LPS/SOX) (LPS/SOX)
Clear mercury-vapor 6410 17 gntin uunhlwjphu ynudhubugbunwhu jwdw
High-pressure sodium 2100 o4 pwnép Gupdwt bwwnpphnidwiht jwdw
(HPS/SON) (HPS/SON)

§ ynwdhun$npny wwwnywsd uunhlwjhu
Coated mercury-vapor 3600 49 unuihubughtnwht iy
Halophosphate warm-white 2940 51 hwindnubwnwiht tnwp uwhunwy
fluorescent ynwihubugbunwiht jwdy
Halophosphate cool-white 4230 64 hwindnubwwnwiht uwnp uyhwnwy
fluorescent ynwihubiugbunwiht jwdwy
Tri-phosphor warm-white 2940 73 Gnwhnudpnp nwp uwyhwnwy
fluorescent ynhubiugbunwiht (wdwy
Halophosphate cool-daylight 6430 76 hwindnubwnwiht uwnp ghiptlwjhu
fluorescent ynuihubugbumwiht jwdy
“White” SON 2700 82 “Uwhwnwy” SON jwdw
Quartz metal halide 4200 85 YJwpgt dbnwnwhwihnwiht jwdw
Tri-phosphor cool-white 4080 89 Gnwdnudpnp uwnp uwyhwnwy
fluorescent ynuwhubiugbunwiht jwdw
Ceramic discharge metal-halide 5400 9 YEpwdhyulwu wwpwdwu
lamp dtilnwnwhwihnwjht jwdwy
Incandescent/halogen bulb 3200 100 2hywgdwu/hwingbuwjht jwdy

Unynwuwly 1. Lnyup Up pwpp ynwuppbin wnpniptibph YL-ubpt b ¥4 8-tiipp: <ppbitip, np gwdn dtpdwt tup-
phnwdwght jwdyp 48 = -44:
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Table 1 shows the CCT and CRI for a number of

various light sources.

Figure 29 shows graphically the CCT and CRI
for a number of various light sources.

Note the SPD of the low pressure sodium lamp,
making it the worse color rendering source. In
Figure 29 the low pressure sodium CRI is marked
as 5, but a different variation of the same lamp go to
negative values, as indicated in Table 1.

Figure 29. CRI for various sources.

Unynwiwy 1-nd gnyg £ nipqwé [nyup bh 2wpp wnwp-
ptip wnpjnipubph Y92 b 948 wpdtipubpp:

Llwp 29-nwd gpwdbhynpbu wwnybipyws Gu inyup dh
owpp wwppbip wnpniputipp Y42 L S48 wpdbipubipp:

ULobup, np gwdp Guodwt bwuinphnwdwihu (wdwp pp
CUPR-h 2unphhy nwuynwd £ gnyuh yGpwpunwnpniejwu
Jwwnwgnyu wnpjniputiph ownpphtu:  LYwp 29-nwd gwoén
GUodwu uwwnphndwjht (wdwh S48-p updwsd £ npwtiu
75, uwywju dplunyu jwdwh quuwqwu inwppbpwyub-
pnud wju hwutunud £ pwgwuwlwu wndtpubiph, huswbu
uoqwé £ Unjniuwy 1-nud:

Note: The SPD of the low pressure sodium lamp, making it the worse color rendering source. In this graph the low pressure sodium CRI is
marked as 5, but different variation go to negative values, as indicated in Table 1.

Source/Unpnipp' http://www.paullights.com/what-is-the-meaning-of-cri-or-colour-rendering-index/, http://www.eia.gov/todayinenergy/detail.

cfm?id=18671
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Upnud. Swidp tpdwl bwpppnidugpti jwdwh <UP-p punphpy wyt nwuynid £ gnytp JGpwpywnpnipyuwt Juiynwgnyt wnpgniptiiph pwin-
pht - wyu bywpnd gwdp dtpdwt bwippphnidught widyh ¥48-p tpdws E npwbu 5, uwluyl qubwqut pnwppbpwupnd wyt Jhtsl
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Ulwp 29. Rwbwqub wnpmipnuliph 948-p:
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3. MEASUREMENTS OF
LIGHTING PARAMETERS AND
LABORATORY TESTING

This section describes the measurement units to
characterize light sources, the light and illumination
that they provide. Important characteristics of
virtually all light sources is that they emit radiation
with a spectrum that is not matching the eye
sensitivity spectrum as described in Figure 15. In
the most of the cases the light emission spectrum
is wider — beyond the visible sensitivity of humans’
vision. Thus it is reasonable and necessary to
differentiate the radiant energy emitted by sources,
the “Physical Energy”, from the visible light that
they generate, the luminous energy.

3.1. Energy Flow Units:
Radiometry

The science that is responsible for the
measurement of the radiant emission parameters
of sources, as well as the radiant field generated by
them within the entire spectrum of their radiation is
called radiometry.

3.1.1. Source Radiant Emission Power, watt

The physical unit for power is the watt,
W = joule/second. This means that every second,
the light source emits photons in all directions and
in the whole spectrum of its radiation, i.e. not only
visible but beyond the visible region. One watt
emissive power means that the sum of energies
of all photons of all wavelengths emitted by the
source in all directions in a second is equal to one
joule emitted. This value is denoted as P_ or I..
Naturally,

Equation 3-1/ <wywuwpnd 3-1

where 1 (A) is the spectral power distribution
(SPD) of the source radiation in all directions, i.e.
the relationship of the radiation intensity from the
wavelength of radiation.

3. LNrRUU3PL MUrUUESPENP
QUPNRULEN B4 LUANLUSOAP
onraurunkuLer

Uju pwdund wnpynwd GU (nyup winpjniputiph, npwg
Ynnuhg wpsdwlyywsd nyup b unbndywd Nuwynpyw-
onypjwu hwdwp Yhpwnynn swihdwu dhghlwywu dp-
wynpubipp: Lnyuph wnpjnipubiph Yuplinp  hwwnlwuhg
E hwunhuwund wju, np npwug dwnwqwjpwd |nyuh
uwtywpp sh hwdpuyund Lwp 15-nd Wwnybpywd
wsph qqwjuniejwl uwblwph hbwn: Cwwn nbwpbpnud
w)jn dwnwguwjpdwu uwblupu wybh jwju k, pwu dwp-
nnL [nuwqqujunijwt uwhdwutbpp: Wn ywwnbwnny
wuhpwdbown £ wnpjnipp Ynnuhg wpdwywsd LGYunpw-
dwquhuwlwu wipputiph tubpghwih dwnwqujpndp
(6wnwquwjpwhu tubpghwu) wmwpptpt; upw dh dwup
Ywaqdnn nwiwjht fubipghwihg:

3.1. Eltywmpwiwqupuwlw Kubpghwjh
hnuph dhwynpubp. nwnhndEnphw

Mwnhndtyppppwi gpunynud £ owyiplulywu nppny-
pnwd (100ud - 1dd wihph Gplwpnieyniuubp nwutignn)
wnpynipttiph Ynnuhg Eleyupudwqupuwlwt wihpubph
dwnwawjpdwt wwpwdtiwnpbph swihnwdubipny: <phd-
Uwlwu wwpwdbnpbpt B0 Swnwquwjedwu  hnupp,
dwnwagwjpdwu humbuuhynie)niup, tubipgbnpy ww)-
dwnniejntup, Lubipgbwnpy nwwynpgwoényeniup Yud
dwnwagw)pywdntpnLup:

3.1.1. Unpjnipp EiEYwpwdwqupuwlwi Lubpgp-
wjh Gwnwqujpdwu hqnpnieyntu (6wnwquyjpdwy
hnup), Juunwn

Lanpnipjuit phghwlwt - dhwynpp Juwnnt
dwn = onnu/Juyplywu: Uyuphupt' [nyup wnpynipp jnipu-
pwgnip Jwjpyjwup pupwgpnd pninp ninnnipntutb-
pny U Swnwaqwjedwu wdpnng uwblyunpny pnwninuubip
E wpdwynwd ng dhwyju nbuwubh whpnypnd, w) bwlb
wnbuwubih whpnyehg nnipu: UGY Y dwnwqu)pdwu
hgnpnipyntup tpwuwynid £, np d&y Juypljwund wn-
pjniph Ynnuhg wnwaqw)jpwd nne tutinghwu hwywuwnp
E Jiy onnuh: Uju dbdnigyniup bpwuwlyynud £ npwtiu P,
Ywd |, (R-p radiation pwnh ulgpUwwnwnt £, npp Lyw-
Uwynw £ dwnwaqwyentd ):

= jl.kmda,

npintin 1. (A) wnpniph  dwnwquwjpdwl  hgnpnipjwl
uwybtywnpwy pwotunidu k (KUR):
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3.1.2. Radiant Intensity or Radiant Flux,
watts per steradian

Definition: Radiant intensity is the radiant power
or radiant energy flux, the radiant energy flown per
unit time inside a solid angle from a point source of
light.

The unit for solid angle Q, the three-dimensional
unit of angle, is the steradian, sr (Figure 30). All
directions stemming from one point comprise a sum
of 4n steradian. Thus, the unit for radiant intensity
is the watts per steradian, W/sr. In other words,
radiant intensity is the sum of hv energies of all
photons with all various wavelengths A (respectively
corresponding to frequencies v) flying in particular
solid angle Q per unit time from a point source of
light (or could be in all directions, Q = 4rx sr). Note
that 1 W/sr is equivalent to 4n srx 1 W/sr=12.57 W
of the source’s radiant emission power if the source
radiates uniformly in all directions.

Figure 30. Definition of the steradian.
Source/Unpynipp’ https://en.wikipedia.org/wiki/Steradian

Ulwp 30. Upbnwnphwih uwhdwbnidp:

3.1.3. Irradiance, W/m?

Intensity of the radiation on a particular surface
is defined by the energy flux per unit area, and the
unit is W/m?2. If the surface is normal to the direction
of irradiation, at large distances the irradiance
depends on the reverse of the square of the
distance from the source (Figure 31). At angles that
are not normal to the incident rays each elementary
unit area of the surfaces receive lesser energy flux
- multiplied by the cosine of the angle between the
direction of the ray propagation and the normal to
the elementary surface.

3.1.2. Swnwqujpdwu hunmbuuhyniejni (nwpw-
Swlywu fjunnipyniu), Yn/unbn

Uwhdwbnd.  dwnwquypdwb  htipptuupynygyniup
(nyup Ylpuyghte wnpyniphg dwpduwght wilywt by
btyippwdwqthuwlwt  tubpghuwgh  Gwnwquypdwib
hnuph dténisniitl £ dwdwbwyh Jtly dhwynph ptpuwg-
pnid:

Q dwpduwihu wulwu dhwynpp upbnwnpwab £
untin (L{wp 30): UkY Ytwnhg Glunn pninp dwpduwhu
wuyniuubipp gnudwpp Ywagdnud k gnebn, uwd 4n unk-
nwnhwu: <bnbwpwp, EGYunpwdwquhuwlwu Lubip-
ghwjh twnwqwjedwu hunbuuhynyejwu  dhwynpp
dwn/untin £ W Ybpw wuwsd, LYunpwdwgquhuw-
Ywu Lubpghwjh Gwnwguwjedwu huwnmbuuhynip)nt-
up (nyup YGwwihu wnpniphg dhwynp dwdwuwynid
wnyjw Q dwpduwihu wuljwu dhony (Ywd pninp nin-
nnipniuutpny, tpp Q = 4n unbin) nnipu GYwsd pninp
dnunnuubiph hv Eubpghwubph gnudwpu £ ULobkup, np
1 dwn/untin hunbuuhynigyniup hwdwgnp t 4 unbin x
1 Ydw/unbin = 12.57 dwn wnpniph punhwunip Gwnw-
gwjRrJIwU hgnpnigjwup, el wnpjnipp dwnwqujpnd §
pninp ninnntjntuttpny hwywuwpwswih:

3.1.3. kubipqbtwnhy (nruwynpywénipynit (Gwnw-
quwjpqwéntpiniu, hnuph fjunnyeniu), dwn/\?

Syjwy dwybplunyeh ypw dhwynp dwybpbuphu puy-
unn LlGYunpwdwquhuwywu dwnwqwjedwu Jwybplnt-
pwhu funnieintup npnaynwd £ upw dhwynp dwybpbup
Ypw pulwd tubpghwip hnupny, npp swihdwu dhw-
ynpu £ dwn/d? Gpb dwybplnyeh twnwqw)pdwu nin-
nniRjwu tywwndwdp ninnwhwjwg £ (Unpdw k), www
LiGYwpwdwquhuwlwt  Swnwqwjedwlu  funniRjwl
Ywiugwdnipiniup wnpyniph hbnwynpnigyniuphg’ hwlw-
nwnd pwnwynwwiphu b (LHwp 31): Gpp puyunn dwnw-
qwjpubpp, ninnwhwjwg s&u wuldwu dwybplnyehl,
dwybiptuh jnipwpwgnn nwpp wytih phy Eubipghwyh
hnup £ unwunw: Un nbwpnid wuhpwdtion | unpdw-
(hu  (ninnwhwjwght) hwdwwwwwufuwunn wpdtpp
pwquwwwwnlyt dwnwqwjeh wwpwddwu b wnwppw-
Ywu dwytipbuph tyuwwndwdp ninnwhwjwgh vhole Gnwéd
wulyjwu Ynuptuntuny:
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Figure 31. Irradiance depends on the reverse of the square of the distance from the source
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Ulwp 31. GEypppwdwqbhuwlwl dwnwquypdwi fuippniginiup Yupudws £ wnpiniph hnwynpnipgywt pwnw-

Ynwunt hwlwnwné dtdnipeinithg:

3.2. Human Perception
Perspective: Luminous units,
Photometry

Respectively, the science that is responsible
for the measurement of the radiant emission
parameters of sources, as well as the radiant field
generated by them within only the visible to human
eyes perception spectrum of their radiation is called
photometry (compare with radiometry, section
3.1). In other words, in photometry, the radiant
power at each wavelength is always weighted by
the standard luminosity function (Figure 15), that
models human sensitivity to light. Thus, photometry
deals with the measurement units of light, as
perceived by humans.

Here it is necessary to mention again, that
usually for weighting by human eye sensitivity
spectrum, the photopic luminosity function is used.
This means that at very low lighting conditions;
where scotopic luminosity function represents
human sensitivity, the shorter wavelengths appear
brighter and longer wavelengths appear as less
bright. However, actually all measurements, as
a rule are based on photopic luminosity function,
if it is not mentioned otherwise, since hardly the
conditions that are described by term scotopic can
be regarded as comfortable.

3.2.1. Luminous intensity, candela

Candela, the name coming historically and
meaning candle in Latin, is the unit characterizing
the visible brightness of a source. As the word
“luminous” hints (discussed in the previous
section), the luminous intensity is the radiant power
or radiant flux, but of course, as described above,
weighted by the luminosity function, so that it always
takes into account humans’ spectral perception of
light (luminosity). Simply put, one candela is the
luminous intensity or brightness of one “average”
candle, as perceived by humans.

3.2. Uwpnnt Ynnuhg |nyuh pulwpned,
[ntuwjhtu Jhwynpubp.
Pnuindiinphw/nuuwswithnipyniu

Shwnniejwt wju ninpwnp, npp qpwnynud £, wnpjnip-
ubphg wpdwlyyws |nyup Swnwgwjpdwl wwpwdbn-
ptiph swhnwdutinny, Ynsynd £ pntuwswithnygynits (hwdb-
dwuwnbip nwnhndbwnphwih htw, wnbu' 3.1 pwdhup): Wy
Ybpw wuwd, nuwswhnijwu Ube wihph jnipwpwu-
gnip - Gpywpnipjwt hwdwp dwnwquwjedwu  hgnpnt-
pintup  Uhown  tnpdwynpdnid (pwquwwwnyynd) k
ulnwunwpu  nuwqqujuniwu pniuyghwing (LYwp
15), npp dnnGjwynpnud £ dwpnnt $nipnwply incuwqguug-
unieyniup: Lhnbwpwp, |nuwswihnyentup gnpd niup
dwpnnt Ynndhg puluwiynn inyup dhwynputiph swhdw
htiw:

Cww gwodp |nuwynpnipjwt wwjdwuubpnd, bpp
dwpnnt nbunnnipjwup hwdwwwwwufuwund £ uyn-
wnnwhy [ntuwgguyniejwu niuyghwiht, Yunéd wihpub-
pp Gplwp wihpubph hwdbdwwnniejwdp wybh ywjdwn
Gu pynid: Uwwju, npwbiu wunu, pninp swthnudubipp
hhduynd Gu $nuininwhy (ntuwqgujunipiwi niuyghwih
Jpw (Gpb swu hwwnnwy upnifubp), pwuph np uynwnn-
why wbpdhuny punipwgpjwd wwydwuubpp ndqwn
hwpdwpwybin hwdwnb:

3.2.1. Lnyuh huwnbGuuhynipyniu (jnyup nid),
Ywunbjw

Ywunbiwu, npp Wwwndwywunpbu quihu E jwwnp-
ubpbu dnd pwnpg, nyup wnpniph wbuwubh wwdw-
nnipintup punipwapnn hhduwywu dhwynpu k: Lnyup
htppbbupynipnitp dwnwgqwjedwlu hnuph wnwpwdw-
Ywu funnieiniut £ ndjwy ninnnijwdp, unpdwynpywd
dninnwhy [nuwqguiuniejwu dniuyghwinyd, npwbiugh
hwoyh wnuyh dwpnnt wsph uwblunpw) [ntuwgquijunt-
pINtup: Mwpq wuwd' dbl Yuunbjwu JbY «dhohtu» dndh
[(nyuph hunGuuhyniejnut £ Ywd wwjdwnnieiniup, hus-
wbu puywynwd £ dwpnnt Ynndhg:
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Compared to the radiant intensity case, instead
of just summing up (integration) the energy flows
of every wavelength of light in the light source’s
spectrum, the intensity of each wavelength is also
weighted by the SLF. Evidently, relating to energy
flow, the luminous intensity is always less than the
radiant intensity of the same source — in fact in the
most of the cases it is substantially lesser.

Definition: candela, cd, is the luminous intensity
of a source, that emits monochromatic radiation
of frequency 540x10*? hertz, which corresponds
to 555 nm wavelength green light and that has a
radiant intensity in that direction of 1683 watt per
steradian (W/sr). Or for 56565 nm 1 c¢d = 1683 W/
sr. In other words, if a source of 555 nm has power
generation of 1683 W/sr, whatever brightness
people statistically feel, is called 1 candela. Thus a
683 candela source of 555 nm provides 1 W/sr in all
directions of radiant flux (or radiant intensity).

Note that the 555 nm wavelength is chosen not
arbitrarily, but it corresponds to the maximum of the
human eye sensitivity, i.e. the peak of the standard
photopic luminosity function. If another wavelength
were to be used, a different coefficient, instead of
the 1683 would figure in that definition. Coming
back to the example regards the standard lumino-
sity function on the section 2.2 "Human luminosity
function”, if e.g. a light of 490 nm is used for this
definition, approximately five times more radiant
intensity of that blue light is needed to have the
same visible intensity effect of the case of 555 nm.

As a summary, below is the relationship
between luminous and radiant intensities for a
particular wavelength of monochromatic radiation.
Here | (1) denotes “luminous” intensity in candelas,
I.(A) denotes radiant intensity or the spectral power
distribution (SPD) in watts per steradian (W/sr),
V() denotes unitless standard photopic luminosity
function (Figure 15).

Equation 3-2 / <wdwuwpnid 3-2

Cwdwnpbiny  Swnwquwjedwu  hunbuuphynipjwu
qunwthwph htin’ inyuh wnpyniph uyBynph jnipwpwt-
gnip Gpuipnijwu wihph Eubpghwih hnupbph Jténi-
pIntuubpu ninnuyhnpbu gnwwpbint (hunbgpbiney) thn-
fuwnbu, jnipwpwugnip Gpwpnyejwt wihph hunbuup-
Ynipyniup unyuwbu Yondnud £ ULD-ny: Uyuhwyn E, np
Lubpgtwhy hnupbph wnnudny [nyuph hunBuuhynie)ne-
up dhonn wwlwu E nyup unyt wnpiniph dwnwgwyp-
dwt huwnbuuhynieyntuhg, pun npnd nbwpbph Jtdw-
dwuunpiniunud’ gquihnpbiu:

Uwhdwumd. Ywunbput (hwybpbt tpwbwlynidp' n,
uhowqquyhtip' cd) nw 540x10? htipng hwéwfuniyeywdp
Ywbiws nyup (555 ud wihph tnywpnipywdp) dntinppnd
dwnwquijpnd wpdwlnn wnpnipp (nyuh htupbtiupyne-
pynibll £ pndywy ninnnuyguidp, npp hwdwwwipwupuw-
unid £ tubpgtiphly dwnwquypdwt 1/683 uiypy/upb-
nwnhwt (Yy/uptin) htupbbupynipyuwip: Ywd' 555 ud
[nyuh hwdwpn 1 4n = 1/683 dyyupbin:

Uobup, np wihph 555 ud Gplwpniginiup ywwnw-
hwlwunpbu punpywsd phy sk, wj nw hwdwwwwnwu-
fuwuntd £ dwpnnt wsph wnwybjwagnyu qgqujuntejwun,
wjuphupt' unwunwpwn $ninwhly |NLUWGGUUNLRJWU
dniuyghwjh dwpuhdnwht (bwpuhdw| wndtipht): Grb
Yhpwnbiup vty wy Gpywpniejwu wihp , www uwhdwu-
dwt utig 1/683-h thnfuwnpbu Yniubuwup wy| gnpdwlyhg:
Jdbpwnwnuwiny 2.2 pudunud pipwé unwunwpun |ni-
uwqguwjuniejwu $niuyghwih opptwypu L punniubiny
ogunwagnpdywd |nyup wihph Gpywpnigntup ophuwy’
490 ud, Ywwnpgbhup, np wuhpwdtiown £ Yuwnyw nyup
dnunwynpwwbu hhug wugwd wybh yté bityunpwdwg-
UhuwwU wihpubiph wnwquwjpdwu hunbuuhyniejniu
555 ud-hg uwnwgynn' unyu wbuwubih punbuuhynt-
[pJwu wpryntuphtu hwuubiint hwdwn:

Uwnnpl ppdwé £ nuwghu (dnuiindiinpply) b w-
nwgwjpdwl (nwnhndtwnphly) Lubpghwubph huwnbu-
uhynipyniuutinh dholt Yuwp: Ujuwnntin | (X) nw Yuunb-
jwubpny wpwnwhwynywsd nyup hunbuupynyeniuu ,
I(A)-u" dwn/uintin-ny wpunwhwjinjws tdwnwgwjpiw
hunbuuhynipntu £ wd hgnpnipjwt uwblnpw| pwa-
funtdp (CUR), huly V(X)-U swthnnulwunteyniu sniubignn
ulnwunwpwun nnnwhy |Ntuwqguiunypjw niulghwu
£ (ULSD, Ljwp 15):

1L\ = 683 V() - 1(M).

As we have already seen, for the 555 nm
wavelength monochromatic source, where the
V(A=555 nm) = 1, and for I_(A) = 1 W/sr, radiant
intensity will transfer to 683 cd.

Thus, as shown in the example above, the same
candela measure may mean very different actual
physical power radiation of sources — depending on
the wavelength, or, in general the spectrum of the
source.

huswbu wpnbu wmbuwup, wihph 555 ud Gplwpnt-
pjwdp dnunppnd wnpniph nbwpnid, npuintin V(A=555
ud) =1 I, (A) =1 dw/unkin, nyuh hunbuupynipniup’
1,(A=555 ud), jhwdwwwwnwufuwuh 683 Yn-hu:

LGnbwpwp, huswbu gnyg £ npynid Ybpp pbipdwd
ophuwynwd, Ywfudwd wihph Gplwpnieiniupg, Ywd,
punhwunp wndwdp, wnpniph uwblyuphg' dhlunyu
[nyuh hunbuupynipjwdp wmwppbp wnpjnipubp Ywpnn
GU nUbuw| Gwnwquwjedwu wwppbp huwnbuupynt-
[enLutbip:
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Necessary to remember, that for humans most
important is the spectrum that corresponds to
that of the sun, or, more precisely, the radiation
spectrum of a black body at around 5500 K, and this
importance is expressed via photopic luminosity
function.

3.2.2. Luminous flux, lumen

While candela characterizes a source of light, in
photometry we also need to characterize a flux of
visible light, similar to the radiant intensity (radiant
flux) in radiometry. It is natural to derive this unit
through candela. The unit is called lumen (Im):

Equation 3-3
1Im=1cd-sr

If a light source equivalent to 1 candela radiates
in all directions uniformly, then within each unit
steradian of solid angle, in any direction, the
luminous flux will be equal to 1 lumen. Thus, as
it has been mentioned in the previous section,
lumen and candela can be used interchangeably,
depending on the context of the measurement.
The same source of 1 candela in all directions,
i.e. within the total solid angle Q = 4x sr, will have
total luminous flux of 1 ¢d - 4n sr = 4n cd-sr =
12.57 lumens. Again, for the 555 nm wavelength
monochromatic source, where the V(A=555 nm)
= 1, and for I (A\) = 1 W/sr, radiant intensity will
transfer to 683 cd, and as the radiation is uniform
in all directions, that will represent total of =8583
lumens.

For the 490 nm wavelength monochromatic
source, the V(A=490 nm) = 0.2 (Figure 15), and
again for the same radiant flux of I_(A=490 nm) =
1 W/sr, luminous intensity of that monochromatic
source will be equal to 136.6 cd, and again, and
if the radiation is uniform in all directions, that will
represent total of =1716.6 lumens as a sum of
luminous flux in all directions. Note that while the
power radiated in both cases is the same, due to
spectral sensitivity of the human eye these two
light emissions are characterized by very different
luminous flux values.

If the two aforementioned sources, each 1 W/sr,
total of 2 W/sr, are radiating at the same time from
the same location, we would have 683+136.6=816.6
cd and respectively 10264.7 Im in the total visible
spectrum. This is reflected in the Equation 3-4.

Equation 3-4 / <wdwuwpnid 3-4

Mbuwp £ hhobi|, np dwpnnt hwdwp wdbuwlywplunpu
wju uytYwnpu £, npp hwdwwwwnwutuwunid £ wpbiquw-
Uh, Ywd, pwgwpdwy ule Jwpduh dnunn 5500 K Gwnw-
gwjpdwu uwbluwppu, b wu Ywpunp hwuqudwupu
wpwnwhwjnynwd £ Sninnwyphy [ntuwgquijunipiu dniuy-
ghwjh dhgngny:

3.2.2. Lnwuwyjht hnup, ynidtu

Grbt Jwunbjwu punypwgpnid £ wnpniph |nyuh hu-
nbuuhynie)niup, www ninndtnphw-nuwswithnie)nt-
unud wuhpwdtion b punipwgnt) bwle pbGuwbbh nyup
hnupti wjuwbu, huswbu nwnhndtnphwnd Gwnw-
gwjRJwU hnuph dbénipniup: Puwlwu L, np swithh wyu
dhwynpp unwgynud £ Gubinbugh dhongny:  Un Yns-
Jnud & ymdits (1, vhowqquihti tpwtiwynidp' m:

Lwywuwpnmd 3-3
114 =1 Yn-untin

Beb 1 wunbjwjhu hwdwqgnp hwdwubn |nyuh wn-
pjnpp pninp ninnniejniubbpny dwnwaquwjpubn £ wpdw-
Ynwd, www jnipwpwusinip dhwynp unbinwnhwu dwpd-
bwyptr walywb dbo (nwuwihu hnupp hwywuwp Yihup 1
ynwdtiuh: Nwinh, huswbiu wpnbu wuyb E uwfunpn pwd-
unud, Ywiudwsd swipnifubiph wwydwuubphg' gnudtup b
Ywunbwu Yupnn Gu thnfuwphub) dhdjwug: 1 uunbijw
huntuuhynigjwdp ubbiphy wnpniph punhwunp N
uwjhu hnupp Yihuph 1 Yn - 47 unbin = 4n Yn-unbin =
12.57 ynudtu: Ypyhu, wihph 555 ud Gpywpniejwdp dn-
unppnd wnpjniph* V(A=555 ud) = 1 L 1, (A) = 1 dw/umntin,
nGwpnd dwnwguwpdwu hunbuupynieintup Yhwdw-
wwwwufuwuh 683 Yn U, pwuh np pninp ninnnientu-
ubipny dwnwqw)eniip hwjwuwpwswih £, wwyw pninp
ninnniniuupny  |nuwht hnuph gnudwpp  Yywquh
~ 8583 nudtiu:

Ujpph 490 ud bLplwpniejwdp dnunppnd wnpjnt-
nh nbwpnu* V(A=490 ud) ~ 0.2 (Ljwp 15), b dhlunyu
I,(A=490 ud) = 1 dw/unbin dwnwqujedwlu hunbuuh-
Ynipjwu dtdnigjwt nbiwpnid, wjn dnunppnd wnpjniph
(nyup hunbuupynieyniup hwywuwnp Yihup 136.6 Yn, b
Greb pninp ninnnieynuutipny dwnwqwyenip hwdwubin
E, www wju YYwqgdh = 1716.6 yndit’ npwbiu pninp nun-
nniejntuubpnud |nwuwihtu hnuph gnwdwn:  Auwjwd tw-
nwgwjpJwu hgnpnipjniup tpynt nGwpnd £ unyuu ,
dwpnnt wsph uwbYwunpw| qquwjuniejwu unphhy wju
Gpynt wpdwyywsd nyubipp puniewagpynid Gu [ntuwjhu
hnuph wwpptip wpdbpubipny:

Gt ytpnhhojw) Gpynt wnpnipubpp, jnipupwgnt-
np' 1 Yw/unbin Eubipgbunply huwnbuuhyniejudp, dwnw-
gwjpenu Gu dpwdwdwuwl, www nyup punhwunip
huwnbtuuhyniejniup Yipuph 683 + 136.6 = 816.6 Yn U hw-
dwwwwnwufuwuwpwn' 10264,7 |J: Uw wpnwgnwd b
3-4 hwjwuwpdwu dby.

L= 683.002 %, V(i) (4)
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where | isthe wavelength ofthe n-thmonochromatic
component.

If the source is not monochromatic or is not
a combination of monochromatic sources as in
the previous example where simple weighted
summation works, then we need to integrate
Equation 3-2 from 390 nm to 720 nm to obtain the
real luminous intensity and flux (Equation 3-5):

Equation 3-5 / Cwdwuwpnid 3-5

I. = 683.002

Naturally, Equation 3-2, Equation 3-4 and
Equation 3-5 produce values in both candelas and
lumens, since while | _is in candelas, but lumens are
defined for one sr, thus they deliver the same value
in Im (Equation 3-3).

3.2.3. lllumination, lux

Illumination is, in fact, the target variable that
is regulated by the standards. The unit used for
illumination is the lux, Ix.

The lux is defined as the ratio of the unit luminous
flux to the unit area, normal to the surface, that it
illuminates:

1lux =1 lumen / 1 square meter.
1Ix = 1Im/m? =1 cd-sr/m?.

3.2.4. Luminance

The luminance levels are measured in candelas
per square meter, cd/m?, aka nit (nt) and for ideal
diffuse or Lambertian (Figure 32) reflector, is
defined as:

Equation 3-6 / <wwuwpnid 3-6
L =

v

where L is the luminance level in cd/m?, E is the
illumination level in lux, R is the reflectivity (same as
albedo), © = 3.14159... . For example, if a pavement
has 30% reflectivity, assuming it is totally diffuse,
means it is a Lambertian diffuser - does not have
any specular, i.e. mirror type reflective compo-
nent, and the illumination level is 300 lux, then
L,=300x0.3/3.14159 = 28.65 cd/m>.

Here is another description of luminance: if a
square meter of pavement has 1 cd/m? luminance,
if looking at this square from a very large distance,

npubin’ 1 -p n-pn. dnunppnd pwnunphgh wihph Gplu-
pnipjnLut £:

GReb wnpyntpp dnunppnd sk, wd dnunppnd wnpjnip-
ubiph hwdwnpnipniu B huswbu Uwunpn ophuwyned,
npwntin Yhpwnbih Ep wwpg Yonwsd gnidwpnudp, wwjw
hpwlwt |nuwjhu hunbuuhynieiniup b hnupp unwuw-
(nt hwdwp wuhpwdtown Yihup hunbigpt] Cwuyjwuwnpnid
3-2-p' 390 ud-hg uhusk 720 ud, wyuhupu wihph Gplw-
pnipniutiph nn9 wbuwubiih whpnyend (Cwyjwuw-
pnuwd 3-5):

720nn

RUCAINE

300 nn

Puwlwuwpwp, <wjwuwnnid 3-2-h, <wjwuwpnid
3-4-h b <wywuwpnid 3-5-h wpdbipubpu wpwnwhw)wn-
ynw Gu pb Ywunbjwiny, b et gnuftuny, pwuh np |
wpunwhwjnywsd b Yuwunbjwinyg: Uwlwju gnwdtup npno-
Jwsé £ dby unbin-h hwdwp, nwwnh pb [nwuwjhu hnupp'
U-ny U b |nwjhu hunbuupynipniup' Yn-ny unyu
pYwjhu wpdtpu Gu unwunud Gu (Cwjwuwpnid 3-3):

3.2.3. Lniuwynpyjwdnipniu, jnipu

Cun Enipjwt  (nuwynpjwdnipniut wju bww-
wwlywihtu thnihnfuwlwuu §, npp Ywunuwlwpgynud
L unmwunwpuubpny: Lnwwydnpywéniejwu dhwynpp
ynpull £ |p (Uhowqquiypt towtiwynidp' [x):

Lyntpup uwhdwuynid £ npwbu dhwynp ntuwghu
hnuph U npw Ynnuhg unpdw (ninnwhwjwg wuynudny)
(ntuwynnpynn dhwynp dwytipbuph hwpwpbpnigjniu.

1 ygnwpu =1 gnudtit/1 pwnwynwuh dbnp
1ip = 14/d2 = 1 Yn-unkin/u?

3.2.4. Mwjbwnnipjniu

Muydwnnipywi dwlwpnwlyubipp swihnud Gu Ywunb-
|wu pwdwuwd pwnwynuph danph Jpw' Yn/d?, b Yw-
wmwnjw| nhdniq Ywd jwdpbipunjwt wunpwnwpdhsh hw-
dwp (Lywp 32) wju uwhdwuynud £

E, R/n,

npntin L-U wwjdwnnipjwt dwywpnwlu £ Yn/d*-ny,
E-U jntuwynpywdnigyut dwlwpnwlyu £ gnipuny, R-p
wunpwnwpddwb gnpdwlyhgu t = 3.14159... : Ophuwy,
Greb Swuwwwphwdwdyh winpwnwnpddwt gnpéwlhgp
30% L, U Gupwnpwpwp wju wwywhnynid £ wdpnnonyhu
gnyws (nhdniq) wunpunwpénid (wdptipunjwu nhdni-
gnp L, wyuhupt sniuh hwjbwht wunpunwpddwu pw-
nwnphs), huy nuwynpywdnigjwu dJwywpnwyp 300
ympu b, wwyw L, =300 x 0.3 / 3.14159 ~ 28.65 Yn/d2:
Uhw wwjdwnnipjwi Uty w) ujupwgpniegniu: brb
Swuwwwphwdwsdyh dbY pwnwyniup dbinp dwybpbuu
niup 1 Yn/d? wwjdwnnipiniu, b Gt wn dwytpbuhu
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and assuming no loss of energy in the air mass, Uwjbup pwwn UGS hbnwynpnieyniupg’ Gupwnnbiny, np
that square meter is generating the same luminous ~ onh quugywénud FuGpghwih Ynpnwiwn sniubup, www
flow as just a source that has 1 candela brightness. ~ wjn  dwytipbuh  wwjdwnnigyniup  hwdwnpdtip  Yihuh
Also look at Figure 32. 1 ywunbiw |nyuh htunbuuhynigjudp wnpynipht: Stiu

uwl Lhwnp 32:
Figure 32. Explanation of the candela per square meter.

Source/Unpynipp' http://www.aeny.com.tw/products/lamp/technology_support/Lighting_Terms.htm,
http://rsagencies.co.za/lumens-for-the-laymen/
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Ulywp 32. Ywbnbiw pwnwlyniup dbpph Ypw dhwiynph pwguigpppnignibp:

Note again, that all of these parameters do Unphg ulwwbup, np wju pninp  hwpwswihtpp
not directly include information on the spectral wudhowwunpbu  wbnbYniejniu s&U wwpniuwynud
composition of the radiation or light. This means  Gwnwqwjpdwu Ywd nyuh uwblnpw| pwnwnpnipjwu
that the same radiometric value may correspond Yopwptipuy: Uw bpwlwynd £, np dhlunyt nwnhn-
to different photometric values depending on the  YBtnhy wndtipp fupnn £ hwdwwywinwufuwtt) nwnp-
spectral power distribution (SPD), as it has been ~ Ptn $nundtinphly windtipitinh, Ywiujws hgnpntpejut

explained in the sections 3.2.1. and 3.2.2. Eu;bzq;nrawé ngf:;{ﬁﬁg{j@:ﬂ?g hswu Lhwnwgnydws

Tablg 2 summarizes .the energy (radiometric) Unniujwl 2-nud wiithnth Ubpluwjwgynud bu Eubingt-

and luminous (photometric) values. tnhy (nwnhnutiinphly) W nLuwght (bninnubiiphl) Wbdnie-
jniuubipp:

Table 2. Correspondence between basic radiometric and photometric parameters.

Energy (Radiometric) Assigned . Luminous (Photomet- Assigned
L Unit . "
Quantities as ric) Quantities as
Radiant Flux o, W Luminous Flux d, Im
Radiant Intensity I, W/sr Luminous Intensity I, Im/sr = cd
Radiance (Radiant Brightness) | L, Wi/sr*m? | Luminance (Brightness) | L, Im/sr*m? = cd/m?
Irradiance, Flux density E, W/m? Illuminance E, Im/m?= Ix

. radiant flux: the rate at which light energy is emitted; this is measured in watts (J/s =W).

. radiant intensity: flux radiated into a unit solid angle, i.e., 1 sr, measured in W/sr = intensity from a point source.
. radiance: radiant intensity per unit of projected surface area, measured in W/sr-m? = intensity from a surface.
9. irradiance (flux density): incident flux per unit surface area, in W/m?.

a o o
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Unynwuwly 2. tubpgbpnpply U intuwghti dGdnigynitiiinh dholi hwdwwwiypwupuwtingsyniip:
EubpgbtwnhYy dhwynpubp Lowuw- Lnwuwjphtu dhwynpubp Lowtw-

(nwnhndGwphl) ynud Uhwynp ($nwnndbnphly) Yynud Uhwynp
Awnwaqw)ew|hu hnup * P Udwn Lnwuwht hnup o8 u
Bwnwgwjpywu Lnyup 3
hunbluhynyepniy » . anjunbn | o by | (W/utntin =Un
Eutipgbuinhy wwjdwnnipejniu ¢ L s/ MuwiSwnniesintu L [J/unbin*d?=

ng wuwyj [e) e unbn*u2 I [3) y L|I’],/L52
Eutipgbiwnhy (nuwynpduwdnipgniu E dun/2 Lnwwynpywdnipgni | E, P

(Gwnwqgqw)ywdnip)nLu) * e

w. Bwnwquypwiht hnup. dwnwquypwd ntuwiht Fubpghuyh pwbwlt E dhwynp dwdwbwynid. wyb swchynid £ Juignuplipny
(R/dply=-ip):

p. Dwnwqujpdwl htppbbupyniginit. dwnwquypuyght hnupt £ Jhwynp dwpduwghti walywt, wyt b Tuppbin-h Gbpunid.
swithdwt dhwynpt ' dy/uiplbin. bywpwapnid £ hagpbbupdnipgniip Yaypught wnpynippg:

q. Lubipglphly wuydwnnipnili. dwnwquypdwt htupbuupynygyniat £ wypnblypndws dhwynp dwlbpbup Ypw. swihdwl
dhwynpt ' dyy/uipline . bwpwapnid E htpbtiuhdnipyniip dwlbnbupg:

n. kLubpgbphly niuwynpdwonysynit (hnupp futpnueynit). dhwynp dwybipbup ypw pulonn dwnwquypdwt hnupl k.
swihdwl dhwdnpt E' dy/iP:

3.3. Performance parameters 3.3. Upynibwybwnnipjuu wwpwdbnpbp

3.3.1. Lniuwphtu wpgqwuhp, |4/4wn

i i i . Lnwuyht wpquuppp, Ywd iniuwpquuppp' K, uwh-
Luminous efficacy, K, defines the efficiency of Swunw £ jnyuh wnpynih wprgniwybnngepniup: Uw
light sources. This is the ratio of visible luminous flux inbuwubih [nwwght hnuph W wnpyniph Ynndhg wipéw-
to radiant flux emitted by a source. In other words, Ywd Gwnwqujedwu hnuph Ubdniejwu hwpwpbipnt-
luminous efficacy shows the lumens generated  pJniUl E: Uy Yipwy wuws, |nuwjht wpgwuhpp gnyg &

versus the total radiation of power. wwihu gbubipwgyws nuftiuubpp’ dwnwqw)jpywsd pun-
hwuntp Eubipghwjh hwdtdwun:

In fact Kcan be reprgsented as| /1,. Combining Pwunnpbt K-u Guipnn £ ubiplwwgyty npubu 1/
Equation 3-1 and Equation 3-5 one gets: bpwp vhwgubiny <wdwuwpnid 3-1-p b <wywuwpnud
3-5-p unwunud tup'

3.3.1. Luminous efficacy, Im/W

Equation 3-7 / <wdwuwpnid 3-7

720nm yeoan 13,73

K =1,/1z = 683.002 Ji=ss0nm V(D (DA ) -
oo Ir(A)dA

Ifl,=1,thenwe have K=K _, where the maximum Gpt |, = 1, www unwund Gup K = K, npuinbin
luminous efficacy is defined as K =683 Im/W — wnwybjwgnyt nuwght wpgwuhpp npnggnud £ np-
only possible for ideal 555 nm light generation wble Km=6§u3 10/ dn, Et?én h‘utl:.me{nn £ thwJUb555 Udg
source. In real life this parameter characterizes P\%uﬁjﬁﬁﬂwt&;ﬂ?ﬂ ?UJu nmu:ungEbu?nrth:Lnnhra&q#fﬂ; l?
any advancement in light source technology, and in Inyuh  wnpjniph gwulwgwsd wbfuuninghwlwt wnw-
fact it currently varies in between 10 + =300 Im/W. opupwgp U, h nbw, ubplwindu wjiu wwwuynd £

10 + =300 (/“wn dhowlwypnid:
3.3.2. Luminous efficiency

Luminous efficiency, E, defines the physical 3.3.2. Lnwuwjht 09%

efficiency of light sources in terms of usual Oq('—)-rntljl‘lehu O°}f1°f'U‘ lll:: ;thllfumﬁ tuLmJUhqw%[ﬂmr:r

t ,W/W This is th ti f visibl diant - wnunwnwjnyw unynpwyw wmnynutigpny,
percentage \ isis e.ra io of visible radian Qun/dun: Ut Elnpuidwquhuwliwt wihputnh Guwnu.
flux to total radiant flux emitted by a source. In

) o . gwjpUwu wbuwubih-Yonwsd hnuph dtdnipjwu W wn-

other words, luminous efficiency shows the portion pniph Ynnuhg wpdwlwd punhwunip bEYupwdwguh-
of power that became visible light versus the total  ywywu whpubiph dwnwquwjedwu hnuph UbSNLEjWU
power of radiation. hwpwpbpnienwt £ W Yepwy wuwd, nwuwhu 0G9-u
gnyg L wwihu hgnpnigjwt wju Jwup, npp dwnwgw)p-
dwu punhwunip hgnpnipjwt hwdbdwwn' puywynd £
npwbu nbuwubih |nyu:
Lwywuwpnud 3-5-hg unwuntd Gup'

Since from Equation 3-5 one gets:
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Equation 3-8 / <wjwuwpnid 3-8

20nm

=Ko [ V(DI (4)dA

I‘v’(,i)lh{,ildﬂ. , as the
Radiant Visible Flux - the power of the light that can
be perceived by human eyes, we get

by denoting lav =

Equation 3-9 / <wdwuwpnmd 3-9

Equation 3-10 / <wwuwpnid 3-10

If I, = I, then we have E = 100%, for the ideal
light generation source, that happens at only 555
nm. In real life this parameter again characterizes
any advancement in light source technology, and
in fact it currently varies in between 2% and about
12%. Easy to see what would be the maximum
efficiency number for a uniform white light, i.e. I_(A)
= |, Within the visible range and 0 otherwise:

Equation 3-11 / Kwywuwpmd 3-11

punntutiny lay = jvu)lhm )d A, npwbu EYnpuw-
dwquhuwlwu whpubph Gwnwqwjedwtu  wnbuwubh

hnup, wyuhtpt’ dwpnnt wsph Ynndhg pulwibih |nyuh
hgnpnteintu, unwuntd Gup'

720nm

E = '!"l’l‘liﬁ' - "14/("“'”115',) - J,i=3‘-¢!(,l.",m

V(D) I (DdAi;
[ le(DdA

Gpb |, = |, www |nyu qEubpwgunn hntwjwlwu
wnpniph nbwpnud unwunwd Gup E = 100%, npp wnb-
nh £ niubunwd dhwju 555 ud nbwpnid: bpwlwu Ywu-
pnid wju wwpwdbnpp Ypyhu punipwagpnid £ nyup
wnpniph gwuwugwd nbfutninghwlwu wnwopupwgp
W, h ntw, ubpluwnidu wju nwwwuynd £ 2%-hg vhusl
dnwn 12% dhowlwjpnid: UYuhwjwn k, np wnwybjwuagniyu
wpryniuwybin phyp hwdwswih uwyhwnwy (nyup hwdwp
I(N) = I, b nbuwutiih dhowlwjpnid b 0' npwthg nntpu:

20 nm

Emax = lrvw / lrw = l-\/'{i)di

3.3.3. Lighting Efficiency or Wall-Plug
efficiency, Im/W, power supply efficiency

Wall Plug efficiency is the ratio of luminous flux
to power consumed by a source. In other words,
it shows the lumens generated versus the total
wattage consumed from the wall plug.

In fact this parameter can be represented as
I/P., where P_is the power consumed. Manu-
facturers usually provide this number for a parti-
cular lighting product. It takes into account also
power conversion losses, e.g. if an AC to DC or
other conversion is needed. If that converter has
n efficiency, then the lighting efficiency will be
luminous efficacy, K, times n, and this is what one
can find in the specs of a manufacturer. If talking in
terms of Luminous efficiency, then total efficiency
would be nE. This parameter is very easy to use
for calculations of the resulting lighting efficiency.

A-390nm

3.3.3. Lnwuwynpnipjwu wpgyniuwybwnipyniu Yud
«099 Jwpnwyhg», [U/dwm, uunigdwu wnpjniph
099

Jdwpnwyph 099-u" nw |nwwihu hnuph tfwwndwdp
wnpyniph Ynndhg uywnqwd Fubipghwih hwpwpbpni-
pintut £: - Uy pwnbipnd, win gnyg £ wiwihu Jupnuwihg
(qwughg) uwywnjwd Jwwnwnbph punhwunip pwuwlyh
nhdwg gbutipwgywsd nwftuubpp: Pwunnpbu wju ww-
pwdtiinpp Ywnbih £ uGpyujwguty npwtu 1/P, npuintin
P_uwywnywd hgnpnipjniut £: Unynpwpwp wpunwnpnn-
‘ufin‘u wju rhdu Gu dwlugond hpbug nLuwnbfuuhyw-
Ywu wpwwnpwuph whunwyubiph ypw: Wuwbin hwayh
Gu wnuynd twl EGYunpwkubpghwih hinfuwybpwne-
dhg wnwowgnn Ynpnwuwnubipp, ophuwy' beb wuhpw-
dbignn £ |hunud thnipnfuwwtu hnuwupp (<L, wugtpbu
AC) thnfuwybpwb] hwunwwniu hnuwuph (<<, DC) L
wjju: Gpb thnfuwybpwhsh 09%-u n k, www [nuwyn-
pnyRjwu wpryntuwybinneniup Yhup ntuwjht wpgw-
uppp' K wuqwd n, b wpwmwnpnnubph dwuuwgpbpnid
hGug uw £ dwyuhoynid: hus YyGpwpbpynd £ [ntuwght
099-hu, www punhwunip 09S Yphubip nE: Uu ww-
pwdtiinnpp gwwn htigin £ Yhpwnbip unwgywd (ntuwynpne-
WU wpryntuwybinnieyniup hwoybiint hwdwp:
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3.4. Laboratory testing

This section addresses the means used for
measurement of light related parameters. It
is necessary to understand, that while human
perception of light is related to the complex
mechanisms of cognition, and these mechanisms
yield certain variability from human to human,
however there are instruments that perform precise
measurements that are unambiguous in their
interpretation. At the same time it is necessary to
mention about the fact that e.g. the cone sensitivity,
Figure 14, as well as overall luminosity functions
Figure 15 are statistical averages. These averages
were obtained by measuring the perception of light
of significant number of persons of various ages
and for both sexes and, as a result, the SLF shape
was build.

3.4.1. Spectrometer

Spectrometer is a device that allows to measure
the intensity or power of radiation depending on the
frequency or equivalent wavelength. The simplest
spectrometer is composed of a source holder, a
prism and a measurement detector shown in Figure
33. Due to the dispersion in the prism the light
from the source is decomposed to its components’
intensities of which are continuously measured by
a detector. This measurement, in fact, yields the
spectrum power distribution (SPD).

3.4. Lwpnpwwnnp swihmdubp

Wu pwduntd Yfunubup [nyuht wnusynn wwpwdbin-
ntph (hwpwgwthbiph) W swihdwu dhongubiph oquw-
gnpddwu Ybpwpbpw: UWuhpwdtion £ hwulwuwy, np
dwpnnt Ynnuhg [nyup puuinwip uwyyws £ dwuwsn-
nulwu pwpn dafuwuhgqdubph htw, b win Gfuwuhqu-
ubipp pbpnw Gu upwu, np wwppbp dwpnyuug dnn
pulwindp Yupnn £ qquihnpbu wwpptipdt, uwluwu
Ywt wyuwhuh 62gphwin gwithhy uwpptin, npnup dhwu-
owuwl GU dtuwpwund wjn wwpwdbwnptipp: Uhu-
unyu dwdwuwy, hwpy £ gk wu thwuwnp, np Ynub-
ph qqujunieiniup’ Lwp 14, huswbu twb punhwunep
(ntuwqguijunyjwu dniuyghwt' ulwp 15, punn Enipjut
dhohu ypdwlwgpwlywu ndjuiubp tGu: Wu dhohtwg-
qwé ngjwiubipp unwgytip tu mwppbip wwpphph b ub-
nh wwwnhwunn qquih pyYny wudwug Ynndhg |nyup
puywindp swihbint dpongny U unmwgywd ndjuiutinp
dhohwgdwt wpryniupnid Ywnnigybip E punhwupwywu
ULS-h Ynpp:

3.4.1. UytYwpndtwnp

Uwtilinpndbinpp uwinp £, npp eny| £ wiwihu swihb
EiGYwmpwdwquhuwlwu  Swnwqwjedwl  hgnpniejwu
Ywiujwdniejniup - wihph  Gplwpnieniupg:  Udbuw-
wwnq uwblnpndtinpp punlugwd £ swthynn inyup
wnpjniphg, wphqiwihg L swihhy nbintluinphg, ntu’
ulwp 33: Mphqdwih dhongny wnwpwnddwu' - nhu-
wbpuhwih 2unphpy, wnpniphg nnpu Bynn ;nyup Yug-
dwindynid £ pwnwnphsutiph, npnug hunGuuhynie)nt-
up uwhnw Yepwny swihynd £ nbnbynnph Ynnuhg:
Pwuwnpbu, wju swhdwu wpryntupnd unwunwd Gup
hgnpnigjwt uwblyupw| pwofundp (KUR):

Figure 33. The prism spectrometer operation principle and the setup.

Note: The source beam and the measurement gauge.

Source/Unpyninp’ http://labs.physics.dur.ac.uk/levell/projects/spectrometer.php ; http://tiny.cc/m8faly

red
e
willorw
Qreen

o

winlel

Upnud: Mpwnpnipynili nuwipdnbip wnpiniphg wpdwlwds thughti b swihhs uwpphi:
Ulwpn 33. Mippquuwht uwblyypnpndlipnph wppuwpwitiph uygpnitpp U uwnnigyuwdpp:
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Figure 34. Visual spectra of incandescent and fluorescent lightbulbs showing the continuous nature of the

former and the linear spikiness of the latter.

Source/Unpnipp'  https://en.wikipedia.org/wiki/Color_rendering_index. http://housecraft.ca/eco-friendly-lighting-colour-rendering-index-and-

colour-temperature

Feryagst
Pk sl pgs

. LT
E
Fa i
N [ &
n o
oy 1
dfaheyun
v Y
1 I._..l ‘_:
L= & |
£
= L

,sffg#ﬂ;ﬁi. |

T
:fJ,lJ-JJJ

Crml PR LT

PR LN P FE

R

Uljwp 34. chywgdwt b ynidpbbugbupught jwdwbinh Gpliwgnn uwblyipnbpp, nppnbn yunGih £ ippbubty wnw-
shup pwpnibwywlwb/wiptinhwy punypep U Gpypnpnh géwiht unngwél punyen:

Figure 34 illustrates the spectra of incandescent
and fluorescent lightbulbs as seen, showing
the continuous nature of the first and the linear
spikiness of the second. Note SPD-s of various
light sources. Also note that all SPD-s are in the
visible range of approximately 350 + 750 nm.

To achieve higher accuracy and to eliminate
the influence of the prism material itself, the
grating spectrometers are developed. Here the
decomposition of the input beam is taking place
due to the diffraction, rather than the dispersion
used in a glass (quartz) prism spectrometer. Action
of a diffraction grating is illustrated in Figure 35.

Lhwp 34-h dwfu Ynndnwd ywuwnybpdwsd tu ohlwg-
dwu b gnwhubugbunwihtu jwdwbph uwbyupbpp, np-
intin Gplnud £ wnwohuh uwhntu punyep W Gpypnpnh
wpunwhwjnjwd unngwdl punypp:  Nwnpnie)nlu
nwpéptp |nyuh  wwppbp  wnpniputiph <UR-ubipphu
uywpp we Ynndnud: Lwl hwpy k ugk|, np pninph <UP-
ubipp gunuynud Gu dnunwynpwwbiu 350 + 750 ud wnb-
uwubh dhowlwjpned:

Yhdpwlghnu gwugny uwbtlyinpndbnpbpp untindyt
Gu wnjwiubiph G2gpninieyniup pwpdpwgubiint bW wphg-
dwjh unieh wanbignieniup Ybpwgubint tywwnwyny:
Wuwnbin dnuinpwjht thugh Yuaqdwinidnidp wbinh £ ni-
ubunud nhdpwlyghwyh, W ng b nhuwbpuhwh unphhy
htswbu wwwyb (Ydwingl) wphquwyny uwblupnudtin-
ptipnwd: Yhppwlghnu guugh wofuwwnmwupp wwwnybip-
quwsé E Lwp 35-nud:
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Figure 35. Diffraction gratings: a. 300 Lines/mm Large Jarrell Ash Fisher Scientific Difraction Grating; b. an
incandescent light bulb seen through a diffraction grating; c. diffraction grating (1) compared to a prism (2); d.

compact discs action as diffraction grating.
Source/Unpynipp’ http://www.ebay.com/itm/like/161522579868

a

Uljwn 35. ‘thpnwlghnt guwuglin' w. 300 ghd/dd Quinty Uy Sholin ghyppwlwt unpnp nhbpwlghnt guiig,
p. nhppwlghnt guiignd Gpluugnn shlwgdwl wdwh (nyup, g. nhppwlighnt gugh (1) hwdbidwipnipnitp
wphquuwyh htp (2), n. Yndwwly vhwdwnwlp npubu nhppwlghnt gutig:

The schematic principle of operation, the setup
and a commercial device are shown in Figure 36.
The modern spectrometers easily allow to plot the
power distribution spectrum with 10 nm resolution
steps, yielding more than 30 readings per SPD.
Certainly scientific equipment resolves much
more, but the cost of the equipment also increases
substantially. Importantly, spectrometers can also
be used to plot the reflectance or transmittance
SPD as well.

Any SPD measured through a spectrometer
can be converted in spectrophotometric
measurement, if the received SPD is normalized
by the standard luminosity function (SLF), which
can be done numerically in the digital device
or in post measurement through the computer.
Another interesting piece of equipment is the
spectrocolorimeter, which can provide the source
colorimetric values in CIE 1931 and 1976 color
spaces, as well as allows measuing the relative
color temperature.

Upfuwwnwuph ufubidwunhy uyqpniupp, Yunnigws-
pp b wpryntuwpbpwlwt twywwnwyny unbindywsd uwn-
pp gnyg tu wnpwsé L{wp 36-nwd: dwdwuwlwyhg
uwtiyunpndbiinptinp eny| Bu twhu hbonniejwdp unw-
uwy (Yunnighb)) hgnpnypjwu uwblwpw| pwofudwu Yn-
ptp' 10 ud (ndnnniuwynigjwu pwyiny' by <UP-h hw-
dwp wpwwpbpting wybih pwu 30 wnyjw)/gnigdntup:
hhwpyt, ghwnwhbunwgnunwlwu  uwppwynpnwfubpp
wwwhnyntd GU 2wwn wybh pwpdp (ndnnniuwynieniu,
uwlwju udwu vwppwynpnidubph wpdbpp hwdwww-
nwufuwtwpwp bd £ Ywpunp £ ugb, np uwblupn-
dtwnpbpp Yupnn Gu ogunwgnpdyb bwle wunpwnwpé-
dwtu gnpdwlgh Ywd npwuudhuhwih (pwihwugbihne-
pjwu) gnpdwlgh <UP-h Ynpbipp unwuwint hwdwn:

Uwblwpndbinph  dhongn swihywd gwulwuguwd
CUR Ywpnn t thnfudt uwblupndninndbinphly swih-
dw, bpt unwgywsd <UP-p unpdwynpyh unwunwpwn
Inwwqgwijuniejwt $niuyghwyny (ULSD), npp Yuntih £
swithnudubpp gpwugtinig hbunn Yuwnwnb) pqwihu Gnw-
uwyny’ pwjht uwnph dhongny Yud hwdwlwngsh og-
uniejwdp: Ujntu hGunwpnpphp uwppp uwGlupnyninph-
dtwnpu £, npp huwpwynpnieiniu £ wmwihu hwoqwnyb
[nyup wnpniph gnibwjunigjwu Yynnpnhuwwnubpp  CIE
1931p. U 1976p. gniuwjhtu wmwpwdpubipnud, huswbiu
Uwle npngb Ynpbugqws (thnfuuiwwlgyws) — gni-
uwjhu opdwuwnphéwup:

Figure 36. Grating Spectrometer schematic, setup and the complete equipment.
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Uljwpn 36. Hhppwlghnt gwlignd uwyblyipppndiypnn' uwppp uputidwpply, Yunniguwépuypti b wdpnnowlwt

wwiplybiptipp:
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3.4.2. Luxmeter

A luxmeter, Figure 37, is a light intensity meter
that is sensitive to the visible radiation range and
is normalized according to the photopic standard
luminosity function, Figure 15.

Figure 37. Luxmeters.

3.4.2. Ljnipudinnp

Lyntpudtiinnpp (LYwp 37) bwfuwwnbudwsd £ nyjug
(htwwppppnn) dwybpunyph ypw (nruwynpgwsdnip)nt-
up swihbnt hwdwn: Wu qquyniu £ wnbuwubih whpny-
pnud, W unpdwynpywd puin unwunwpun dninnuwphy nt-
uwqawjuntjwi $niuyghwih, Lwn 15:

Ulwp 37. Lynipudtippptin:

Since it is normalized per SLF, it automatically
counts for human vision, and delivers the readings
not in energy values but in lux. Usually they have
a silicon photovoltaic conversion sensor, which
covers virtually all visual range. The measurement
ranges from 0.1 + 1 000 000 lux with 0.1 lux step,
which is more than enough e.g. for indoor photopic
measurement.

The luxmeter is easy to use, it also usually has
a number of convenient functions, such as reading
memory, etc. The detector area usually is small
enough to easily understand the distribution of
the illumination. They may cost from a few tens of
US dollars to thousands, depending on accuracy,
sensitivity and functionality. Some luxmeters also
measure luminance in cd/m2.

Interesting to mention that any iOS or Android
device has the capability of installing a lux meter
app that uses the devices camera sensor and
provides measurement. While it may not pretend to
have very high accuracy, but in many applications,
especially those that are straightforward and using
relative values, can be rather helpful.

Unpdwynpywd [hubind pun ULD-h, wju huptw-
ptipwpwp hwpdwpbgwd £ dwpnnt wbunnnigjwp,
U swihnwip wpwwpbpnwd £ ng @ Eubipgbunpy, wy $n-
windtunphly dhwynpubn® gnwpubp: Undnpwpwp npuup
pwnyugwd Gu nnnynjnwihy thnfuwytpwdwu upip-
ghnudwjht [nLuwggquiniu wmmwppbiphg, npnup pungpyntd
GU nbunnnijwu Nn9 whpnypep: Qwithdwu dhowwpp
0.1 + 1000 000 pyntpu £ 0.1 ynipu pwyiny, npu wybih
pwu pwlwpwp k, opptwy’ ubujwynd ninnwhy sw-
thnudubip Yuwwpbine hwdwp:

Lynipudtitnpp htigwn £ ogunwgnndtip: Unynpwpwin wju
ntuh vh 2wpp hwpdwp $niuyghwutin, huwhupp G,
ophuwy' gpwugywsd ndjwiutiph hhannneyniup b wyju:
Lnuwqguyniu tnwppph dwytipiup pwjwlwuhu thnpp
E, npp eny| £ wwihu hbonniegjwdp hwulwuw| |nuw-
ynpdwdnipjwu  pwotundp: Ypwug ghup' Ywiudwsd
Gognpwunnieintuhg U $niuyghnuw) huwpwynpnipniub-
nhg, Ywpnn £ vwutjwy UWU'L nnwputiphg hwutbip hw-
qupwynp nnwpubiph: Ywu uwb gnpudbnp-ww)dw-
nwswthtip, npnup pwgh (nuwynpjwdniiniupg pny) Gu
nwihu swithb] bwl wwidwnniginiup (Yn/u?):

Lbwnwppphp k ugk), np gwuluwgwd i0S Ywd Android
hwdwlwpgny wotuwwnnn uwppnud Ywpbih £ wnbnwn-
nGi ynipudtivnn hwbywsdh dpwghp, npp Ywpnn £ sw-
thnwfubp Yuwnwnb] uwppp wbuwhughlh [Nnuwgguyniu
wmuwpph dhongny: 6L wju sh hwdwlund pwpép 62-
nniRjwl uwnpp hwdwpybnt, vwlwju gwwn nbwpb-
pnud wyn hwybywop Ywpnn £ pwwwupt ogunwlwn
(hut] hwwnywwbu wwpgniuwy, Ywd hwpwpbpwlwu
swithnwfubip Juwnwptjhu:
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3.4.3. Testing laboratory for lighting devices
and photometry: Integrating Sphere

In order to measure the total flux of energy or
light provided by a light source, integrating spheres
are being used (also known as Ulbricht sphere).
As the name hints, the function of this sphere is
to integrate spatially all rays coming out of a light
source, so that measurement becomes universal
for all light sources and provides repeatable,
consistent results. While any light source may have
certain directionality as shown in Figure 38, which
varies from one source to the other, the integrating
sphere allows smoothing through diffusion all the
directional non-uniformity of the rays emitted of the
light source.

3.4.3. Lnuwynpdwt uwppbph b $nunndbinphly
swihnwfubph jwpnpwwnnphw. hunbkgpnn $nwnn-
dtinphy qniun

Lnyuh wnpnipp Ynnuhg wpdwyqwsd punhwunip
Lubpghwih Ywd [nyup hnupp swihbint hwdwp ogunw-
gnpdynd E punbgpnn $nyindtynphly gnitinp (bwl
hwjnuh npwbu Nyppppupph gnian): Puswbu hnpnud |
wuntup, wyn gniunp huinbgpnud £ hp ubipunwd nyup
wnpniphg nntpu Gynn pninp wnwaquw)eutipp: Lwup
np gwulwgwd [nyuph wnpnp ntuh npnawlh ninnnpn-
woénipniu, huswbu gnyg £ wnipdwd uwp 38-nud, $n-
wndbnphy gniinp nhdnighwih U hp Gplpwswthwlu
&up punphhy [(nyup wnpniphg wpdwlyyws dwnwaquwe-
ubtipp hwjwuwpwswih yGpwpwtunid £ hp ubippht dw-
Yplnyeh dnw:

Figure 38. Light directional non-uniformity for various types of sources and fixtures.

Source/Unpynipp" http://www.intechopen.com/books/international_journal_of_advanced_robotic_systems/design-and-analysis-of-an-
underwater-white-led-fish-attracting-lamp-and-its-light-propagation, http://es.slideshare.net/juanquispe/I-luminotecnia-12002847.
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Figure 39 schematically shows the photometric
integrating sphere. Light source and detectors
through ports in the sphere are inserted inside.
Due to highly diffusive material of the sphere, such
as magnesium oxide or barium sulphate, up to 25
diffusive reflections take place before the light is
fully absorbed. The diffusely reflected light rays
reach every small unit area on the internal surface
with high uniformity — including the detector. The
baffle (deflector) is in between the source and the
detector to prevent illumination by direct primary
rays that generally are non-uniform.

Figure 39. The integrating photometric sphere.

Note: The baffle (deflector) blocks direct illumination of the detector.

Llwp 39-nud upubdwnhynpbt wwwnybpws £ hu-
wbgpnn-$ninindtnphy  gniunp:  <wwnnly  nnuwlub-
nh dhongny nyuh wnpynipp b swihhs wwippbipp k-
nunpynud Gu qunh ubpund: Sunh ubpphtu dwytp-
unypp wwwywsd b pwpdp wunpwnwpdunn b gpnn
hwuwnyejniu niubignn ujniebiph, oppuwy' dwqubighnt-
uh opuphnh Ywd pwphnudh unydwnny: pw unphhy,
(nyup dhusle 25 ubipphu nh$nighnt wunpwnwpénw
Ywuwwpnid, dhus [hnypu Yuuybp: “Hhopnig gpnwdng
wunpwnwpdjwd dwnwqwjpubpp pwpdp hwdwubin
pw2fujwonipjwdp hwuund Gu qunh ubippht dwytipb-
lnyph jntpwpwugnip thnpp hwindwsdhu, wyn pynid’ nb-
wbywnnphu:

Upmud. Uhglinpdp (nbipibilyipnpp) thuwynid b inyup wdhowlwt wiynidp nipblypnph dpuw:

Ulwp 39. btupignnn-pnipndtippphly gnitinp:

The integrating spheres internal surface
usually has uniform and well-known frequency
response in the range of near IR to near UV,
which makes them perfect for luminance related
measurements. However, for a BBR source
total energy measurement may require several
integrating spheres to cover this inherently wide
range. E.g. gold plated integrating spheres are
also used for infrared range. Another requirement
towards any component inside the sphere is not to
generate photoluminescence. The latter causes
extra radiation beyond reflection and diffusion,
usually out of the light source emission range.
Naturally, there is a requirement towards the area
of the ports, which should not exceed 5% from the
total internal area of the integrating sphere. If a port
is not used, a cover coated with the same material
as the internal surface caps it. Naturally, integrating
spheres can also be used for accurate transmission

Npwbu Ywunu wuhwdwubn' wnwouwjhu ninhn 6w-
nwquwjpubph Ynnuhg wudhowlwu nuwynpgwdnt-
pIntup Ywufubnt hwdwp wnpniph b nbinblyunnph dhol
wbnwnpynd £ dhounpd (nb$|GYwnnn): huwnbigpnn $n-
wndbwinphy qunbph ubpphtu dwytpbup unynpwpwp
hwdwubin b jwy hwjnup hwbwluwhu punypwaghp ni-
up' dnuinpYy hY-hg dhusle dninhy NRU dhowYwypnid, npp
(nuwynpqwodnypjuup wnusynn swihnwdubph hwdwp,
npwug Ywuwwpjwy dhongh £ dbpwoénd: Uwlwju, UUB
wnpniph punhwunip Eubipghwjp swihnifubph hwdwp
Ywpnn Gu dh pwuh hunbgpnn-inwwgswiphy (Nippptu-
wh) quntip wwhwugyt Udw jwjl dhowlwpu pungp-
Yt hwdwp: Oppuwy, nuybwww hunbgpnn dnun-
dtwphy qunbpp oguwgnpdynd Gu uwl hu$ppwlwp-
dhp whpnyph hwdwp: Sunh ubpunwd ginuynn guuyw-
gwd pwnwnphsh tyuwwndwdp Yw Lu Bl wwhwuy. wju
swbinp £ wnwowguh dnuinnpnidhubugbiughw: Ybpohuu,
wunpwnwnénidhg U nhpnighwihg pwgh  |pwgnighs
dwnwaquwyend £ wnwpnid, npp unynpwpwn gunuynud £
(nyup wnpniph (Nuwpdwydwu whpnyehg nnpu: Pw-
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and reflectance measurements, shown in Figure 40. gh wjn, [nyuh wnpniph swihbpp swbwp b gbipwquu-
To plot the directional diagrams shown in Figure 38, gtiu huinbigpnn $nuinndiinphy qunh ubipphtu punhwunip
black, non-reflective, non-diffusive internal coatings ~ dwltipuh 5%-p: b nbw, huwntigpnn Hnnndtinphy
are used with a goniometric setup, i.e. the detector ~ dunbipp wpnn &u Yhpwnyby bwl unieh npwudhuh-
can be moved to angled positions. Nt (pwthwugbihnieiw) U wunpunwpddwl gnpdw-
Yhgutiph wpdtiputinp é2qnhun gwithbnt hwdwp, huswtiu
gnyg b wnipqwé uwp 40-n1d:

Figure 40. Integrating sphere used for transmission and reflectance measurements.
Source/Unpynipp’ https://en.wikipedia.org/wiki/Integrating_sphere

tnyuh wnpynip 5 Light source (nyuh wnpynip & Light sourca
Test samp npéwudng)
Uhounnd £ 5 uhonpd
ptnniths % punniths
Detector Delector
Reflactance standard Testsampia
Ewmwnuwjht udny (unniquiudng) thnpéwtdni
a, m b, p

Ulwn 40. Spwbudhupuwih b wanpwnwnpddwt gnpdwlgh swihnidubph hwdwp Yhpwnygnn htinbgnnn pniypn-
dtiiphly gnitinp:

Figure 41 shows laboratory photometric Lhwp 41-nd ywunybpgwsd U wnwppbp swihbph hu-
integrating spheres of various sizes. The sizes nbgpnn $nindbinphly qunbp: Ywug swihbpp Yupnn
vary between few tens of mm to several meters. U tnwwnwuyb Uh pwuh nwutywy dd-hg dhtgl dh pu-
Naturally the larger devices are heavy and relatively up dbnpp: Nppwt UbS £ uwppp, puwlywlwpwn, wu-
expensive. pwu pwndn £ npw pwap U ghup:

Figure 41. Integrating spheres of various sizes.

Ulywp 41. Swipplp sunpliph piupgpnn nipndtipphly quntp:
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Figure 42 shows luminous (Im) and radiant
(W) power detectors that are designed for the
total photometric or radiometric flux measurement
of spot and beam emitting light sources like fiber
light guides, endoscopes, lasers, LEDs and laser
diodes.

Liwp 42-nid wwwybpdwd Gu  nuwghu (d) L
dwnwagwjpwihu (Yw) hnuptipph nbnblywnnpubpp, npnup
Uwjuwwnbuwd Gu dwupwpebjwiht |nuwwwpubph, tu-
nnuynwubiph, |nuwnhnnh udwu' Yenwhu b hugwhu
dwnwaguwjplubn wpdwynn |nyuh wnpnipubph punhw-
untp pnuinndtiinphy b nwnhndtnphy hnupbpp swihbine
hwdwp:

Figure 42. ISD-5-VL Luminous Flux Detector ISD-5-VINIR Radiant Power Detector by Gigahertz-Optik

(Germany)

Source/Unpyninp’ http://light-measurement.com/integrating-sphere-detectors/

d

Uljwip 42. ISD-5-VL iphuwp nuwghte hnupp nlippGliyanp, 1ISD-5-VINIR ipnhwp LiGhinpwdwqtpuwlwt Eupghugp
dwnwaquyjpdwl hgnpnipjwt nbinbliynn, Gigahertz-Optik (Fapdwipw)

The I1SD-5-VL Luminous Flux Detector serves
for spot light sources like fiber light guides and
endoscopes. 50mm diameter integrating sphere
with 12.5mm measurement port and ODP97
Barium Sulfate coating. Calibration in Im.

The ISD-5-VISNIR Detector serve for radiant
power from 400 to 1000nm of narrow beam type
sources. 50mm diameter integrating sphere with
12.5mm measurement port and ODP97 Barium
Sulfate coating. Calibration in W.

The detectors are supplied with a 2m long
coaxial cable for use with Gigahertz-Optik’'s range
of optometers. Internationally traceable calibration
& certification of luminous flux in Im and radiant flux
in W within the specified spectral sensitivity range
is provided.

ISD-5-VL wnhwh |nwwjht hnuph nbwunblynnpp tw-
fuwwbudws £ nyup Ybwnwhu wnpnipubph hwdwp
npwhupp GU Jwupwpebjwht (nwwwpubpp b Eunnu-
Ynwubipp: Wu, 50dd huwnbgpnn-|intuwswihhs gniun ,
12.5dd swithhs pwgywdpny b wwwnywd £ ODPI97 pwnh-
nwth unydwinny: Quithwpbipnudp' d-ny:

ISD-5-VISNIR whwh Swnwqwjedwlu hgnpniejwu
nGunblyunpp twuwwnbuywsd £ 400-hg vhusk 1000 ud
thugwjht wnpjnipubph hwdwp: hpGuhg ubpywjwgunwd
E ODP97 pwphnidh unydwnnyg wwndwd, 12.50d sw-
thhs pwgywdpny S0dd huwnbigpnn-|intuwswithhs gniun:
Quithwpbpndp' Yun-ny:

Wn nbwblywnnputpp hwdwipwsd tu 24 Gplwpne-
pjwlp vhwwnwugp dwintfuny, npp Gigahertz-Optik-h
owwnnutinptiph htin dhwuwnt huwpwynpnijniu niup:
Nuwy £ Yuwwpbp uybyunpw) gqujunigjwt uwhdw-
ywd nhpnyeh dhowywpnid [u-ny wpnwhwjnywd |ni-
uwjht hnupph, b Yw-ny wprnwhwjinjwsd dwnwaqw)e-
dwu hnuph dtdnypjwlu, dhowqgqujunpbu gpwugywd
unpwdwswthwpynd b wpnnuwagpnid:
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ARTIFICIAL LIGHT
SOURCES

Artificial light sources allow adding following

fundamental benefits for human activities:

1.

Prolong the active hours beyond the daytime,
which is especially important at geographic
areas that are further from the Earth equator
and closer to the poles. Within polar circles
in winter season, there is the so-called “polar
night” taking place at durations of up to 6
months (Figure 1).

Allow illuminating urban areas and streets, to
provide nighttime traffic, and other activities
(Figure 2).

Allow 24 hour, e.g. 3-shift operation of industrial
and commercial entities, illumination of spaces
that do not have windows.

Allows aesthetical and architectural expression
at nighttime, plays important role in all arts,
especially the visual ones.

ur<sUsuuuuv LNh3Uh
U1r3NkLEN

UphGunwlwu (nyuh wnpnipubipp dwpnne gnpdnt-

ubinigjwup uwywuwnnid Gu htinlyw| hhduwpwp wnwyb-
[nypyntuttiph vhongny.

1.

8tpbyw dwdbphu gnudwpnud Bu wywnphy dwdbn,
husp hwwnywwbiu Yuplnp £ wouwphwgpuwlwt wju
qujptpnud, npnup hwuwpwlwdhg htinne Gu b wybih
dnin Gu plubnubphu: Qdnwup, pubnwihu gnunpub-
pnud wjuwbu Ynsywd «plbinwghu ghotipubpp» nlinid
Gu dhusl 6 wdpu (Lwp 1):

Lnwwynpnud Gu puwlybih Juypbpu nu thnnngutipp’
ghobpwihu GppUubynieniu W wy| gnpdniubinientu
wwwhnybnt hwdwp (LYwp 2):

Upryntuwpbpwlwi b wnliinpwiht tnunbuwydwpnn-
ubiphtu huwpwynpnigyniu Bu wiwihu 24 dwdjw' 3
htippwhnfuny wo2luwwmwup, huswybu twl |Nuwyn-
pnud GU wwwnnthwuubp sniubignn nmwpwépubipp:
Cuwpwynp U nwpdund gbinughunwlwu U Gwp-
nwpwwbunwlwu wpnwhwjnswdhongubiph ogunw-
gnpdnudp ghobipdw dwdbiphu, Yuwplnp nbp Gu Yu-
nwpnd pninp wpybunutpnd hwnwwbu  Yap-
wwpybuwnnid:

Figure 1. Svolveer, Norway, in winter (Photo: Arctic Wilderness Experience)

Source/Unpynipp' http://www.nordnorge.com/en/hunting-the-northern-lights/?News=131

Ulwp 1. Ypplipuyhte Udnidwbinp, Unpylighw (intuwtiyuipp’ Arctic Wilderness Experience)

Figure 2. The Cool and the Warm. Yerevan at twilight — blue hour. Photo by author (A.H.).

Uljwp 2. Swp b uwnp: “Gplwup dplipwnpl’ Gpluwgnyt dwdbp’, inluwbyupp' htinpuwlp (U.<.):
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Figure 3 shows the nighttime composite picture Llwp 3-nd gnyg £ nipdwd 5pyph ghotipwiht wywun-
of earth, urban areas illuminated by artificial light ~ Ytipp' pwnwpwjhtu Juypbipp niuwynpwd Gu wphbu-
sources. In fact, it is interesting to mention that at ~ Wwlwu nyuh wnpnipuipny: <Gwwppphp £ by, np
any particular location artificial lighting is also ~ 9wuljwgwd wwpwdpnid wphbunwlw  (nwuwynpnt-
reason for the so-called “light pollution”, which ~ RINUD pun Enipjuit Uwl «nuwght wnunnngudni-
affects health!, as well as for a number of pIntU» t1 wnwgwgnu, npl wannw £ hligwbu: wnnn-
applications, such as e.g. astronomy, where light onupjuil, wjtiytiu £ dh awinp Ghpwnwlul ninpuntt-

: : . nh Upw, hugwhuhp b, ophtwly’ wuwnwghwnniejniup,
pollution prevents using the full output of optical npinbin (nwwiht wnunnywdnipniup eny| sh wwihu

telescopes. (hwpdtipnpbu oquwgnpdt; owywnhywlwu wuwnnwnh-
wnwlubipp:

Figure 3. Night time composite picture of the Earth

Source/Unpynipp ' https://len.wikipedia.org/wiki/Lighting

Ulwn 3. 6pyph ghpbinuyhte wwipnlbpp:

Figure 4. Examples of interior lighting.
Source/Unpynipp " https://goo.gl/6AHL7t, https://goo.gl/zZmbpV, http://www.decoist.com/2013-05-16/top-10-tips-on-designing-a-space/.

Ulwn 4. Lbppht intuwiydnpnipywit ophtiwlyuln:

1 See Chapter 7 for more on this topic.
Uyu pbdwjh dwuht wybiiht wbu Sniu 7-p:
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For comfortable evenings, a well-lit interior
is necessary. There are well established norms?
for interior lighting that follow a number of health
and comfort requirements including those
related to the required amount of light, its color
temperature, directionality, e.g. not to blind by
direct rays striking eyes, etc. Figure 4 illustrate
well-designed lighting in interiors.

1. Description of light sources

Light sources in general are devices that
convert certain type of energy input into visible
electromagnetic radiation output, i.e. light.

Energy sources for lighting historically have
started from burning wood, followed by use of
candles, then kerosene and natural gas (Figure
5), and then leapfrogged to the electricity use.

The latter have brought comfort, convenience
as well as higher efficiency. The efficiency race
continued for various electric light sources: from
incandescent to fluorescent, arc and finally
light emission diode lightbulbs, every transition
marking a substantial improvement. Currently
numerous technologies are being used for
lighting, as well as for all applications that need
some type of photon flux, e.g. for numerous
industrial and scientific applications.

Thus, while being the most important factor,
efficiency is not the only decision variable for
providing comfort and fit for use.

In this section, we are listing all relevant
variables, for later application to characterize
each type of light source technology. See also
Chapter 1 for physical principles underlying most
of the used concepts.

Gpbynjwu dwdtipht hwpdwpwybunnyentt unbindtnt
hwdwp wuhpwdbon F wwwhnyybi| nwpwédpubiph puydw-
pwp (nuwynpnieiniu: LEpphtu W wpwnwpht (NLuwynpnt-
Pjwu hwdwp Ywu uwhdwujwd unpdtp?, Glubiny wnnn-
swwwhwlywu, wuynwugnipjwu W hwpdwpwybunnipjwu
uh 2wpp wwhwugubiphg: Hpwug pynwd GU |nyuh pwuw-
Up, gnyup oipdwuwmnphbwup, ninnnpnywdnipintup (opp-
uwy’ wju swhwnh Ynipwguh-giuguh wspbipht pulunn ni-
nhn dwnwaqwjeutipny, U wyu): Lwnp 4-nd WwnybpJws
GU (wy (nuwynpnipjwdp bwuwgdywd hunbphtipubn:

1. Lnyuh wnpynipubpph punipwgpnudp

Cunhwunip wndwdp, [nyuh wnpnipubipp uwppbp
Gu, npnup tubpghwih npn2 wbuwyp hnfuwybpwynd Gu
EiGYunpwdwqupuwywu nbuwubh dwnwquw)putiph, wj-
uhupt' (nyuh:

Lniuwynpnipjwtu hwdwp ogquwagnpdynn Lubpghwip
wnpnipubpp wwndwlwunpbu ubyphgpe BU wnbp ghwjn
Jwnbinig, npwu hbwnlb; Gu dndbpp, wjunthbnl' Yepn-
upup b pwlwt quqp (Lwn 5), nphg htinn enhgpuht
wugnd £ inbinh niubigh| nbwh EiGYunpwtubpghw:

Jdbpohuu hp htwin  pbpbkg  hwpdwpwybwnieniu,
Yhpwndwt  vwywwnwlwhwpdwpnieiniu, huswybu  twl
wyblh pwpép  wpryniwybunniginiu: - Upryniuwybinne-
pjwu dpgwppwyp  pungpltig pninp ElEYwnpwlwl inyuh
wnpjniptibipp’ ujuwd ohywgdwt jwduwtinhg dhugl ynwh-
ubugbunwihu, wwpwnwihu b, yepowwbu, [ntuwnhn-
nwjhu (wdwbpp, pun npnwd Jnipwpwgnip nbfuuninghw-
Ywu wnwepupwg hp hbwn pbpnud Ep bwywu pwpbuyned:
LbpYywynudu (nwuwynpnigjwu, huswbu twle Sninnuwihu
hnup wwhwugnn uwppwynpnidubiph hwdwp Yhpwnyned
GUu pwqlwpehy wbluuninghwubp, Jwutwynpwwbu, wp-
ryniuwpbpwlwu b ghrnwlwu vpwuwynipjwt pwqdw-
ehy uwppbpnid:

Upryniuwybwnnigyniup  (hubin wdbtwywpunp gnp-
onuu, wyunthwunbipd dhwly npnohs hwpwswihp sk, hwp-
dwpwybwnigjwtu b Yhpwndwt tywwmwywhwpdwpne-
WU nbuwuyntuhg npnand punniubnt hwpgnd:

Wu pwdunwd pqwpyyntd Gu pninp wju hwpwswthbpp,
np htnwqw pwdhuubipnwd gnpdwdybint Gu jnipwpwt-
gnip (nyuh wnpjniph wnbifuuninghwt punypwgpbint hw-
dwp: Wn wnbjuuninghwywu ndnifubiphg owwnbiph hhd-
pnud npwd Shghlwlwu uygpniupubipp nbiu uwlbe Fynifu
1-nud:

Figure 5. Burning wood, use of candles, kerosene and natural gas lamps.
Note: consider the modern and very expensive natural gas burning lamp, 2nd raw, 2nd from the left
Source/Unpyninp’ http://shophorne.com/content/ships-kerosene-lamp-small.

2 See Chapter 3 for more on this topic.
Wu ptdwih dwuht wybihtu nbu Snifu 3-p:
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Upnud. nipwnpnieinit nuipdpbip pbwlwt quq wypnn' dwdwbwlwlhg U pup pwblundbp wdwpt, 2-pn pwppnid, dwiupg 2-pnp:
Ulwn 5. @uwyiph, dndh, Yapnupbp b pbwlwi quq wypnn jwdwbiph ogywgnpdénidp:

1.1 Operational principle

Denotes the physical principle behind the
energy conversion. Before the electricity era mostly
chemical energy of combustion have been used
for lighting, thus the sources of input energy were
various fuels, as mentioned above — burning of
wood, paraffin of the candle, or kerosene or natural
gas in a lamp.

With electricity use, most of the light sources use
one of the three fundamental physical principles:

» Black body radiation (BBR);

* Radiative quantum-mechanical transitions
between atomic energy levels.
+ Discharge between two electrods with big

electrical potential difference.

However, each type of the light source has its
own peculiar mechanism behind the phenomenon
for conversion of power to light.

In all of the cases, the operational principle
defines the spectral power distribution (SPD) of the
light source.

1.2. Luminous efficacy: lumen per watt, Im/W,
Spectrum Power Distribution — SPD

Luminous efficacy defines the efficiency of light
sources (see 3.3.1 “Luminous efficacy: lumen per
watt, Im/W” section of the Chapter 1). This is the
ratio of the two following parameters:

1. luminous flux: the total light flow of the source
in lumens obtained by multiplication and
subsequent integration of the spectral power
distribution (SPD) of the source by the human
photopic luminosity function (sensitivity or SLF,
Figure 6) and a coefficient, as described in
Equation 3-5 of the Chapter 1;

2. the total radiant flux emitted by a source, i.e.
the integral over all radiation frequencies of the
SPD of the source Figure 7, as described in
Equation 3-1 of the Chapter 1.

In certain context by luminous efficacy, the ratio

1.1 Ujuwwnwuph uyqpniupp

Pwgwhwjwnnd t tubpghwih thnfuwybpwdwu hhd-
pnid  puwd  Pphaghlwlwu  Gpunypeubtipp:  Lwfupwu
ElGywnpwEutinghwih - nwpwgpowp,  inwuwynpntyejwu
hwdwp hhduwlwunwd ogunwgnpdynid Ep wjpdwu pp-
dphwlywu Lubipghwu. wjuwhuny, dnunpwihtu tubipgh-
wjh wnpjnip Ehu hwunhuwund Junbhph ybpp updwsd
nwppbp wbuwyubpp, opphtwy’ Junbjwthwynp, dndh
wwpwdhup, wdwbpnd |gwsd Ytpnupup Ywd puw-
Ywu quaqp:

Eltyunpwtubpghwiny wofuwwnn |nyuh wnpnipub-
ph ytd dwut ogunwgnpdnid GU htiwlyw) tpbp hhduw-
nwn $hahlwlut uygpniuplibinhg dblyp
o Ul dwpdup Swnwquendp' UUT,

o Uwndubpp Lubipgbimhy dwlywpnwyutpph dhole dw-
nwaquw)enn pywuwnwihu wugnfubpp:

UwYwju |nyup wnpniph  jnipupwtsnip inbuwy’
Lubpghwu [nyup thnfuwybpwtint Gpunyeh hhdpnud
puyws £ pp nipnyu dbfuwuhqdp:

o Mupwnud EGYwpwlwu  wynwbughwubph  Jbé
wmwppbpnigjwdp Gpyne fiEYnpnnutph dhol:

Pninp nbwptipnul wfuwwnwuph uygpniupp npnzhy
E nyuh wnpyniph hgnpnugyw uwblupw pwpfudw
(€UP) hwdwn:

1.2. Lnuwpgwuhp' gnudu/Jumnn’ (d/dn,
hqnpnipjwt uwyEYwnpw| pwotundp - KUR

Lnwwpqwuppp npnanud £ nyuh winpinipuph wip-
ryniuwybuinnipyniup (nbu Snifu 1, pwdhu 3.3.1 «Lnt-
uwjhu wpquwuhpp, [4/4wn»): Uw hGinlyw) Gpynt ywpw-
dbwinpbph hwpwpbpniejnauu £
1. [nwuwygpht hnup' wnpniph  punhwunip  nbuwubih

hnupp wpunwhwjndwd ynwbbtbpny. unwgynud

Swnwaquwyenn hgnpnigjwt  uwbyunpw| pwotunwdp

(€UPR), pwguwwwuwnlybing dwpnnt $nnnwhly -

uwqqujuntejwu dniuyghwiny (ULD) b gnpdwlygny

(Lywn 6) U hweonpnhy hunbgnptiny, nbu Lwjwuw-

pnud 3-5, Gnifu 1,

2. Jwwnwnbpny wpunwhwjnywd wnpniph Ynndhg wp-
dwlyyws punhwunip wnwaqw)ew)hu hnuph ytdni-
pjnLup, wyjuhupt' wnpjniph  hgnpniejwu uwbyunpuw
pwofudwu hunbgpw(u pun Swnwqwjedwlu pninp
wihpubiph, Lywp 7, nbu Cwjwuwpnd 3-1, Hnifu 1
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of luminous flux to the power consumption of the
source is meant, in Im/W.

In other words, luminous efficacy shows
the output of the visible light versus the total
radiation (or consumption) of power.

In fact, this parameter characterizes any
advancement only in efficiency of light source
technology.

Currently this parameter varies between 5
— 200 Im/W for the ratio of luminous flux to the
power consumption of the source — across all
various technologies, starting from incandescent
to modern light emission diodes (LED).

SPD also defines if the source has any
unwanted radiation, such as e.g. UV, which
negatively affects health.

Asithas been mentioned, behind each lighting
technology is laying a physical principle that
eventually defines the spectrum of the radiation
and the luminous efficiency of the source, and
most of them are based on black body radiation
and radiative quantum-mechanical transitions
in the atoms or ions. For lighting purposes, it
is always important to stress that quality and
efficiency of light sources are defined through
the sensitivity spectrum of human eye. This
sensitivity curve is called standard luminosity
function, as shown in Figure 6 (repeating the
right hand side picture of Figure 15 of Chapter 1
for convenience).

Lnuwpqwupp wubiny npnawyh hwdwwnbpuwnnid hwu-
Ywuntd Gup unwgywsd nuwhu hnuph hwpwpbpnieniup
wnpyniph Ynnuhg uwwnywd Lubinghwiht dhwinp dwdw-
uwynwd, wpnwhwjnywsd [4/dwn-ny:

W Ybpw wuwd, |nuwpgquuppp gnyg £ wnwhu wp-
ryntupnud  unwgynn  wbuwublh nyup pwuwynieniup’
Swnwawjpywsd (Ywd uywnywd) wdpnne Lubipghwjh hw-

dwin:

hpwlwunud wju wwpwdbnpp  (hwpwswihp) punt-
pwapnwl £ nYy nuwwnbfuuhywlywu wnpjniputiph 08S-hu
wnusynn dtinpptipnidutipp:

Unpyniph Ynnuhg uwywnynn tutinghwih nhdwg unwg-
wd [nuwiphu hnuph hwpwpbipnijwu wpdtpp pninp wnw-
pwwnbuwl wbluuninghwubpph hwdwp' uuwd 2hlywgdwu
(wdwbphg dpush dwdwuwlywyhg [nuwnhnnutpp (LY,
ubipyuynidu tnwwnwuynd £ 5-200 (d/dun dhowlwypned:

CUP-u twl npnonud &, el wprynp wnpjnip wnwowg-
unud | dwpnnt wnnnontejwup quwunn npblk wugwulwih,
ophuwy' MU (nyunpwdwunipwlwagnyu) dwnwgquwjpenid:

huswbu wpnbu udb) kb, gwulugwsd nuwwnbfuuhlw-
Ywtu uwpph wofuwwnwuph hhdpnud puwsd £ npnawyh $p-
ghywlwu Gpunype, npp npnanud £ wnpjniph dwnwgwye-
dwt uwytYunpp W nuwiht 099-u, hhdujwsd pwugwnpdwy
ult dwpduh Swnwquwjepdwt W wwnndubpnd nu hnuubpnud
dwnwagwjpenn pywunwiht wugnwfubph ypw: Gpp funupp
Ytipwptpnud £ inuwgnpnigjwup, www dhon b uplnp §
obiginti|, np |nyuh wnpjnipph npwlu nL wpryniuwybnniegynt-
up npnaynid GU dwpnnt wisph (ntuwgqwjuntjwu uytyun-
nh dhgngny: Yplubup, np nwwqqujunyejwu win Ynpp
Yngynd £ unnwlnwpun  [nuwqquiunipjwu $niuyghw
(standard luminosity function SLF - UL®), huswbu wwwn-
Ybpywsd £ Lwp 6-nd (hwpdwpniejwu hwdwp Ypyunid §
Qntfu 1-h Lwp 15-p):

Figure 6. Overall spectrum of human perception of light intensity, or in other words standard luminosity function,

the horizontal axis is in nm-s.

Note: consider the Scotopic (blue) and Photopic (red) cases; the peak of the Photopic, i.e. bright conditions sensitivity is at 555 nm

Source/Unpnipp’ https://icommons.wikimedia.org/wiki/File:V-lambda-phot-scot.svg

L

Upnud. niguinpnipynit nuipdplip ulnipnuhly Guid ghpbipughti’ Yuwnyy b Snipnwhly yupdpp Ynplipht: Snippnwhl, wiuptipl' gipbluyht
[ntuwynpnipwl wuydwbbbpnid Ynph iniuwqquipbingeywt dwpupdnidp, 555 ud Ypw £:

Ulwp 6. Uwpnnt' inyup ptupbtiupynipyuts pblywidwt wdpnng uwblppp Yud, wy Yepwy wuws, upwbnwpg
(ntuwiqquigbinipywit pniblyghwiti. hnphgnbwlwt wnwiagpt wpypwhwyindws £ ud-ny:
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Figure 7. Spectral power distribution of an incandescent source of light.
Note: Consider the overlay of the photopic luminosity function, defining the luminous efficacy.
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Upnud. Skubip pl ptnwulitip nppwt £ Yapwdwdynidp' intuwipquiuhpp npnpnn dnyinwhly intuwqquigtingaywit pncilighugh htp:
Ulwpn 7. Chywgdwt jwdwh inyup wnpniph hgnpnigywtn uwblppuwy puwppunidp:

Every light source performs the following
stages from electric power supply to luminous flux
of photons:

1. Electric power supply from the grid or source
to the radiant flux generation component

2. Radiant flux generation component, where
conversion of electric power to radiant and
luminous flux of photons takes place

3. Delivery of the luminous flux to target space
via shell or optical elements

This is illustrated in the following diagram (Figure
8).

Lnyuh gwulwgwd wnpjnip Eiyunpwlywu uunignidhg
dphusle $nuinnuuiph nuwght hnup wugunud £ hGnbyw|
thnytipp.

1. gwughg Ywd uunigdwu wnpniphg EGYwnpwtubpgh-
wjh dwunwlwpwpnudp (nuwihtu hnup dwnwaquw)jenn
pwnuwnphsh,

2. |nwwjht hnup Gwnwgwjenn pwnwnphsp, npwnbn
ElGYunpwywu Eubipghwt thnfuwybpwynid £ EjGYunpw-
dwquhuwlwu tubpghwih dwnwquwjpdwu W $ninnu-
utipp hnuph,

3. |nwuwjhtu  hnuph ninnnpnywénipjwu  duwynpnidp
wwwjwuh Yud owywnpywlw Edtunubph dhongny,
wju uywwnwlwuntin hwugubint hwdwp:

Uw wwwnybpywsd E unnpl pEpwé piny ufjubdwynid:

Figure 8. Light source diagram showing stages of conversion from electric power to luminous flux. In this case

a power supply AC-DC adaptor of 12V is shown.
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Ul 8. Lnyup wnpyniph pnly upubidwts gnyg £ ippuipu Gielppuwlwt Fubpghuwghg inwuuyght hnuph thnfuw-
banwdwi thnybipp: Uyu opptiwuynid utinighsp 124 thnihnfuwlwts hnuwbip - hwugpwigpni hnuwtip (P<-<<, Up-

owqquyhti tipwbwlynidp' AC-DC) thnpuwplps £

Each stage of energy conversion has its losses
and efficiency. The unit that describes overall
efficacy is also the lumen/watt. |. e. in order to
receive e.g. 100 lumens of luminous flux it might
be necessary to consume 15 watts of power. This
will correspond to 6.7 Im/W. Higher is this number
of lumens per watt of supply, more efficient and
efficant is the light source.

Eubpghwih  thnfjuwybipydwu  jnipupwtgnip thny
ntup hp Ynpnwunubpu nt 09S-p: Cunhwunip wpgwuhpp
gnyg nynn dhwynpp unyuwbiu [4/dwn-u £: Oppuwy 100
pnwitu (nuwght hnup niubignn jwdwp Yupnn £ uywnt)
15 Jwwwn hgnpnipyniu: Wyn nbiwpntd (ntuwjhtu wpguwuh-
pp Yhuph 100 (4/154wn, Ywd 6,7 [4/dwn: Nppwt pwpép k
uywnywsd vty uwninhg unwgynn ynudtuubiph pwuw-
Up, wyupwt wybih pwpdp £ jnyup wnpjniph wpnyniuw-
ytwnieiniup b (ntuwipguuppp:
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1.3 Correlated Color Temperature and
Color Rendering Index

Next most important characteristics for urban
lighting is the one related to color fidelity that the
light source provides. Overall cast that any light
source may introduce can be characterised through
Correlated Color Temperature (CCT) — analogous
of the cast that a black body radiates depending
on its temperature. Metamerism, i.e. inability of
human eye to distinguish various spectra if the
overall balance of red, green and blue is sustained,
helps to reproduce colors. However if the SPD of
a light source is relatively spiky, metameric failure,
or in other words color cheating occurs, when
colors at daylight are perceived in one way, and
under particular artificial light in an entirely different
way. The most widespread measure currently for
color rendition is the color rendering index, CRI,
however the color quality scale (CQS) has chances
to become more popular.

Higher is the CRI, better is the color rendering
ability of the light source. The ideal is the CRI =
100 and the best light sources are expected to
have CRI > 90. If the CRI is high, in most of the
cases human eye easily and comfortably adapts to
CCT variations.

1.4 Flicker index or Speed of reaction or

stability - long time, short time, blinking/

modulation

This addresses both technical suitability and
effect on the human vision health of a particular
type of source. E.g. if the light source has very
little inertia relative to the input alternating current
frequency—50Hz (60 Hzinthe USA), itmay produce
noticeable flicker, or so called stroboscopic effect,
that is negatively affecting human comfort. In this
kind of cases, e.g. an AC-DC converter might be
needed. The stroboscopic effect of a light source
with a particular flicker is defined as the percentage
of the amplitude variation from the maximum value
of the light intensity (Figure 9).

1.3  Unpbugyws (hnjufuuwwlgywé) gniuwjhe
sbipdwuwmhéwu b gnyuph YEpwpmwnpnipyu

(gniuwthnjuwugdw) gnighs

Lwnuwpwjht (nuwynpnipjwi hwdwp hwonpn wdb-
uwYwpunp gnpénup wnpjniphg GYnn (nyup gniuwhu
hwywuwbihnigyniuu £ Swuljwgwd |nyuph  wnpnt-
phg GYnn |nyup punhwunip Gpwuqwynpnwdp Ywpnn
b punipwgnyty Ynpbugywsd (hnfufuwwlygdws) gni-
uwjhu oipdwuwnpdwup' Y92-h (CCT-correlated color
temperature) uhongny, npnowlyh obpdwunpbwunid
gunuynn ul dwpdup Ynnuhg dwnwquw)jpwd [nyuh Gpwu-
quynpdwu bpunyeh udwuwpydwdp: Ubnwdbphgqip'
wmwppbp uwyGwpbpp  wwppbpwybine dwpnne wsph
wulwpnnnipyniut k, Geb Ywpdhph, Juiuwsh b Yuwny-
wh punhwunip hwjwuwpwyonnipiniup ywhwywuywd
E: Wu ogunid £ ybpwpwwnnt gnyutipp: Uwlwju, beb
(nyup wnpyniph <UR-U ntup hwdbdwwnwpwp gwn upw-
owin ququweubn, www wnbnp £ niubund deunwdbphy
ufuw] Ywd, wy Yepw wuwsd, gniuwiht fuwplwup, Gpp
gbptywihu |nyup wwy gnyubpp vh duny Gu puluwi-
gnud, puy npuk wphbunmwywu |nyup ubippn‘pninpn-
dhtu wy Yepw: Lepluwyndu gnyup ybpwpnwnpnipjw
npwyh quwhwwndwu wnwyb] nwpwdjwd dhongp nw
gnyup YbGpwpwwnpnipjwu gnighsu £ 448 (CRI-color
rendering index), uwlwju, Utd hwjwuwlywunigjwdp,
gntuwjhu npwyh vwunnuyp (¥NU, CQS - color quality
scale) Ywpnn b wnwyb Yhpwnbiih nwnuwy:

Nppwt pwpép £ S48-u, wjupwu wybih Ubs k nyup
wnpyniph Ynnuhg, wnwplwih gnyup Ghan Jepwpuwn-
pbint niwwynieyniup: Pnbwjwywu £ hwdwpynwd, Gpp
Q438 =100, L jwywgnyu [nyup wnpnipubipp wbnp £
niubuwu 948 > 90:

1.4 3ihpp (Pwppedwl) gnighs, jud wpéw-

quuph wpwgnieyniu, Jud uyniunipyniu’ Epluw-

pwunly, jupbwwnl, pwpend/dnpnijughw

Uw ybpwpbipnw £ wndjw] wnpniph wbfuuhyuywu
Yhpwntipnigjwup U dwpnnt wbunnulywt  wnnnont-
pjwup L Ywpqwynpynd £ unpdbipny: Ophuwy, beb
(nyuh wnpynippt dnwnpwihtu ginthnfuwlwu  hnuwuph
hwéwfuniejwu - 50 <g (UUL-nd" 60 <g) ulwwndwdp
ntuh 2w thnpp hubipghw, www nw Ywpnn £ hwugbg-
ubi| qqwih pwppendutiph Ywd, wjuwbu Ynswd, unpn-

pnuynwhy E$GYwh, npp pugwuwpwn § wgnnud hwpdwpwybwnnie)nu ypw: Lwuh np nyuh hnupp Yufudwd
£ jwdwp uvungnn jwpnuhg, www ny hubipghntu jwdwbpp hwugunud 5u wpdwaquwupt|] gwugh hnthnfuwywu
(wpdwu wdwhnninh wpwg thnthnfudwup, husp npuunpynid £ jwdwh ywidwnnipjwu unyupwt wpwg thn-
thnfudwdp b wsph Ynndhg pulwiynud npwbiu pwpentd (erenntd, wnlw)dnid, oht. unpdtipnd uwhdwudwsd
npwbu «pwpwfund») Yud $ippp: Uw hwinuwbu Yyepwpbpynid £ gptywihu gnidhubugbunmwihu jwdwbiphu:
Ldwu nbwptpnud Jupnn £ wuhpwdbiown |hub|, opptuwy, thnthnfuwlywu hnuwtp - hwunwwnniu hnuwup (P<-
<&, AC-DC) thnfuwnyhs: Sihpp wninynup npnaynid £ nyup huinbuuhynigjwt wnwybjwagnyu wndtiphg nmwwnw-

unwdubph wninynuwjht hwpwpbpniejwdp (LLHwp 9):
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Figure 9. Even a legacy incandescent lamp exhibits measurable flicker as the AC power curve crosses the 0 V

level.

Source/Unpjnipp' www.ledsmagazine.com/articles/print/volume-12/issue-11/features/flicker/understand-the-lighting-flicker-frustration.html
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1.5 Start time

Another important parameter is the start
time of the lamp. Very short times, measuring
milliseconds or less is not very good, since it
constitutes a very abruptincrease of lighting level,
uncomfortable for eyes. Very long starting time
of several minutes is just related to time losses.
Ideal time is up to approximately 0.5 second.

1.6 Electronic control gear/power supply
related parameters

This includes voltage, AC or DC supply
requirements (including the stability or non-
blinking requirement), starter ignition requirement.
Certainly electronic control gear (ECG) involves
some electric losses, which, as it has been
mentioned above, in many times are included
in luminous efficacy number. In addition to the
efficiency of the power supply, other parameters
include its size, vibration and emission of noise,
as well as electromagnetic radiofrequency
radiation in the range that interferes with other
devices that are used in the vicinity, e.g. radios,
TV sets, computers or scientific measurement
instrumentation, etc.

1.7 Optics, light emission directionality

Optics defines the light delivery directionality,
at the same time it is a source of additional loss
in the yield of the device. Light Distribution Curve
(LDC) defines the directionality of a light source
or a luminaire.

1.5 Uhwgdwu wnbnnnipjniup

Lwonpn Yuplnp wwpwdtnpp jwdwh Jhwgdwu dw-
dwuwlu £ Swwn Yupd' dpihdwjpljwuubp Ywd npwupg
wwlwu nbnnnipntup wjupwu k| gwuwih sk, pwup np
(ntuwynpnijwu dwlwpnwyp owwn Yupniy £ wénd® wu-
hwpdwpnipiniu untindtiin wsptiph hwdwn: Uhwgdwu
owwn btplun' dp pwup pnwyb wnbinnnieiniup wwpquiwtiu
dwdwuwyh Jwwnund k: Uhwgdwt pnbwjwywu nlinnnt-
pIntu £ hwdwpynid dnuinwynpwwtiu 0.5 Juypljwup:

1.6 EEYwpnuwiht junwywpdwu uwppht fud
utinighsht wnusynn ywpwdbknpbp

Wuwbin funupp Ybpwpbipnud £ jwpdwup, < jud <<
uunigdwt wwhwugubipht (wjn pYnd® Ywynwuntgyniu
$ihpn), dsluwplwihtu pnuydwu ywhwueubppu: EGYwn-
pnuwiht Yunwywpdwl uwppp, jwpdwt thnfuwybpw-
dwu pupwgpnd  wnwowgunud k£ EGYunpwtutipghwih
npnawyh Ynpnwuwn, npu pungpyynwd £ (ntuwpgquuppned:
Pwgh tubipquuunigdwu wnpyniph wpryniuwybuinnipjwu
wwpwdbnphg Ywu twb wy ywpwdbwnptbp, npnughg
Gu' npw swihubipp, wnweowgnn Ypppwghwu b wndnt-
Up, puswbu vwl EEYwpwdwquhuwlywu nwnhnwihp-
ubiph dwnwgwpdwu wjiu  dhowlwjpp, npp fuwpwpnd
E dnunwlwjpnd ogunwgnpdynn wy uwppbph, ophuwy’
nwnhnpunntupsutiph, htinnuwnwgnygutiph, hwdwywp-

ghsubiph Ywd ghwwhbunwgnunwlwu swihhy uwnppbipp
w2luwwnwupp:

1.7  Owwnhluwlwyu Yunngjwspp,

[nyup Gwnwqujpdwu ninnnppjwuénip)nLup

Updwlyywsd [nyup ninnnpnywdnipniup . wwjdwuw-
Yynpyws £ oyunpywlywu ftdGunubpny, npnup, dhlunyu

dwdwtiwl, uwnph Gipwjht wpnyntuph dtg (pwignighs Yn-
pniunubiph wnpnip Gu hwunhuwunud: Lnyup pwotujw-

onipjwu Ynpp (LPY) gnyg £ wwihu (nyup winpiniph Yud
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Depending on application, the requirement
for optics may vary largely. E.g. for automotive
headlights special directionality is required, while
for home lighting both spotlights and floodlights
are being used.

1.8 Operational temperature

Temperatures at which the light source core
device shell (i.e. the lightbulb external surface,
including the connector) operates. Lower is the
temperature, easier to operate and less stringent
are the requirements for connection and
encasement (e.g. a chandelier for home devices,
or weather encapsulation for outdoor devices),
as well as lower are the thermal convection
or radiative (infrared) losses. It needs to be
mentioned that high temperatures may become
a reason for fire, and this limits their applications
in a number of areas.

1.9 Connection type, mounting type.

This issue addresses the standards for
connections.  Certainly the decision about a
particular type of the connection is derived also
from optics and directionality, as well as from the
operational temperature of the source. There are
many connection types, among which the E27 is
the most proliferated (Figure 11).

1.10 Longevity/degradation

Longevity of the light source bulb is usually
the hours of the operational time before failure,
i.e. the time when the device is on, as well as
via degradation time. Usually this number is a
statistically derived value. According e.g. to the
LM80 standard for light emission diodes, the
new lamp’s luminous output is measured when
it is new, then it operates for 10000 hours and
its output is measured again — it should not
decrease below 80%. Via extrapolation, the time
to 70% is calculated and specified on the lamp’s
packaging.

1.11 Price

Together with efficacy, price and longevity
of the device define the economic value of
the particular type of the light source. Details
explained in further sectionss.

3 Please see Chapter 6.
Stu' Gynifu 6:

(nuwynpdwt uwpph dwnwqwjewd |nyuh pw2tuywdnt-
pINtup nmwpwdnijwu Uty:

Ywhujwd Yhpwnnipjwt  Uwwwwlyhg, owwnhlwjh
ujwundwdp wwhwuoubipp Ywpnn Gu dadwwbu wnwp-
ptipdt: Ophtuwy, wywndbpbuwih |nuwpdwyubph hw-
dwp wuhpwdtigun £ hwwnnty ninnnpnywéntg)niu, dhtusntin
puwlywpwup [nuwynpnigjwt hwdwp ogunwgnpdynid Gu
huswtiu thugwyht |ntuwwnniubin, wjuwbu k| nnnnnn (nyubin:

1.8 UWuwwnwupwjhtu gbpdwumnhbw

Nppwt gwdn b |nyuh wnpnip hwunhuwgnn thnjuw-
YEpwhsh wwwnywuh (ophtwy’ wdwh wpunwpht dwyb-
ntiuh), win eyl twl dhwlghsh (Unututunnph) watuw-
wmwupwjht stipdwuwmhéwutbpp, wjupwu hbownwunwd £
owhwgnpdnuwp b wybh ujwagnud £ dhwgdwt b wpnw-
phu wwuwjwuh, ophtuwl' puwlwpwuh nuwynpnipjwu
hwdwp ogunwagnpdynn swhh Ywd npund nbnunpywsd
(nuwynpdwt uwpph Gnuwuwlwuwwonwwu  hbpdbnply
wwuinjwuh tjuwndwdp ywhwugubiph fuunniniup, hus-
wbu bwb vugnd Gu obipdwjhu Ynuyblyghwiph Ywd Gw-
nwquwjpwiht (hudpwlwpdhp) Ynpniuntbipp: Mbwnp £
uokil, np pwpdp wofuwwnwupwihu sGpdwumhéwu niutkignn
(wdwbpp Ywupnn Gu hpnbhh Yuwd wwypintuh ywwnbwn
hwunhuwuwy, husp  uwhdwuwthwynd £ npwug Yhpw-
nnipntup dh gwpp ninpunubipned:

1.9 Uhwgdwu b dnunmwddwtu tnuuwlubp

Wuwnbin funupp ybpwpbpnw £ Jhwgdwt unwunwpwn-
ubipht: Uhwgdwu npnawyh tnwuwyh Yphpwnnipniup puwn-
ptithu hwoyh £ wnuynd owywnhlwu b ninnnpnydwdnye)nt-
up, huswbu bwl wnpjniph wafuwwmwupwihtu 9kpdwuwnp-
dwup: Ywu dhwgdwu pwqdwehy unwunwpuubn, npnu-
ghg wdbktwwmwpwdywdp E27 unwunwpunu £ (LHwp 11):

1.10 GpYywpwybgnipyniu b
nbkgpunwughw/dwjwéntpiniu

Lwdwh Gpywpwybgnieniup npnaynid £ dhusl owip-
phg nnipu quip woluwwnwd dwdbph pwuwyny, huswbu
uwb nbgpwnwgybint, wjuhup [(nyuh ndp Ynpgubint dw-
dwuwywhwwnywdny: Unynpwpwnp wyn ehdp yhdwlwg-
pnpbu unwgynn wpdtp £: Ophuwl (nuwnhnnubiph nbg-
pwnwghwt, hwoqwpyynd £ pun LM80 uwmwunwpwnh,
npp wwhwuonud £ swihb] (wpnpwwnp wwjdwuubpnid
(Yhpwnbny wwppbp hnuwupubp b 9bipdwuwmhtwuubip)
10000 dwd wptuwwnwsd wdwh [Nuwwnynipjwlu wpdbph
ujwqnudp: Wunthbwnb Epunpwwnpwghwih (dhowpyned,
wpunwpynwd) dhongny hwodwpyynid kel pwup dwd ws-
fuwwnbinig hbwnn (wdwh twutwlwu [nuwnynie)nup
yuqwgh dhusl 80%: Unwgywd dwdbiph pwuwlyp jwdwh
wbuuhjulywu dwutwgpnwd ubplwjwgunwd £ npw Gplw-

pwybignipntun:

1.11 Ghup

Lnyup wnpniph npnawlyp inbuwyh inunbuwlwi wp-
dbipp' npw |nuwpquuhph htivn delynbn npnaynid | uwl
qguny b Gplwpwybgniejwdp: Uwupwdwuubpp pbpgnud
Gu hGnwaqw gnifuubpnud:3
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2. Incandescent and halogen
lamps — brief history from Edison to
modern halogen specialty lamps

Incandescent lightbulbs until a decade ago have
been the most common types of lamps for lighting.
They have been the first type of the lamp operating
on electric power (Figure 10). While being not
very effective, they have become standard with all
related infrastructure in place.

There has been a number of scientists
that contributed in the development and
commercialization of these lightbulbs during the
entire 19" century and the beginning of the 20™,
including British Humphry Davy, Russian Alexander
Lodygin, American Thomas Edison, Hungarians
Sandor Just, Imre Brédy and Egon Orowan,
Croatian Franjo Hanaman, and many others.

Consumption of incandescent light bulbs grew
rapidly in the US. In 1885, an estimated 300,000
general lighting service lamps were sold, all with
carbon filaments. When tungsten filaments were
introduced, about 50 million lamp sockets existed in
the US. In 1914, 88.5 million lamps were used (only
15% with carbon filaments), and by 1945, annual
sales of lamps were 795 million with more than 5
lamps per person per year (Raymond Kane, Heinz
Sell, 2001).

Figure 10. To the history of the incandescent lamps

2. Chywgdiwu U hwingbuwht wdybp®

Enhunthg dhty dwdiwtwlwyhg
hwwny hwngbuwght wdwbp

NEnlu UBY wwutwdjwy wnwye 2hlwgdwl, LGYun-
pwywu Lubpghwiny wotuwwnnn wnweht jwdwp, suw-
jwd ny pwpdn 0.9.g-hu, wdkuwwnmwpwdwdu tp |nuw-
npnipjwu hwdwp Yhpwnnipniuubpnud’ hwoyh wnub-
(ny wnYyw wdpnne Gupwywnnigywdpp (Lwn 10):

19-pn. nuiph wdpnng pupwgpnd b 20-pn. nuiph
ulgpubiphti Uh 2wpp ghintwlwiubp hpkug wywunu
Gu ubpnpb) LiEYwpwlwu (wdwbpp dowldwu, wnlw-
pwjuwgdwt b wmwpwddwu gnpdnud, npnughg bhu' ppph-
wmwuwgh <6ddph HYhu, nnuwunwugh UjGpuwunp
Lnnhghup, wdtphlwgh fGndwu Enhunup, hniugwpw-
ghutip Swunnp Quupep, hdpt Ppnnhu U Egnu Opnyw-
up, funpwpp dSpwuon Lwupdwup b gwwin niphoubip:

Chjwgdwu (wdwbph uywnnip wpwg nwpwsdned
gunwy UUU-nwi: 1885@. wjuwntin dnnwynp hwoywp-
yny Jwbwnyty tp 300,000 punhwunip |nuwynpni-
Rjwl (wdw’ pninpu wfubi Jhlwgdwl phhyny: Uni$-
pwub 2hlwgdwt phhyutph ubpnpdwu wwhphu UUL-
nud Yuwjhu dnuin 50 dju jwdwbph Ynpwnubp: 1914 p.
oquwgnpdynn jwdwbph pwuwyp hwuwy 88,5 uhip-
nup (wélub 2hlwgdwu phHhyutipny (wdwbpp Yuginwd
Ehu wyu pyp dphwju 15%-p) L dhusl 1945 . wdwtinp
nwpblwu Juwbwnpp 795 dju tp. vty gushu UGy nwp-
Jw pupwgpnud pwdhu tp puyund wybih pwu hhug
|wdw (Raymond Kane, Heinz Sell, 2001).

Source/Unpjnipp ' https://en.wikipedia.org/wiki/Incandescent_light_bulbi#cite_note-Kane2001-57

Ulwp 10. Chhywgdwb jwdwbpph wwindniygywt Japwpbngw:

Operational principle — electric current heats
up the tungsten filament to temperatures below
its melting point of 3695 K (3422°C), e.g. starting
from around 2000 K in standard lightbulbs and up
to 3300 K in so called halogen bulbs (see below).
As a result, the filament emits black body radiation
(BBR) of corresponding temperature. Inert gas
surrounding the filament provides longevity of the
filament operation by preventing oxidation.

Figure 11 shows the construction of a modern
standard incandescent lamp in E27 base cup.

Wuwnpwitiph ulyqpriipp’ biGYunpwywu hnuwupp
wmwpwgund £ gndpwdt ohlugdwu phihyp hwjdwu
obipdwuwnphbwuphg' 3695 K (3422°C) gwsdp, ophuwl'
unwunwpun Jwdwh nbwpnd' dhusle dnin 2000 K L,
wjuwbu  Ynsywd hwingbuwgpu  jwdwbph  nbwpnud’
dpuslt 3300 K (wbu uwnnpl): “pw wpryniupnd oh-
Ywgdwt phhyp wpdwynid £ hwdwwwwmwufuwu obip-
dwuwnphbwuh pwgwpdwy ul dwpduh Gwnwgujenid
(UUB): Chywgdwu phlhyhu 2powwwwmnnn hubipn qu-
qp, Ywufubind opuhnwgnudp, wwwhnynw t ohluwg-
dwu phlhyh GpYwpwybignyeniup:

Llwp M-nd ywuwybpdwsd b dwdwuwlywyhg E27
unnwunwnpunp Ynpwnny 2hlugdwt jwdwp:
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Figure 11. Construction of a modern standard incandescent lamp in E27 cup. Same place.

foot contact

Ynuwnwlwn

1. Glass bulb, 2. Inert gas, 3. Tungsten
filament, 4. Contact wire (goes to foot), 5.
Contact wire (goes to base), 6. Support wires,
7. Glass mount/support, 8. Base contact wire,
9. Screw threads, 10. Insulation, 11. Electrical

1. Uywljw jwdwwunp, 2. hubipwn qugq,

3. dni$pwih phhY, 4. Ynunwlyunwihu wp
(nbuh (wdwwyneh hwwnwy), |
5. Ununwlwnwht jwp (nGwh (wdwwynpe),

6. fatihyh htiuph (b, 7. (Btjhlh wwywlw
htup, 8. Lwdwwynph Ynunwyunwihu jwpbn,
9. Munntnwlwjhtu ywpnipwy,

10. UtYntuhg, 11. Lwdwwyneh biE4unpwlwu

Ulywp 11. dwdwbwlwlyhg E27 uyppwbinwpiph ppliugdwt jwdyh unnigduwépp: Unyb innnud:

Figure 12. Tungsten filament micrographs. Same place,

Source/Unpynipp ' https://goo.gl/zsZbHj, https://jeremypierce.wordpress.com/2015/07/16/macro-photography-bulb-filament/

Ulywip 12. dmbpwdt ppiwgdwti plihhp dwbpwwwinlibpp:

Figure 12 shows micrographs of tungsten
filaments that are used in the incandescent
lightbulbs.

Halogen incandescent  lamps provide
sustainable higher temperatures of the tungsten
filament due to adding such halogen elements as
iodine or bromine. Their operational principle and
construction are illustrated on Figure 13: halogen
molecules, e.g. HBr usually mixed with a fill of noble
gas, often krypton or xenon, serve as transport
to return evaporated tungsten from the internal
surface of the bulb to the filament, providing higher
longevity and operational temperatures of the
filament up to 3300 K.

Lhwp 12-nwd gnyg £ mpjwd ohlugdwt jwdwbipnud
Yppwnynn Ynippwiti 2hlwgdwt phihlutiph dwupw-
wuwnlybipp:

Lwinqbbuyghti shugdwu jwdwbpp' hwingbuwjhu
wmwppbph (N Ywd ppnd) wybjugdwu gunphhy www-
hnynud Gu ynidpwidt ohljugdwt ehhyph wybih pwpép b
Yujniu obipdwunhbwuubp: Hwug wofuwwnwuph uyg-
pntupp b Yunnigywdpp wwunybpgwsd Gu Lwp 13-nwd:
Unynpwpwp hubipn qught’ hwéwfu Ynhwwnupu Yud
pubunupu fuwnuwd hwingbuph dniGyniubpp' HBr, dw-
nwjnud BU npwtiu thnfuwnphs, gninpzhwgwd Ynidpwdp
\wdwh ubippht dwytipiuhg G’ nbwh shlwgdw pb-
(hyp wbnwihnfubint hwdwp, wwwhnybiny 2hlugdwu
phlhyh wytih pwpép phupwybgniegniup b woluw-
nwupwjht' punhnwy husl 3300 K, gbipdwuwnpbwup:
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Figure 13. Operational principle of a halogen incandescent lightbulb. Halogen molecules serve as transport to
return precipitated tungsten from the internal surface of the bulb to the filament.
Source/Unpnipp' http://zeiss-campus.magnet.fsu.edu/articles/lightsources/tungstenhalogen.html,
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Ulwp 13. <wyingbuuwght pphwgdwt jwdwbph wppuwgpwiph ulqenitipp: <wingbup dniiynyulpp  npwbu
thnfuwnphs Gt wnwymd qninpphwgwé Ynippwdp (wdwh beppht dwlhbpbuhg by’ nbuh shljugdwt phihlp
ipbnuwithnfulint hwdwp:

Luminous efficacy, Im/W — efficiency that the Lmuwpquupp' (d/dep. wy| |ntuwwnne jwdwbph hw-
incandescent principle provides is relatively low, in  Ubdwuwn 2hlwgdwt jwdwbph 09%-u wdkuwgwdépu E:
fact the lowest compared to other lightbulbs. It is “Hw wwwbwnp Ywpbh £ hGanngjudp hwulwtw
easy to understand why, examining Figure 7 — the  nhubiny Ljwn 7-p, npwntin Bplnud £ 2hjugdwt jwdwh
BBR spectrum of the incandescent lightbulb spreads UUB uwbluph wwpwsdnwdp wihph Gplwpnigniuut-
well beyond the visible region of the wavelengths. In NP mEuutL:‘ug[h mﬁl?mgjr"hg pLIL:E{{EJuLTU;ILj/ r}nb,n”;l mg[;zj/;

D . , guwjpdwl dwpuhdnudp, qunuybiny shlwgdwt e
fact, the peak of the rad@non is n.ot at all in the region 2000 - 3300 K obpdwuwnpGwtubph uwhdwltbpnud,
of the standard luminosity function at temperatures jhnypt pripu £ dbnd unwUnwpn uwqguiniejwl
of the filament within 2000 — 3300 K. q)nangthh mhnnl_”ahg

Figure 14. A 500 W linear halogen lightbulb, a halogen lightbulb integrated with optics.

»)

o —

Ulwp 14. 500 Y qéuyhti hwingbwghti jwidwyp, owpipnhlywlywts qifuplynmid inbinuinpywé hwngbbughts jwdun:

The standard Lamps usually deliver 12.6-17.5 Unwunwpwn 2hlugdwt jwdwbph [nuwpgwuhpp
Im/W and halogen lamps deliver usually around unynpwpwp hwuund £ 12.6-17.5 (d/4dwn: <wingtuwhu
24 Im/W, the latter corresponds to efficiency of  |lwdwbph wwpwgqwind nw  unynpwpwp  hwutund
3.5%. Table 1 summarizes these values for various ~ Unin 24 [J/dwn-h, husp hwilwwwinwufuwunid £ 3.5%

incandescent lightbulbs. 09%-pu: Swpwwnbuwy 2hlwgdwt (wdwbph wju wp-
dbipubipt wdthnthywsd Gu Unjnwuwy 1-nwd:
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Table 1. Efficiency and efficacy of incandescent lightbulbs.
Source/Unpynipp' https://en.wikipedia.org/wiki/incandescent_light_bulb#Halogen_lamps

Overall
luminous
efficacy (Im/W)

Cunhwunip

(nuwpquuhpp
(19/4n)

Overall
luminous
efficiency

Cunhwunip
[ntuwightu
099-p

40 W tungsten incandescent 40 dwn ynidpwdwihu ohlwgdwu 1.90% 12.6
60 W tungsten incandescent 60 dwn ynidpwdwiht 2plugdwu 2.10% 14.5
100 W tungsten incandescent 100 Ywn ynippwdwihu 2hlugdwt 2.60% 17.5
glass halogen wwwYyw hwingtu 2.30% 16
quartz halogen Yywnpgwhu hwngbu 3.50% 24
. " ohjwgdwu phhyubph 2wwn

photograph'lc and projection lamps awinén shntwunhswtbnny b .
with very high filament temperatures 5.10% 35
and short lifetimes Juing Yeluwhnuny puwbyungu-

Ywu b ypnbyghnu jwdwtip

4000 K obpdwuwmptwuny ul
ideal black-body radiator at 4000 K | dwpdup hnbwjwlwu dwnwqu)phs 7 00% 475
(or a class K star like Arcturus) (Ywd' Upyunnipnup udwu K nwuh R ‘

wuwnn)

7000 K gbipdwuwnhtwuny ul
ideal black-body radiator at 7000 K | dwpdup hnbwjwlwu dwnwquj- 14% 95
(or a class F star like Procyon) rhs (Ywd' Mpnghnup udwu F nwup ’

wuwn)
ideal monochromatic 555 nm (green) | hnGwjwywu dnunppnd 555 ud (Yw- 0

100% 683

source Uws) wnpynip

Unynwuwly 1. Shiwgdwi jwdwtiph 099 b wpquuhpp

Necessary to stress that

some halogen lamps Figure 15.

higher is
temperature of the filament, more is the efficacy,
but shorter is the lifetime of the lightbulb.

Correlated Color Temperature and Color
Rendering Index — incandescent lightbulbs are
champions of color rendering. Due to their almost
ideal, smooth — without spikes — spectral power
distribution (Figure 7) they do not cause any
problem in color rendering and have CRI = 100.
While they have reddish tint, i.e. their spectrum
has more longwave radiation than shortwave, they
produce warm and comfortable lighting, however at
the expense of their efficiency. When temperature
rises, naturally the color balance shifts to shorter
wavelengths, and the peak of SPD may enter the
visible region, e.g. at 3500 K, which is provided by

the Cwnl £ gk, np, nppwu puipdn £ 2hljugdwt pbjh-
Yh sbEpdwumnmhéwun, wjupwu Utd £ wpqwuhpp, uwlwju
wybh Ywupé b jwdwh w2luwwnwupwihtu Ywuph nbin-
nniRjnLup:

Unpliyugywé (finfuljunyuilgus) gmiuhti obp-
dwuiphbw b gnyuh JEpwpqpunpniyayuis gmghs. oh-
Ywgdwu wdwbipp gniuwghtu yGpwpuwnpniypjw wnw-
owwnwnubipu Gu: bpbug' gpbpb hnbwwywu, hwppe,
wnwlg unip ququubiph hgnpnigjwt  uwbtiyunpw
pwptudwu (Llwn 7) 2unphhy wyn jwdwbpp qnyuh Y-
pwpunwnpnijwu npuk fuunhp 60 wnwowgund L
npwug 48 = 100: Uwblwpnwd gbiphotunn Gplwnw-
lhp dwnwgw)pubph 2unphhy npwup wwwhnynd G
otipd U hwpdwpwybwn |nuwynpnie)niu, npp, uwlwu,
unwgynud b jwdwh wpryniwwybinnygywu hwoyphu: Gpp
obipdwunhéwup pwpdpwunwd £, www, puwlwuwpwp,
gntuwjunieiniup wbnwowndynd £ nbwh wybh Yupéd
wiphputipp, huy <UP-h ququpep Ywpnn § dnub] tnbuw-
ubilh whpnype, oppuwy 3500 K stipdwuwmhéwund, npp
nbinh t nwubund npn2 hwingtuwihtu (wdwbph ywpw-
guwyntd, Lwp 15:
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Figure 15. Incandescent lamp SPD-s at 3 temperatures.

Note: Only little portion of the energy is emitted in the visible region, but most of it is in the infrared region.

Source/Unpnipp' http://www.lamptech.co.uk
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Flicker index or Speed of reaction — due to
the thermal essence of the BBR there is inertia in
the “response” of incandescent lamps. This inertia
integrates most of the voltage AC frequency to
provide smooth, pleasant illumination.

Start time — there is no start time for
incandescent lamps other than thermal inertia to
heat up the lamp. Interestingly, when the filament is
cold, its resistance is small, providing higher current
flowing through it and supporting quick temperature
rise and illumination. E.g. a 100 W, 120 V lamp has
a resistance of 144 ohms when on, but the cold
resistance is only about 9.5 ohms.

Depending on lamp power, the start time is
usually within 0.01 — 0.3 seconds, the value is higher
with ones that are more powerful. E.g. in the same
lamp, the current stabilizes in about 0.1 seconds,
and the lamp reaches 90% of its full brightness after
about 0.13 seconds.

Due to the high current flown in the cold filament,
lightbulbs are more prone to fail during the start,
when they are switched on. This is the reason of
using dimmers resulting in much higher lifetime.

Power supply — for illumination purposes in
the most of the cases there is no need in additional
power supply — always possible to design the
filament in a way that it conforms the AC 110 V or
220 V or other input voltages easily. However, for
some halogen lamps 12 or 24 volts is used, requiring
a simple lowering transformer — allowing usage of
lower, safer voltages. In certain cases, such as
scientific applications, special power supply is used
for super stable low voltage halogen lightbulbs, to
provide pure DC input, with as small as possible
parasitic AC component.

Optics — mostly rather flexible, limited with
only temperature and mounting type related
requirements. Can provide spotlight or floodlight

bihpp/pwppmdubph gmghs jud wpéwquiph
wpwagniymb. UUB-h obipdwjhu Enipjwu punphhy 2h-
Juglwtu jwdwbph «wpdwgwupp» hubipghnu t: hubip-
ghwyh punphhy jwdwp npng swithny hwpenud £ thinthn-
fuwywtu hnuwuph nwwwunwubpp U, hwdbdwwnwpwp
hwdwswih nt hwébh nyu £ wwywhnynid:

Uhwgdwt qppunnnygynitip. wwjdwuwynpywd £ vh-
wju wdwh wwpwuwint otipdwjhu hubpghwyny: <b-
twppphp £ ulwwnty, np, Gpp 2hlugdwt phihyp uwnu
£, wuww npw nhdwnpniegniup gudp £ U dhony wybih
udtid hnuwup £ wugunid, hush wprynitupnid dtd wpw-
ghipjwdp pwpdpwuntd £ otipdwuwnpbwup W (ntuwpdw-
ynuip: Oppuwy' dhwgyws yhdwynwd 100 dwn, 120 4
(wdwh nhdwnpnieiniup 144 ohd k, uwlwju uwnp yp-
dwynwd nhdwnpnieintup dnwn 9.5 O L:

Ywhujwd (wdwh hgnpniejniuhg, Jhwgdwu inbinnnt-
pintup unynpwpwn gunuynd £ 0.01 - 0.3 Juwyplwup
dpowwjpnid, wybh hgnp jwdwbpnd wyn wpdtipu
wybh ybs £ Opphuwy' unyu (wdwnwd hnuwupp Yuynt-
uwunwd £ dnin 0.1 Juypljwunid, huy jwdwu hp hw-
Yuwnwp wwidwnnigjwu 90%-hu £ hwutunud dnin 0.13
Jwjpyjwu wug:

Uwnp 2hlugdwt plijhynud (Gpp jwdwh nhdwnpnt-
pintup thnpp k) wugunn Utd hnuwuph hGunbwupny
dhwgubint wwhht EGYunpwlwu jwdwbipu wybh Gu
hwydws fuwthwudwu: Wu ywwnbwnny npwug Yjwupp
Gpywpwgubnt hwdwp ogunwgnpdynid Gu (nyuh nidg-
unipjwt wpguwynphsubin:

Uumghs. intuwynpnipnitu hpwlwuwgubiine hwdwnp
hhduwlwuntd [pwugnighs utnighsh Yuphp sh wnwow-
unud: Uhaw £ huwpwynp & 2plwgdwt phihlu wjuwbu
Uwluwgdt/ywwpwuwnbi, np wju uunigyh e< 110 4
Yuwd 220 4 Ywd wy qwpndhg:  Uwluwju, npn2  hwin-
gbuwjht (wdwbp woluwwnnid Gu 12 wd 24 ynpwnny b
npwug hwdwp wuhpwdtown £ jwpnwfu hotigunn wwng
thnfuwytipwhg/npwudnpdwwnnp, npp ey £ nwihu
Yhpwnt wybh gwdp b wybkih wuywnwug jwpnudubip:
Ophuwy' ghunwhbwnwgnunwlwu uwppbpnd, hwingb-
Uwjht (wdwbpnd uynitu gwdp jwpnd - wwwhnybijne
hwdwp oguwgnpdynid Gu hwunny dhjwnptpny uunt-
ghsubip, npnup wpgbwynid (hunbgpnwd) Gu thnthnjuw-
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options easily via additional external optics that also
serve as a fixture and protection. In many cases,
a reflective coating can be integrated (Figure 14)
or made inside the lightbulb (Figure 16), provide
specific lighting directionality, that is useful for e.g.
interior design or automotive applications.

Ywu hnuwuph (AC) pwnwnphsp W Gipnd wwwhnynd
&U dwpnip hwunwwnniu hnuwtp (DC):

Oupiphluyh wwhwugubipp hhduwywunud pwywyw-
uhu ayntu U, uwhdwuwthwyynd Gu dhwju gtipdwuwnh-
dwuphu L dnunwddwu &duhu Ybpwpbpnn wwhwugub-
pny:  Tpwup  Ywpnn Gu hGownnugjuwdp  woluwnb
thugwjhtu U nnnnnn (nyubiph nwppbpwyubpny' wpwnw-
phu owywnhjwlwu Jwuh wybjwgdwu dhongny, npnup
Uwl dwnwynid Gu npwbiu dnunwddwtu dhong b wjwiauin-
wwuhs wwinjwu: Swun nbwpbpnud npwup hwdwpynud

U wpunwgninn dwytipbuny (LYW 14) Ywd nw wpynid £ hbug jwdwh ubipund (LYwp 16), phusp nyuhtu hw-
ninty ninnnpnywdnieintt £ viwhu b uw wjunpbu Yphpwnynid £, oppuwy’ ubippht mwpwdpubph duwynpdwu

Ywd wywnndtpbuwubiph |nuwpdwyubph hwdwp:

Figure 16. Reflective optical coating inside a lightbulb, different realizations. Note also three-quarter chrome

diagonal light bulb.

Source/Unpynipp’ https://www.atgstores.com/ourblog/specialty-bulbs-the-reflector-bulb
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Uljwp 16. Lwdwh bbpunid yruppbp ubpny ppwlwbiwgyws wpypwgninn dwlbpbuttpp: Lwl bwinpbp' wb-
lyniiwaqsh Gpbp-pwnnpnny ppndwiwwiy phljugdwl jwiduyp:

Operational temperature, C° - A 300 watt
tubular halogen bulb operated at full power quickly
reaches a temperature of about 540°C, while a 500
watt regular incandescent bulb operates at only
180°C and a 75 watt regular incandescent at only
130°C. Due to the high temperature of the tungsten
filament and consequently due to the high BBR in
the IR region, the halogen incandescent lightbulbs
have also multitude of technical applications.
Since they are mostly IR radiators, they are used
commonly wherever IR is needed, e.g. in the
halogen grill cookers, IR heaters (Figure 17) or
scientific and production uses.

Mounting type — there is a variety of connection
bases for incandescent lightbulbs — due to the
temperature requirement; in general, they are
different for standard and halogen types, as
illustrated in Figure 18.

The logic behind the base standards is related

to safety, heat dissipation, good electric contact
and ease of service.

Whuwnpwtipuyhtr gpdwuphbwit’ C°. wdpnng hgn-
pnypjwdp wotuwwnnn 300 Y hwingbuwiht funnnw-
YJwal jJwdwh wpwnwpht dwybiplnyeh stpdwunpéwup
wpwgnpbu hwuunud £ dnin 540°C-h, dhusnbin 500 Yn
unynpwywu 2hjugdwt jwdwt wotuwwnnid £ punwdb-
up 180°C-nud huy 75 Y unynpwlwt shlugdwu wd-
wp' dpwju 130°C-nud: Unibpwit ohlwgdwu phhyh
pwpdp obpdwuwnmptwuhp b, hbwmbwpwp' hubpwlwndhp
(PY) wnppnypnd pwpép UUA-h 2unphhy hwingtuwhu
2hugdwt jwdwtipp Yhpwnygnid Gu wbifuthyuih pwg-
dwphy npnpunubipnd: Lwup np npwup hhduwlwunwd
hY Gwnwqwehsubp U, www unynpwpwp ogunw-
gnpdyntd Gu wyuwnbin, npnbin hY-h Yuphp Yw, oppuwy’
hwingtuwjhu wwnwnynn gpp; Jwnwpwuubpnud, Lwp
17, Ywd ghnwywu b wpunwnpwlwu ninpunutipnud:

Untupwddwit ubpp. ohlugdwu jwdwbph dhwg-
dwu Ynpwnubph jwju mbuwlwuh Yu: LEpdwunphbw-
up twundwdp wwhwuubiph Wwwndwnny unwunwnwn
U hwingbuwjhu jwdwbiph nbwpnid npwup wwppbp Gu,
wwwnybpdwsd tu Lwp 18-nud:

Uphwgdwu Ynpwnubph unmwunwpwubpp hhdujwd
GU wuywnwugniejwu, sbpdniejwu gpdwu wprynituwyb-
wnipjwu, fiEhwmpwlwu dhwgndubph hnwwihnigjwu W
uwywuwnpydwu yniphuntejwu Yypw:
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CHAPTER 2. Artificial Light Sources

Figure 17. Heating and cooking with halogen lamps.
Source/Unpintpp” https://www.youtube.com/watch ?v=jNKJjnEmW5A
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Ulywin 17. Ubtnh wwippwuypind U onmignid hwingGuuypt judwbph dhongny:

Figure 18. Connection standards used for incandescent lightbulbs.
Source/UnpinLpn’” http://www.mapawatt.com/light-bulb-codes-shapes-sizes-and-bases.
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Ulywp 18. chhwgdwt jwdwbnh hwdwp Yhpwnynn dhwgdwt uypnwbnwpippbbpp:

Longevity/degradation — due to tungsten
evaporation, the lightbulbs have 1000 — 2500 hours
of lifetime. E.g. if operating 5 hours every day, 1825
hours of operation is equivalent to 365 days of
service.

Naturally, if a lightbulb is being used at lower
voltage, its lifetime increases. E.g. a 5% reduction
in operating voltage below the one rated in the
specifications, will more than double the life of the
bulb, at the expense of reducing its light output by
about 16%. A similar logic with halogen lightbulbs:

Epywpwlbgmpymb b ngpunughw. ndpwdh
gnnp2hwgldwt wwwbwnny (wdwbph Swnwjniejwu
dwdytiznp 1000 - 2500 dwd k: Ophuwy'wdtu op 5 dwd
wotuwwnbint nbwpntd wju Ywnpnn £ dwnw)b| 1825 dwd,
wjuhup' 365 op:

Wuwhuny, bpt [wiwu wotuwwnd § wybh gwdp
[wpdwt wnwy, wyw npw Ywupt wybiwund £: Opp-
uwy, wbluuhjulywu dwutwgpnd upqwd wofuwwnw-
pwjhu jwpdwu 5% Ypdéwwnndp Yupnn b wpdwlyywsd
(nyup 2ntpg 16% ujwqiwtu  hwoyhtu wybh pwu Ypy-
twwwunlyb] jwdwh Ywupp: Wn wpwdwpwunie)niup
ybpwpbpnud £ uwb hwingbuwihtu jwdwbppu. twfuw-
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operated at 5% higher than its design voltage would nbugwd wpndp 5%-ny gbhpwquugbint nbwpnid upw
produce about 15% more light, and the luminous (ntuwwinyniintup Ywéh dnuin 15%, huly |nuwpgquup-
efficacy would be about 6.5% higher, but would ~ pp Ylhuh dnwin 6.5%-ny pwpdp, uwluiu dwnwnipjwl
have only half the life rated in specs. Naturally the ~ dwdltiinp Yupnn £ |huti) dwuliwgptipny uwhdwudwsh
use of dimmers also can substantially prolong the  Utud: Lnyuh uinquynphslinh Yhpwnnudp, puwyutiw-
operational lifetime of incandescent both standard pwn, unytuu Yupnn b bwwbu Gplupwguti husutu

and halogen lightbulbs.

unwunwpu 2hjugdw, wjuwbu b hwingbuwht (wd-
wbph dwnwjnipjwu dwdlybwnp:

. Price —.cucl;r.en_trptl;ilce2of incandescent lightbulbs Qhtip. ohlwgiwl wdwbph UbpYwihu ghtp wu-
IS summarizea in lable Z. Lhnlhl{lué t Llrumuuju 2-nid:
Table 2. Summary of lightbulb prices Unynwuwly 2. Lwdwbph qubpp
Standard Halogen Uwnwnupun Cwinqbuwyht
Wattage, W incandescent, Incandescent, annLrll-:{;}Jmh, 2hYugdwi 2hYugdwi
$/IW $/W qhtu, $/100 Y qht, $/100 4wn
40 0.25-0.5 0.8-2 40 0.25-0.5 0.8-2
100 0.35-0.75 1.5-3 100 0.35-0.75 1.5-3
150 0.4-1 2-4.5 150 0.4-1 2-4.5
Table 3 below summarizes incandescent Urynwuwly 3-nd pbipynd £ ohlugdwt (wdwh ww-
lightbulb parameters: pwdbinpbph wdthnth nyjwiubpp:
Table 3. Incandescent lightbulb summary. Unynwuwly 3. Shiwgdwt jwiuybp.
Parameter Lwpwswihh
# name Value Note # whutindp Updbpp Lonud
SPD is also <UPR-p uwl npnaynud &
| U u dwhu -
" Opergtlonal BRR defined by jrhe 1 u&hﬂﬁmw ph UUS hﬁl/wrlugtwlﬁﬁwu;b
principle bulb material qpnitpp [nLuwz g
transmission W pniulghuyny
. Lniuwpgquwuhp,
2. 12-24 Jtu op 0994
o, | Luminous 12-24 | Least efficient U/t wtgwen
efficacy, Im/W
Color Rendering 3 Eﬁjr?ﬁnt{rl;]%n_ 100 wubtwiwyp
3. Index 100 | Best of all gnighs,
Speed of . 4 Updwquiph ub u | ab b
4 action Inertial | Favorable * | wpwgnyemup | PuBnghnt | gipunwutih
One of the best, Uhwgdwu b%ﬂqﬂliuﬂﬂmﬁgmﬁuﬁ’t
5. | Start time, sec 0.1 | but better with a 5. | mbnnnipyniup, 0.1 ) P punnsin
e Juplpw oquwgnndbi| (nyuh nu
special dimmer dh upquiynphy
Usually | Mostly not unynpw- | 2w ntiwpbipnud npw
6. | Power supply | "\ ohe’ | needed 0. | Uunighs puin snith | Gunhpp shw
. Large | Flexible, limit by U | QUi £, uwhdwlw-
7. | Optics . . 7.10 u [wjb i & &n obin-
P variety | high temp. wwnhlyw uwluwh mﬂﬁ%wﬁﬁm n obip
Operational 130 °C - . .
8. Relatively high Uptuwnwiu-
temperature, C° | 540 °C yhe 8. | pwjhu gbipdwu- 15’200((,:6 hwdbdwwnwpwp pwpanp
Mounting t E27,E14, wnhbwup, CO
9. mgtsjtnclc?r%rgg:’ G4 for | Most common E27, E14,
halogen 9. glr:'[émwddwh gﬁumﬂi wubtwwnwpwdywsd
10 l&zgg(\j/:t)i,én 1500 - | Short for dwn
: ’ G tignt-
hours 2500 | nowadays o, Shuwpulban | 1500 - | duidutljulhg sw-
- ' 2500 thwupoubipny’ Ywné
wghw, dwd
11. r(;ﬁ/’vfodﬁ 0.2 - 6 | Least expensive :}Oogu_ :
) 1 grn s 02-6 | wublwkdwlp
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CHAPTER 2. Artificial Light Sources

3. Discharge lamps and their
ballast — arcs in the nature, arc
lamps

The lightning flash or strike has been one of
the first natural sources of light that a human have
seen in the dark (Figure 19) — as the first form of
natural electric light. The electrostatic discharge is
laying in the bases of this phenomenon, as well as
in the operational principle of a rather wide group
of light sources. Sir Humphry Davy in 1800-s have
constructed the first practical arc lamp with carbon
electrodes with arc in air (Whelan, 2014). The
very first military searchlights and commercially
available movie projectors since 1900-s and up
until 1960-s have been using carbon electrode arc
lamps (Figure 20).

Figure 19. Lightning strikes.

3. Mupwdwu jwdwybpp b upwug uung-
dwu wnpynipubpp. ywpwndp punyejw
b9, ququujupydiwu pwdwbp

Ywpdwyp dwpnnt Ynndhg denipjut dte nhnjwsd
(nyup  wdtuwwnwoht puwlwu wnpnipubiphg dbkyu
E tntp (Lhwp 19) L wju puwlwu fiEYnpwywu ny-
uh wnwehtu &uu E: Wu Gplunyeh, huswbu uwl (nyup
wnpnipubipp pwjwywuhtu JbGd fudph woluwwnwuph
ulgpniuph hhdpnid, puyws t EGYunpwunmwnpy wwp-
wnwip: Upp <wddpph Hyhu 1800-wlwuubphu Yw-
nnigkg  wnwohu gnpduwlwtu' wdfub  EGYwpnnny
wwpuwdwu [wdwp, npunbin wwpwdwu wnbnp onnud Ep
gwnuynud (Whelan, 2014 p.): Udttwwnwoht nwquw-
Ywtu |nwpdwyubpp W jwyunptu Yhpwnynn Ypunw-
pnjlyunnputipp 1900-wywuutiphg dpusle 1960-wlwu-
ubipt ogunwgnpdnud Ehu wéub EGYwpnnubpny wnb-
nwjht (wdwbp (L{wnp 20):

Source/Unpynipp ' http:/iwww.harcongroup.com/lightning-protection-services/

Ulwp 19. Yuydwl:

Figure 20. Carbon electrode arc lamp and its uses. Note the black carbon electrodes.

BB 0 Pk
mpusisgaly’ &g B oapapl

W ERY K mayr i
darrate. & el 1 imbei

Uljwp 20. Ustub biGywpppnnbutpny quiquiwywpwdwt jwdwp U npw Ghpwndwt ninpintpp: Nipwnpniaynit

nuwndanpbp wopub ult LiGlippnntbph:
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Figure 21. Modern use of xenon arc lamps: IMAX cinema projection, automotive, advertisement.

Ulwpn 21. dwdwbwluwlhg pubtintughti ququwwpwdwt jwdwbp: IMAX 4hanwpniGlpnph jwdwy,
Utpbiwtbp, gnjuqnuypht quwhwbiwl:

Very well known electric arc application is the ElG4unpwywu wnbnh/ywpwdwu gwwn hwjinup Yh-
welding Figure 22. pwnnieintuutiphg b EGYunpwbnwygndp, Lwp 22:

Figure 22. Welding via arc.

Ulywp 22.6nwlgnidp wnbinp/wwnpwdwb dhongny:

However, most modern arc discharge lamps are h nbw, wlblwdwdwiwlywlhg ququuwwpwdwu
using inert gas environment, e.g. xenon or krypton (wdwbpu wotuwwnid Gu hubpwn qugbiph, ophuwy' pub-
for variety applications, starting automotive, to ~ Unup Ywd Yphwwinuph dhowduwypnid, npnup Yhpwnynid
projection and advertisement (Figure 21), also for U Uh 2wpp puwquywnubipnui’'uyuwsd dbpbuwubinhg
flash-pulse design illumination such as showcase  Uhlsl Uhunwpnitiynnptiipp L gndwignp (Ljwip 21),
huswbu bwl gnigwihtnytiph, 26upbph wywwubph ni-
uwjht duwynpdwu dbg, nuwulwpswlwu fughyubph
(nuwpdwlubpnud, ghnwhbnwgnunwlwu uwppbpnd,
ophuwy' pdwyntuwihtu dnnwinyg jwgbpubipnd, W wyju
(LYwp 23):

or fagade decoration, applications such as photo-
graphic camera flash lighting, and scientific applica-
tions, e.g. pulsed laser pumping, etc. (Figure 23).
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Figure 23. Flash-pulse applications of xenon or krypton arc lamps.

Source/Unpnipp’ directedlight.com, www.kenteklaserstore.com
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Ulywip 23. Pubtinbiwght ud Yphwyipnbiughtl ququiyquipwdwit judwyinh hdwnyuuyght pnbydwi Yppwnnygynip:

Operational principle — the arc lamps are
realized in the open air (carbon electrode),
or in transparent glass or quartz enclosures,
where in special conditions, i.e. at certain gas
environment and certain pressure. Atoms or
molecules of air or gas are being ionized by
electrical field generated by two electrodes,
and the field accelerates electrons and ions to
collide and create light emitting plasma. Xenon
gas is used most frequently since among inert
gases it has lowest ionization potential — helping
easily ignite the arc — as well as it has low
thermal conductivity helping to sustain high arc
temperature.

The discharge avalanche creates large
number of ions. Generated plasma emits light
due to intermolecular collisions forcing electrons
of the atoms to perform emissive transitions
between atomic levels.

Wpuunpuwiiph uyqpiipp. Swigh wwpwnudp (wdwb-
pnid hpwYywugynd £ pwg onnud (wdfub EGYwpnnutip)
Ywd hwwny wwjdwuubpnwd, oppuwy' npnpwyh qugh b
npnaulh Gupdwt dhowyuwypny wwjwlynig Ywd Yywnghg
wwunpwunywsd pwihwughy wunputpnid: Onh Ywd qugh
wwndubipp Ywd dnjGyniubpp Gpyne fiGYunpnnubph dhole
untbindywd pwpdp (wpdwu EEYunpwlwu nwownnd hnup-
qugynud &u: Ujn nwownnud wpwqwgwd bityunpnuubph W
hnuutpph thnfuhwpywdubph ounphpy wnwowunwd £ |ni-
uwpdwynn wwqdw: Lubunt quqp wdtuwhwéwfu og-
wnwanpdynnutiphg £, pwuh np hubpn qugtiph pwppnid
upw hnuhqugdwu wnunbughwip wdkuwgwdnu & (ogqunid
E wwpwydwu wnbnh wpwg pnuydwun): Swoép k uwl upw
wbuwywpwnp obpdwhwnnpnwywunie)niup, npp ywnw-
dwt wnbnhu oqunud § wwhwwub| pwpép sGpdwumnhtw-
up:

Mupwdwu htntnp wnweowguntd £ Utd pwuwyniejwdp
hnuubip: Unwowgwd wjwqdwu' dhodn|tyntwihtu pwiuntd-
ubiph gunphpy, unhwnu L EEYwpnuubpht uwnwnb) ne-
uwpdwynn wugnidubp wwnndwjht dJwywpnwyubph dhol:
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Currently there is a large product variety of
different types of arc lamps, which include (but not
limited to):

* Carbon electrode

* Krypton filled

* Argon filled

e Xenon filled — XBO (Philips name)

e Xenon filled — with mercury vapor

e UHP — ultra-high-pressure mercury-vapor

* Metal halide

e Sulfur

* High pressure sodium, SON (Philips name)
e Low pressure sodium

A subgroup of modern most used arc lamps
is called high intensity discharge (HID) lamps
including:

e Mercury-vapor lamps

* Metal-halide (MH) lamps
e Ceramic MH lamps

e Sodium-vapor lamps

e Xenon short-arc lamps.

The variations are mainly related to the
composition of the atmosphere in which the arc
is taking place. The presence of certain metals
substantially increases the efficiency of the arc in
the visible region, via generation of huge spikes in
the SPD.

Luminous efficacy, Im/W - Figure 24 shows the
spectral power distribution of the xenon arc lamp.
One can immediately see that the SPD does not
go as much beyond the visible region of 380-720
nm, as in the incandescent lightbulb case, meaning
that its efficiency/efficacy is higher. However, it has
quite a bit of UV radiation, and substantial spikes in
the near infrared (NIR) region. Thus, the luminous
efficacy of e.g. xenon arc lamp is around 55 Im/w
with luminous efficiency of up to 8%.

However, varieties of the arc discharge lamps
have higher efficiencies (Table 4), but mostly at the
expense of color rendering index. E.g., the low-
pressure sodium lamp can have up to 200 Im/w
luminous efficacy with 29% of luminous efficiency,
but its color rendering index is below zero, since
it emits practically almost monochromatic radiation
at 589.3 nm that does not allow distinguishing any
colors from each other (Figure 24). However, the
low pressure sodium (LPS) light types are one of
the most commonly used for street lighting due to
long lifetime and high efficiency (Figure 25), since
the 589.3 nm is not far from the peak of the human
eye photopic sensitivity (Figure 6, Figure 24).

LbpYywynudu wpunwnpynn ququuwuwpwdw jwdwb-
nh Ut wbuwlwuh Yw, npnughg bU'
e wolub fGYuwnpnnutpny
* Unhugnnuny 1w

*wpgnuny |gywsd
e pubtiununy |gwd — XBO (Philips dwlupgntd)

*  pubiuinuny |gywd — utunhyh gninpzhny
*  QPR, UHP - uunhyh gninpohny ‘qbip pwnép Gupdwu
e Ubwwn-hwihn
e &6Upwjhu
* pwpdp Gupdwu wwnpphnudwipu, SON (Philips dwy-
uhontd)
* gwdp dupdwl Uwwnphnidwihu
Yhpwnynn dwdwuwlwlyhg ququuwpwlwu jwd-
wbph  wdbtwnwpwdJwd Bupwfundpp Ynsynd |
pwnpdn huwnmbuupynipjuwdp wwpwdwu (high intensity
discharge, HID) (wdwbn, npnughg Gu.

* uunhyh gninpzhny jwdwbipp

e Jbwnwn-hwihn /UL (MH) jwdwbpp
e Ybpwdhywlywu UL jwdwbipp

* Uwwphnuwh gninpghny (widwbipp

* pubunuwjht Ywpbd-wnbn (wdwbpp:

Uju nwpptpwyubpp hhduwlwund ywjdwuwynp-
qwd Gu gqnuin wju dpunnpinph pwnwnpniejwdp, npntd
wbnp £ nubund wwpwnudp: Npnawyh dbwnwnubph
ubpyuynieyniup’ <UP-nud hufwjwywu unip qugue-
ubp £ qbubpwgunid, pusu bwlwunpbu pwpdpwgund
E wwpwdwu wpryniuwytunnieyniup (099) nbuwubih
nhpnyEnid:

Lmuwpquupp, jd/dp. Lhwnp 24-nid ywunybpgwsd
E pubuntwjht ququuwwpwdwu jwdwh hgnpniypjw
uwtyunpw| pwotunip: Uudhowwbu Gpunid t, np <UP-p
oww nnipu sh quihu 380-720 ud wmbuwubih wnhpnyehg
huswbu nw wbnh Ep nubund 2hlwgdwu jwdwbph
nGwpntd, husp tpwuwynud £, np wju jwdwbiph |ntuwp-
gwuhpt wybh pwpép b Wnnithwunbpd, win jwdwp
nuh qquih MU Gwnwquwyenid: hunbuuhy ququpe-
ubp GU wnw twl, dnn hudpwlwpdhp whpnypenid:
Ujn ywwdwnny pubunuwjht ququuwwpwdwu wdwh
[nuwngwuhpp 2nipg 55 (W/dw k, huly (nwuwihu 099-p
hwuunud £ dhusl 8%:

Lobup, np ququuwwpwdwtu jwdwbph npn twpw-
wnbuwyubp wybh wpryntwwybn Gu (Ungnuwy 4), uw-
Ywju, hpduwlwund npwu Gu hwuunud gnyup Yytpwp-
nwnpnijwu gnighsh hwayhu: Oppuwly' gwdp Gupdwu
Uwwnphnwwjht jwdwh wpgwuppp hwuund £ dhush
200 (/4w b nuwjhu 09S-p 29% k, uwlwju npw gnyup
YGpwpuiwnpnugjw gnighgp qnnjhg guidp £, pwth np
gnpduwynud wyu wpdwynid £ dnunppnd’ 589,3 ud wih-
ph tphupnigjudp Gwnwquypubn, npp ENY| sh nwihu
gnyubipp wmwppbipt] dhdjuwughg (LHwp 24): Wnnthwu-
ntiné, hptiug ipYupwybgnieiwu b pwpédp wpryntuwyb-
wntRjwu 2unphhy gwon dupdwu bwwnphndwihu (LPS)
wbuwyh (wdwbpp wdbtwwnwpwdywdl Gu thnnngwjhu
(nuwynpnipjwu hwdwn, Llwnp 25, pwuph np 589,3 ud
wihph Gplwpnigpniup dnwn £ dwpnne wgph pnnnwhly
[nuwgqwjunigjwu uwblwph dwpupdnwdhtu (Lywnp 6,
Llwnp 24):
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Figure 24. Xenon arc lamp SPD, vs low-pressure sodium SPD.
Note: Consider the radiation spectrum below and above the visible region, and virtually monochromatic line of the LPS lamp — interestingly
these lamps have light pollution advantages over other types of lamps due to the ease of filtering.

Source/Unpynipp’ https://en.wikipedia.org/wiki/Xenon_arc_lamp, zeiss-campus.magnet.fsu.edu, http://www.lamptech.co.uk/Documents/
S0%20Introduction.htm
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Upnud. nipwnpnipyniti nuwpdnbip inuwbtyh i(nhpnyphg gwdn b pwndn dwnwquypdwi uwbtlppht, U LPS wdwh gnpstwlwbnid dnbinp-
nny géht. nipwagpuwy k, np wyy pnbuwlp wdylinh hwdbdwg wyu wdwbpp wnwybinegnit niaGt intuwght wnipnipduwidnieyut wnnidny,
pwtih np dntinppnd inyup byt wybih g £:

Ulywp 24. Pubtintiughti ququwwpwdwt jwdyh <UP-h hwdbdwigpnipyniap guwdép tpdwb bwpphnidught
<UP-h htap:

Figure 25. LPS and HPS lamps compared.
Note: HPS'’s parameters currently increase their market share due to the higher CRI — still having orange coloration but not monochromatic.

Source/Unpynipp " http:/iwvww.edisontechcenter.org
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Table 4. Luminous efficacies and efficiencies of arc lamp variations. https://en.wikipedia.org/wiki/Luminous_
efficacy

Overall Overall
Category Type luminous luminous
efficacy, Im/W efficiency
carbon arc lamp 2-7 0.29-1.0%
xenon arc lamp 30-50 4.4-7.3%
mercury-xenon arc lamp 50-55 7.3-8%
Arc lamp UHP — ultra-high-pressure mercury-vapor arc lamp:
oo an-p ry-vap b 58-78 8.5-11.4%
initial, free mounted
UHP — gltra-hlgh—pressure.mercury—vapor arc lamp: 30-50 4.4-7 3%
rated, with reflector for projectors
1400 W sulfur lamp 100 15%
Gas metal halide lamp 65-115 9.5-17%
discharge | high pressure sodium lamp 85-150 12-22%
low pressure sodium lamp 100-200 15-29%
Plasma display panel 2-10 0.3-1.5%
Ideal Truncated 5800 K blackbody 251 37%
sources | Green light at 555 nm (maximum possible luminous efficacy) 683.002 100%

Unynuwly 4. Fwquuwuwpwdwl jwdwbph qnwuppbpuwlytbph iniuwpquupptbpp U wprnynibwybpnieyniap (099)
https://en.wikipedia.org/wiki/Luminous_efficacy

Yunnbgnph Etmhumnllr L‘hqhwti]r;‘lp
wwnbgnphw [nLuwpqwuhp, [nLuw
[lP/‘-lln OQA
UStuwjhtu wnbnwjhu jwdy 2-7 0.29-1.0%
Lubuntwiht wnbnwjhu jwdy 30-50 4.4-7.3%
Uunhy-pubunuwjht wnbnwjhtu jwdw 50-55 7.3-8%
Unbnwjhu QPB - UHP - uunhyh gninpohny
[wdwy gbip pwpép 6updwt  wntnwiht jwdw. bwfutwywu, 58-78 8.5-11.4%
pwg' wuwpgb) vhwgnidng
UHP —utinhlh gninp2hny *
gbip pwpép Gupdwl  wnbnwjht jwdw. wpwwnpnnp 30-50 4.4-7.3%
Ynnuhg dwjigguwd, wnnwgnihsny
1400 Ywn 6ddpwiht (wdw 100 15%
Ubwwn-hwipn jwdwy 65-115 9.5-17%
?&‘tfl“‘“*“‘“u*' Pwna Gustwl Lwwnphnuwiht [wiw 85-150 12-22%
Swén Guodwu bwwnphnwiht jwdy 100-200 15-29%
Mwqdwjht Eypwup quwhwuwy 2-10 0.3-1.5%
Pl uwhdwuwthwyywd 5800 K ul dwpuhu 251 37%
wnpnLptibn 555 ud Gplywpniejwdp Ywuws (nyu 683.002 100%
(htwpwynp wnwybjwagnyu [ntuwpguuhp) ‘

Correlated Color Temperature and Color
Rendering Index — as it has been mentioned, the
CRI of various types of arc lamps can vary from
really very good - almost 100 to negative values,
summarized in Table 5.

Unpbjugdwé (thnfuljuwuyuligwé) qniiuyghti gbip-
dwumphbwt U gnyuh Jpwpipunpnpqut gmghs.
huswbtiu wpnbu ugdb| £, nmwpwwnmbuwly ququuupw-
dwu jwdwbpph ¥48-p Ywpnn £ qquihnpbu nmwwnwuyb’
gntiet 100-h hwuunn wpdbpubiphg, dhuslk pwgwuw-
Ywuubpp, npnup wdthnthyws Gu Unjnwuwy 5-nud:
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Table 5. Arc lightbulb CCT and CRI.

Source: https://en.wikipedia.org/wiki/Color_rendering_index

. CCT
Light source K) CRI
Low-pressure sodium (LPS/SOX) | 1800 | -44
Clear mercury-vapor 6410 17
High-pressure sodium (HPS/SON) | 2100 | 24
“White” SON 2700 | 82
Quartz metal halide 4200 | 85
I(;:gmm discharge metal-halide 5400 96
Incandescent/halogen bulb 3200 | 100

Note the “-44” negative CRI value of the LPS lamp, and the 96
value of the ceramic discharge metal-halide lamp (Figure 25).
Due to high CRI these xenon lamps are being used in so called
sun simulators, that are used to measure the performance of
solar panels (Figure 26).

Unynuwly 5. Untnuyht jwdwylinh 498 L 94.8.
Unpynip' https://en.wikipedia.org/wiki/Color_rendering_index

Lnyuh wnpjnip qtﬂ’ qQ4s
Swdn uodwl bwwnphnidwihu

(LPS/SOX) 1800 | -44
Uunhbh gninpghny, nwpwughy 6410 | 17

Pwpdp Gupdwl Uwwinphnidwihu

(HPS/SON) 2100 | 24

“Uyhnwy” SON 2700 | 82

“jwingti dtinwin-hwihn 4200 | 85

Muwpwdwu  dbnwn-<wihn

puwiuhluliut juduy 5400 | 98

Chjwgdwu /hwingbiuwiht jwdw 3200 | 100

Npwnpnipnit nuwndnbip LPS jwdwyh 48 «-44» pwgwuwluwb wp-
dliphti b wwpwdwb dbpwn-hwihn Yepwdhyuwlwb wdwh 96 wp-
dliphti (Llwpn 25):  Pwpdp ¥48-h ptinphhy wyu pubiintiughti jud-
wbinp Ghpwndnid Gu wyuwbiu Ynsyws wpliughte uhdniywippnpbiinnd,
nnpntip oqiyuugnpdynid G wpliwght pnipnynppnuhly Juhwtiwlaph
wpryntbwdtippniniip (099) swihtyne hwdwp (Lhwn 26):

Figure 26. Abet Solar Simulator and its spectrum overlaid on solar spectrum.

Note: the typical arc IR spikes are hard to eliminate.

Source/Unpjnipp’ http://abet-technologies.com/solar-simulators/sun-3000-class-aaa/

Upnud" Unbnp P4 pphwhly unip ququipbiipht, npnbig wqnbgnieynip ndqwn £ Jbpwgbity:
Uljwp 26. Abet Solar Simulator-p U npw' wplp uyblippph Jpw hwdwnpdwds uyblppp:

Flicker index or Speed of reaction — most
of the arc lamps are not inert — e.g. they repeat
rather well the alternating current amplitude, thus
need to have a good AC-DC converter to prevent
light from flickering. Lamps operated on magnetic
ballasts have a flicker index between 0.04-0.07
while digital ballasts provide a flicker index of
below 0.01.

Start time, sec - since the plasma needs
igniting, then heating, this takes time, up to a few
minutes.

Power supply — as it has been mentioned, the
power supply has the function to ignite the arc.

D1hpp gmighs ud wpdwquiiph wpwqnipym. qu-
quuwwpwdwu Jwdwbphg swwnbpu hubpun s6u, oppuwy’
npwup pwywywupu jwy Ypyund Gu hnthnfuwlwu hn-
uwuph wwwwunfubph wdyhwninp b wjn ywwndw-
nny' (nyuh wnlwdnudhg (pwppeniubphg) funtuwihtint
hwdwp, npwup wuhpwdbon b hwdwpb) jwy PL-LL
thnfuwpyhsny:  UwqUhuwwt  pwjwuwnny - wofuwwnnn
(wdwbph $ihpp gnighsp nmwwnmwuynid | 0.04-0.07 dhow-
Ywypnud, huly pyuwht utnighgny wafuwwnnnutiph $ihpp
gnighsp 0.01-hg guidp k:

Uhwgdwt punnnygyniip’ Juyplywi.  pwuh np
wwgquwu uygpnid wbwp £ pnuygh, hGnn nwpwuw,
www npw hwdwp wuhpwdtiou £ dhusk Uh pwuh pnwb
dwdwuwly:

Utmghs. huswbu wpnbu upyby £, uunighsh $niuygh-
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For this purpose either heating of the gas mixture
or a high voltage pulse of 20 to 50 kV is needed,
while the DC current for its operation is rather low
and needs to have little or no pulsation — still a
challenge. The operating current e.g. for a 450W
lamp is 25 Amps and the working voltage is 18 volts.
Importantly, all gas discharge lamps have negative
resistance — i.e. with higher current through arc the
voltage decreases on the electrodes — meaning
that if the voltage is kept constant on electrodes,
the current rises to the level that the temperature
melts down the electrodes or the bulb cracks. For
this purpose, the power supply needs to limit the
current. Eitherinductive or electronic ballasts could
do this. These power supplies again usually have
efficiency of around 90% or more, and are lesser
expensive with lower efficiencies, and are more
efficient if these are electronic ballasts.

Optics — similar to the incandescent lightbulbs,
their optics could be rather flexible and only limited
by the requirements for effectively dissipating the
heat. Importantly, since the arc itself is smaller than
tungsten filament in the incandescent lightbulbs,
arc lamps can be used with more precise optics
and provide brighter option for e.g. searchlights,
projection, etc.

Operational temperature, °C - here all logic is
rather similar to that of the incandescent lightbulbs.
The arc itself heats up to several thousand degrees
of C, while the lightbulb reaches up to 500 °C. Inthe
most of the cases these lamps need several minutes
to cool down to be able again switch them on. This
time is called restrike time. For use in projectors,
a fan is necessary to prevent overheating of the
lightbulb and surrounding components.

Mounting type, most common — again, there
is a variety of connection bases for arc discharge
lightbulbs — due to the temperature requirement,
in general they are different for various types, as
illustrated in Figure 27.

Longevity/degradation, hours — pure xenon
arc lamps have even shorter lifetimes of 500 — 1500
hours compared to incandescent lightbulbs. Again,
their lifetime depends on the current that flows via
arc during the operation, as shown in Figure 28.
However, the LPS and HPS have up to 24 000-
hour lifetime — one of the longest lasting lightbulbs!

Price - for 100 W, US$ 24 — 120.

Table 6 summarizes discharge lamp related
information.

wu £ pnuyb] wnbnp: HYpw hwdwp wbnp £ {ud nw-
puguti qugh fuwnunipnp, Ywd hwnnpnbi pundp jwp-
dwt' 20-hg Uhusl 50 Y4 hdwnru, Uhusnbn wotuwwnwu-
pwjhtu hnuwupp pwywlwupt gwdp £ b wju wbwp k
niutuw thnpp ud Ywd gpnjuw ppennd, nphtu hwu-
ubip fuunpp b Upfuwwnwupwihtu hnuwupp, ophuwy'
4504w jwdwh hwdwp 25 wdwbip £ b wluwnwupwhu
jwpnuwp' 18 dnwn: Ywplinp £ hhot, np pninp ququ-
wwpwdwu jwdwbph nhdwnpniginiup pwgwuwywu g,
wjuhupt' bpb wntinh Jhony wugunn hnuwupp pwné-
pwunud k£, www EGYwnpnnubpp Jpw jwpnudu puyuncd
E, husp Upwlwlynid £, np Gpb ElGhupnnutiph pw jw-
pnuwip Juw hwunwwnnit, wyw hnuwupp pupdpwuncd
E dpusl wyu dwlwpnwyp, np win sGpdwuwnmhéwuncd
hwiynud Gu ElGYunpnnubpp Yud (wdwp wwyend £ Wn
hul wwwbwnny uunwghsp wtinnp £ uwhdwuwithwyh hn-
uwupp: Hwu Yupbh £ hwutb) Ywd hunniyunpy, jud
ElGYunpnuwjpu uunighsubiph dhongny: Wn uunighsub-
ph 0Q%-p unynpwpwp (hund £ onipg 90% Ywd npw-
uhg pwndn b, bt 09%-p gwdn £, wuww npwup wybih
Edwu Gu:

Oupphluwits. Jhljugdwu jwdwbiph udwu, owwnhlwih
uyuwndwdp wwhwugubipp pwywywupt dyniu Gu, uwh-
dwuwthwyynid Gu dhwyu obipdnieyntup wprynituwybinn-
nbiu gnbint fuunpny: Ywplnp £ uby, np wnbinp’ 2hluwg-
dwu (wdwbph Yndpwdti phihlhg wybih thnpp £ Un
wwwbwnny, wnbnwjhtu jwdwbpp Yupnn Gu Yphpwnybip
wybh G2gphwn owywnhlwyh hbwn, ophuwl' |ntuwpdwlyub-
nh, wpnEyunnputiph, W wju, hwdwp hwunhuwtwny
wybih wwjdwn (nwnidutip:

UWphnunpwiupuypti  gbpdwuppbwts, °C. wjuinbin
wmpwdwpwunieniup pwjwlwupht tdwu £ ohlugdwu
(wdwbiph  npwdwpwunygjuup: Untnp wwpwund k
dpusle Up pwup hwqup wunptwu °C, huy jwdwh wp-
nwphu Jwybplnyep' dhusl 500 °C: Cwwn nbwpbpnud,
dhusl npwup Ynpyht wuqud dhwgubip, wju jwdwbiphu
uwnbiint hwdwp dh pwup pnwb dwdwuwy £ wybinp: Un
dwdwuwyp Ynsynid b ylipwagnpdwplydwt itnbnnnipynit:
Gpt npwup Yppwnynd Gu wpnGYwnnpubpnud, www
lwdwp U npw 2nipg gntiynn pwnwnphsubipp glipunw-
pwgnidhg qtipd wwhbint hwdwp wjunbin ywpunwnpp
YGpwny wnbinunpynud £ onuwidnhy:

Udbbwypwpwodwd dnipwddwin dup.  wnlw k
wnbnwiht wwpwdwu wdwbph dhwgdwu Ynpwnub-
ph Jwju mbuwlwup' 9ipdwuwmhtwup tuwwndwdp ww-
hwusutinhg Glubiny npwup wwppbip Gu mwpwwnbiuwy
(wdwbph hwdwp, huswbu ywunybpgws  LHwp 27-nuwd:

Eplwpwlbignyaymu b nigpunughw’ dwd. gqnun
pubunuwjht ququwwpwdwl jwdwbph Swnwniejwu
dwdlbunp 2hlwgdwtu jwdwbph hwdbdwwn unyupuy
wybh Yupé £ 500 - 1500 dwd: Ypyhu, Swnwnipjwuu
wyn dwdybwp Ywhujws £ owhwgnpddwu pupwgpnid
wntinh Jhony wugunn hnuwuphg, huswybu wwuwnlybp-
wd £ Lwp 28-nud: Uynnthwunbipa, LPS W HPS jwdwb-
ph 2whwagnpddwu dwdlbup hwuunw £ Jhusk 24000
dwd, npp npwug nwund b wdbuwbplwpwljwg jwd-
wbiph gwpphu:

Qhtip' 100 dip, UUTS 24 - 120:

Urnynwuwly 6-nd pbipywdé Gu wwpwdwu wdwbph
dwuht wdthnth wnbnbGYnieyniuutipp:
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Figure 27. Here for HIDs (i.e. most popular high intensity discharge lamps) the most used sockets.

Source/Unpynipp ' http:/iwarisanlighting.com/type-a-lamp.html.
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Figure 28. Lifetime of xenon arc lamps vs arc current.

Source/Unpynipp’ http.//www.qsl.net/k/k0ff//Microscopes/UV % 20Illumination/Course %204, % 20Module %205, %20Arc-Lamp % 20Power%20
Supplies.htm
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Table 6. Discharge lamps Summary table

# Parameter name

1.

Operational principle

Value

Avalanche discharge arcs.

Note
SPD defined by the used gas properties.

A substantial progress compared to

2. | Luminous efficacy, Im/W 30-200 .
incandescent lamps.
. ) Worst with sodium, and some of the best
3. | Color Rendering Index -44+96 with Ceramic discharge metal-halide lamps
4. | Speed of reaction miliseconds grid AC flicker prone

Start time, sec

2-7 minutes, restrike needs
cooling.

Related to mercury warm up into vapor.

Power supply

High voltage, up to 50 kV
striker, high current operation
at relatively low voltage.

High efficiency, virtually allows no
dimming.

Restricted by arc and bulb

Can be very small arc, like in LCD

7. | Optics size projectors or prolonged arc in sodium
lamps.
8. | Operational temperature, CO Up to 500 °C Needs special high temperature resistant

sockets.

Mounting type, most common

ED17, E25, double-ended
HQI and others.

Most common for street lighting

10.

Longevity/degradation, hours

24000 max

One of longest

11.

Price, for 100 W, US$

24 and up

Relatively inexpensive for the power
provided.

Unynuwly 6. Mwpwdwb jwdwbph wdihnihhs wniuwy

# Muwpwdbnph wujwundp Wpdbtpp Lonwfubip

1.

Upfuwwnwph ulgpniupp

Muwpwdwu htntnny wntn-
ubip

CUP-p wwjdwuwynpywd £ Yhpwnynn
gwagh hwwnywuhoubipny

ohjwgdwt jwdwbph hwdtdwun Ewywu

pwnwghw, dwd

2. | Lnwuwpgqwuhp, U/ 30-200 Wnwoplpwg
uwwnphnuwjhut wdtuwdwwu k, huy jw-
3. Or:LLJIF]h Yanwpunuwnpnipgui -44+96 Jugnyuubpu Gu dsunwnwhwingbuwhu
gnians. wwipuyiwy Yepwuhwlwl jwiwbpp
4. | Updwqwuph wpwanteintu | dhihdwpljwu gwugh AC $ihptipp Uywwndwdp qquyniu k
5 Uhwgdwu wbinnnipyniup, | 2-7 pnwt, ytpwgnpdwnybijhu | uunhyp wbwnp b vnwpwuw dhusl gninpop-
" wjpYw wuhpwdbiow E uwnbtigub wgdwu wuwmhéwun.
pwnan jipnu uhtg 50 4 pwpép wpnynituwybnnieiniu, thwuwnnpbu
6.  Uunighs pnujhs, hudtdwnuipuin (nyuh nidqunipjwt Yuwpguwynpnud pny| sh
' gwdp Jwpdwu nwy pwpép nwihu
hnuwup :
uwhdwuwthwyndubipp yb- Ywpnn k |hubp owwn gnpp winbin’ hug-
7. | OwywnpYw pwpbpnid GU Jpwju wnbnh b | wbu LCD wpnjGyunnpubpnud, Ywd dqws
jwdwh wunph swihbphu wnbn' bwwppndwiht jwdwbpnd
Upfuwwnwupwiht obipdwu- o wwhwuontd £ pwpép otipdwnhdwgyniunt-
8. nh6wu, C° Uhtsl 500 °C pjwdp hwwntl Ynpwntbn
9 Udbuwwnwpwdwsd dnu- ED17, E25, tipydw)pn HQI Ywd | wibtwwnwpwdywdu tu thnnngwjhu |nt-
" lnwddwu &up, wj| uwynpniejwu hwdwp
10. BnbwnwlEignueini Wnbiq- 1, oo gnytp’ 24000 wibtwbpbwpwlwgubnhg Wbl £

11.

%hup, 100 dwn/UUL 1y

24 L pwnép

hwdtdwwnwpwp Edwu £ dwnmwlwpwpynn
pwnan hgnpnipjwu nhdwg
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4. Linear and compact 4. QSwyhu b Yndwyuwlywn ymdhubugbu-
fluorescent lamps (CFL) and wnwjhtu jwdwbpp (CFL) b upwug uting-
their ballasts — neon lights, dwt wnpynipbipp” ubintwght jnyubip,
photoluminescence and its Pnunpgnuihubugbughwyh uyblunpp,
spectrum, peculiarities — mercury wnwudtuwhwwnlnpyniuubpp, uunhyp b
and UV radiation W 6wnwquwjenuip

Here our categorization is following. In this Wu qund nhunwplynd  bU  qwdybp, npnbp

section we consider lamps that are also operating unyuwbu woluwwnd By wwpwdwl ulgpniupny, uw-
on the discharge principle, however, their common Jwju npwug punhwunip ogquwgnpdnip sh Yuipbih
use cannot be characterized as “high intensity”. punipwagnt; npwbu «pwpdp hunbuuhynieywu»: Opp-
E.g., the neon lamps used commonly in the colourful uwy, fuwjinwpntitn gnjwgnutiph hwdwp unynpwpwn
advertisements are not for the lighting purposes, ognwagnndynn ubinuwjhu (nyubipp s6u Yhpwnynd |ni-
but for the colors that they allow to shape through uwynpnipjwt hwdwp, wj| npwug dhongny unwuntd
lights (Figure 29). Gu gniiwynp  nwhtt nipdugdtin: bW wwnybipubn
(LYwp 29):

Figure 29. Colorful ad lights in Pattaya, Thailand.
Source/Unpynipp’ https://hawkebackpacking.com/thailand_pattaya.html

Ulwp 29. tvwyppupntin gndwqnuiht inyubin, Mwiypwyw, (Gwhpwbn:

For a very long time fluorescent, or luminescent Cww Bplwp dwdwuwy 2hywgdwt jwdwbph wnw-
lighting has been the more efficient alternative tothe Y& wprynituwybin wypunpwup bu dwnwjb) ynidhubu-
incandescent lightbulbs, that were mostly used in  guwwyht jwdwbipp, npnup hhduwywunw oguwignns-

industrial, commercial areas and offices (Figure 30). ynud GU wpunwnpwywl, welinpwiht b gpuubtyw-
Ywjhtu mwpwoéputipnud (LYwp 30):

Figure 30. Fluorescent lighting in offices.

Ulywp 30. LynwdpbGugbpught jwdwbpp gpuwubtyuwluGpnid:
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QLNhu 2. Lnyuh wphbuypwlwl wnpynipbibn

The glowing of air that is rarefied under low
pressure through discharge of static electricity has
been observed first in 1675 by French astronomer
Jean-Felix Picard. He observed that the empty
space in his mercury barometer glowed as the
mercury jiggled while he was carrying the barometer
(Barometric light, n.d.).

Operational Principle - Just the same as the
arc lamps described in the previous section, Figure
31. Bounces between the ionised molecules and
electrons caused by the electric field maintains the
plasma, which emits radiation. The color of the
radiation depends on which other gas is mixed to
neon. E.g. mixing hydrogen adds red, helium adds
yellow, carbon dioxide — white, and mercury — blue.

Figure 31. Discharge lamp operation.

Swon dupdwu wwydwuubpnd Unup onh unwwnhy
ElGYnpwlwunipjwu wwpwdwu  dhongny  unwgywd
thwjjwwnwyndu wnwoht wuqwd ulwwnb| § 1675p-hu
Ppwuvhwgh wunmnwagbn dwu-dbhpu Mhlwpp: Lw
Uty Ep, np- pupndtinpny puygitiphu uunhyp Jtp-
ni-qup tp wund b pwpndbunph nwwwpy wnwpwdpp
thwjbp £ wpdwyne:

Whuunpwiiph uljqepmtipp. Lnyuu k, hus bwfunpn
glfunud ujwpugnpywd ququwwpwdwt jwdwbph opp-
uwynwd' Lhwp 31: EGYwpwlwu nwonh hnuhqugywsd
dniynyubiph L EiGYunpnuubph dholt pwiunidubph wp-
ryntupnwd - wwhwwuynd £ Swnwaqwjenn  wjwqdwu:
Awnwqgwjpdwu gnyup wwjdwuwynpwsd L ubinupu
fuwnujwé qugh wnbuwlhg: Ophuwy' 9pwsdhu fuwnub-
(Nt nbwpnd wybwund £ Yupdhp, hbhnwh nbwpnd’
nbinht, wdfuwdth tplonuhnh® uwhwwy huly utnhyh
nbwpnwd' Gpluwagnyu:

Maintained plasma In argon with

Ulwp 31. Mwpwdwt jwdwyh wohuwpwbpp

At the same time, the fluorescent lightbulb
operation is due to the fact that plasma with mercury
vapor in rarefied argon emits rather intensive UV
radiation at wavelengths of 253.7 and 185 nm, which
is used to instigate effective photoluminescence
(PL) in the luminophore (phosphor) that internally
coats the lightbulb, and this arrangement is more
efficient. Block diagram illustrates this sequence
in Figure 32, and the construction of the lamp is
shown in Figure 33. Here ignition mechanism
should be employed (see below).

Figure 32. Fluorescent lamp operation.

mized alameants

Eleclric Power
ElGlnputuEng Yugnil wuwegdw’® wngnbsh Jhg wy
nwppEnh hwdbduslp

Lighht

L

Uhlunyu dwdwuwy gnidhubugbunwiht jwdwh wsy-
fuwwmwupp hhdujwsd £ uunhyh gninpohubph wnfwine-
pjwdp unupwgpwd wpgnuh dhowydwipnid unbindywd
wwquwih Ynnuhg pwywlwupu huwnbuupy' 253,7 L
185 ud bplywpnypjwdp wipputpnd MU dwnwqw)p-
ubph wpdwlydwu Gpunyeh pw: Un dwnwqu)pubpp
ogunwgnpdynd Gu jwdwh ubippht dwybpbup wywwnn
pgnwhundnpnd ($nubnp) wpryniuwybinn dnuinnpnidp-
ubugbughw (L) unwuwint hwdwp: PnYy ufubdwynud
wwuwybpdws £ wyn hbppwlwunieiniup, wbu' Lywnp
32, b jwdwtph Ywnnigywdpp nbu' Lwp 33: Uwlwu
wluwwnwuph wyu uygpniupp hpwlwuwgubnt hwdwp
wuhpwdtiown £ pnuydwu dsfuwupqd (nbu' unnply):

Note: Electric power generates plasma that emits UV radiation, which later is converted into white visible light via photoluminescence (PL)

phenomenon.
ammred plawrm i
BT
o gl BT T B

| _i:. e ek

L™ LRLTEAE

warepifs Uep e
gy bralefanly

Rl s llllnll..n.lu -_-__-_-|
ST ol T (A
il iFemre] | #8ida Ll
(ntuwnidhubu- St LT TR
L e gbUuwnwyhu ujnieny ¥,

2Gpwin ($nudnp)

L L=

Upnud. bieyippwlwt Eubpghwt wjwqduyh dhongny qblbpwg-unid £ MU dwnwaquypmd, npp pnipnynivhtibugbughw (SL) tpunyph -

engnd nfuwlibipugdmd £ uwhigly, gpbuwtith inyup:

Ulwp 32. LynidptGugbtippughtn jwdwp wippuwgpwitipp:
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CHAPTER 2. Artificial Light Sources

Figure 33. Fluorescent lightbulb construction and operation.

Source/Unpnipp’ http://www.dictionary.com/browse/fluorescent-lamp

caihode imeri gas phesphor coaling
Lunnn hlubGpwn gug  Sosdnpuupurngl  base
AULLLL

seged gasls. tube marncury apar Ly
wibjuague hbncbohly fenmredialy  ulinhilgh grinnzh il mamp

Ulwp 33. Linidptbugbtpught jwdyh yunnigduwdépp b wippuwypwiipp:

Luminous efficacy, Im/W — around 50-100 Lmuwpquupp' [d/dp. onipg 50-100 [d/4w, npp
Im/W, which a few times exceed the efficacy of  Uh pwuh wuquwd gbipwquwugnid £ unynpwwt 2hlwg-
incandescent lightbulbs for general use. Table 7 Uwu [wdwbph wpqwuhpp: Unynwwl 7-nd pbipynud Gu
gives more details for various types of fluorescent wnwpwwbuwl gnwhubugbunwiht jwdwbph nuwn-
bulbs. quuhputipp:

Table 7. Efficacy and efficiency of fluorescent lightbulbs.

Source: https://en.wikipedia.org/wiki/Luminous_efficacy

(01 :Ts [] 4 Overall luminous Overall

Type efficacy (Im/W) luminous efficiency
Very low pressure mercury-vapor gas—(:.lischarge lamp with 60 9%
fluorescence as T12 tube, with magnetic ballast

9-32 W compact fluorescent (with ballast) 46-75 8-11.45%

T8 tube with electronic ballast 80-100 12-15%

PL-S 11 W U-tube, excluding ballast loss 82 12%

T5 tube 70-104 10-15.63%
70-150 W Inductively Coupled Electrodeless Lighting System 71-84 10-12%

Unynuwly 7. LynwdpbGugbppughtn jwdwybph wpquwuppp U 0.q.q. -p:
Unpynip’ https://en.wikipedia.org/wiki/Luminous_efficacy

Cunhwuntp CunhwunLp

TwuwlwpgqUuwl inkuwyp [nLuwpqwuhp  InLuwghu
(lU/4wn) 0oqQaq
uunhyh gninp2hnd 2w gwdp dugdwl ququuwwnudwl jwdwy’ 60 9%
pnudhutugtughwyny, T12 junnnywywéle, Jwguhuwywl uunighyny
9-32 Jduwn Yndywywnn yncdhubugbuinwihl (uudwlu wnpjnLpny) 46-75 8-11%
T8 Punnnywywaél.™ ElGYuinpnuwhu ulinLghsny 80-100 12-15%
PL-S 11 1w U-punnnywy, shwywé uunighsh YnpnLunutpp 82 12%
T5 punnnywywél 70-104 10-16%
70-150 Ywn hunnLyghnU’ wnwug EiGYunpnnutGph [nLuwynpdw 71-84 10-12%
hwdwywng
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Correlated Color Temperature and Color
Rendering Index — the CRI is not very high with
this technology; only tri-phosphor cool-white
fluorescent lightbulb provides good enough color
rendering (Table 8).

Table 8. CCT and CRI for fluorescent lightbulbs

Source: https://en.wikipedia.org/wiki/Color_rendering _index

Unpbjugdwé (thnpujwwwligwsé) gmbughti 9bip-
dwuphbwit b gnytuh Jepwpypunpnyagutt gmghs. Uju
wbfuuninghwtu swwn pwpép 948 sh wwwhnynid, pw-
quwupu (wy gnyuph ypwpuwnpniginitt niuh dhwju
Gnwdnudpnp uyhwwy nyup gnwdhubugbunwihtu wdwp
(Unyntuwy 8):

Unynwuwly 8. LynidpbGugbtppught jwdylinh Y8-p
(CCT) L 948 p (CRI)
Unpynipp’ https://en.wikipedia.org/wiki/Color_rendering_index

Light source CCT (K) CRI Lnyuh winpjnip U4, 4 qus
Coated mercury-vapor 3600 49 Mwuwdwd, uunhyh gninpahny 3600 49
Halophosphate warm-white Lwindnudwinwiht obipd-uyhwnwly
fluorescent 2940 °1 ynudhubiugbuinwyhtu 2940 !
Halophosphate cool-white Cwindnudwinwiht uwnp-uwhunwy
fluorescent 4230 o4 ynwdhutiugbunwyhu 4230 64
Tri-phosphor cool-white Gnwdnupnp uwnp-uyhinwy
fluorescent 4080 89 ynudhubiugbiuinwihtu 4080 89
Tri-phosphor warm-white Gnwbnudnp otipd-uwyhwnwy
fluorescent 2940 & yntdhubugbumwghu 2940 3
Halophosphate cool-daylight Lwindnudpwnwiht uwnp-gtinb-

6430 76
fluorescent Ywjhu nyup ynudhubiugbiunwhu 6430 76
Incandescent/halogen bulb 3200 100 Chywgdwu /hwingbuwihu jwdw 3200 100

The usual metameric failure is a classic case
with this lightbulb — many of us have experienced
the fact that a purchase of a cloth element in a
shop lit by fluorescent lighting appears to have very
different color at daylight or under incandescent
lighting. Naturally, this phenomenon is due to
the SPD of the fluorescent light bulb, shown in
Figure 34. One can immediately tell that this spiky
spectral power distribution is going to have color
rendering problems, despite of the overall white
light perception from the lightbulb.

Wu (wdwbpnud wwpq dbypwdbphly upuwp nwuw-
Ywu Gplunye b Ljnudhubugbunmwptu jwdwtpng [ntuw-
ynpywsd fuwunienid hwgnwwnp qunwfubp Yuunwpbihu
dbquuhg pwwnbipp Ywuqund GU wju thwuwnh wnwy,
Gpp wwpgnud £, np quiwd wwpwuph gnyup gtipt-
Yuwjhtu |nyuh Ywd 2hlwgdwt jwdwh |nyuh nwy wn
E wwppbpynwd uywuywdhg: Puwlwuwpwn, wju bGp-
unypep wwjdwuwynpywsd t ynidhubugbunwhu jwdwh
(nyup <UP-ny, wbu' Lhwp 34: Ywpbih £ wudhowwbu
uywuwnbiy, np suwjwd (wdwhg GYnn uwhwwy |Nyup pun-
hwunip puluwdwup' hgnpnipjwt uwbyupw) winwhup
upwdwyn pwpfunudp gnyuh Jepwpuwnpniejw fuunhp-
ubip £ wnwowgubnt:

Figure 34. Typical fluorescent lamp with rare earth phosphor

Source/Unpyninp’ https://en.wikipedia.org/wiki/Fluorescent_lamp

Intenaity jcomrie) 1
s | PLAELIURILNL R "
i adind)

] L5
‘Wasrangih | nim|

wghed GpYwpnLEnL )

Ulywp 34. <wquqinup Gplpuyhti phdpwlwt ynuppbip wwpnitwlynn pnupnph ynidhtinpnpnd inhwhly (yni-

uhbbugbtypuyht juiduy:
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Flicker index or Speed of reaction —due to the
fast response of the arc in the neon or fluorescent
lightbulbs to the input voltage variations, these
lightbulbs have flicker (Figure 35) corresponding to
the frequency of the alternating power of the grid.
Depending on the type of the ballast, i.e. the power
supply, there are several solutions - see below for
some of them. An easy solution is to place two long
lightbulbs inside the semitransparent encasement
in an opposite phase connection, so that they
compensate the flicker of each other. In general,
this flicker creates problems for e.g. video recording
that is taking place at frame rates of 24-30 frames
per second. Often a frequency “beating” effect is
observed if the flicker is not well enough managed.

Start time, sec — start time of these lamps again
depend on the type of the ballast, ranging from
fractions of the second with electronic ballasts,
to a few seconds with “electromagnetic” ballasts.
However, these lightbulbs reach their optimum
output after certain warm-up time that may take up to
several minutes — at optimally higher temperatures
the plasma is more actively emitting the UV that
converts to visible light on the phosphor coating.

S 1hpp gnighs Yuwd wpdwquiiph wpwaqniynil. ub-
nuwihu Ywd pnudhubugbunmwihu jwdwbpnd wnbinp'
dninpwiht jwpdwu thnthnfunyeniuubpht wpwag wp-
dwqwupdwt wwwndwnny wju (wdwbipp pwpend Gu
(LYwp 35) thnihnfuwlwtu hnuwuph gwugh hwéwfunt-
Rjwdp (50 <g): “wtudwd uunighsh mbuwlhg, dh 2wnp
wbuuhyulwu nwdnwdutip Gu Yhpwnynud (npwughg uh
pwuhup wnbu unnply): <k ndndubiphg Ukyp htwn-
Wwiu k. dwgbph hwywnwy dhwgnuding Gpynt Gplup
jwdwbipp wbnunpynud Gu Yhuwpwthwughy wywwnjw-
uh db9 wjuwbiu, npwbiugh dtyp Yndwbuuwguh djniup
rwppndp: Unynpwpwn wyn pwpenwp - futnhputip £
wnwowgunud, ophuwl' wnbuwdwjuwgpnipiwu dwdw-
uwy, tpp uywpwhwunwp Yuwnwnpynd £ 24-30 Yunp/
Juypljwt wpwagniejwdp: Swun nbwpbpnid nhnynud £
hwlwfuniejwu «qupytiph» (pwpwfunidubph) Gpunype,
hwinljwwbu, nwuwlwu «fEYwnpwdwquhuwywu»
utnighsubip oguwgnpdnn (wdwbpnid :

Uhwgdwt qplnnnyaynitp’ Juyplyywis. wju jwdwbph
dhwgdwu nbinnnyeniup, Ypyhtu, Ywujwsd L utunighsh
nbuwyhg, npp wwnwuynd £ EGYwnpnuwhu uune-
ghsutinh ntiwpnud” wwutunprwywu Jujplwuhg dhugl
dh pwuh Juyplwup’ biEYunpwdwquhuwlwu utnighsh
nbwpnud: b nbiw, wju jJwdwbpp hwuunw Gu hptiug ow-
whdw| hgnpnigjwtp dh pwuh pnwt wug, Gpp jwdwh
dbg quynn utnhyp inhy gninpzhwunid £ U wjjwqiw
wytih wynpynpbu £ wpdwynd MU Gwnwaquw)eubp,
npnup $nudpnpuwywn dwytipbuh ypw thnfuwybpwyned
GU inbuwubih |nyuh:

Figure 35. High-frequency electronically-ballasted fluorescent lighting essentially eliminated flicker as a problem

in such products.

Source/Unpnipp' www.ledsmagazine.com/articles/print/volume-

12/issue-11/features/flicker/understand-the-lighting-flicker-frustration. htm/
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Uljwip 35. Pwpdp hwéwpunyswdp biEywppnuught utinighsh Yppwnnidp ynidhtbugbbpught jwdwpmd bw-
Gwunpbl bdwqbgtnid E bdwl wpypwnpwtph hwdwn futnhp hwinhuwgnn $ihppp/ewnenidubnp:
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Starter and Power supply — Historically these
lightbulbs were driven by electromagnetic ballasts
as shown in Figure 36, a. Their function is to
provide the initial striking voltage to start the arc.
Certainly, this increases the cost of fluorescent light
fixtures especially if the coil of the ballast is made
of copper. However, one ballast is often shared
between two or more lightbulbs. Figure 36, b shows
the lightbulb, where most modern induction starting
principle is used.

Uypwpipbp b utmghs. wju (wdwbpp ywwndww-
unpbu woluwwnb Gu flEYnpwdwquhuwywu uunighsub-
pny, huswbiu ywunybpgwsd £ LYwp 36, w-nwi: THwug
$niuyghwt bwjutwlwu dhwgunn jwpnd wwwhnybiu
E wnbnh wofuwwmwupp ububint hwdwp: Utgnpn uw
pwnpdpwgunw £ gnidhubugbunwihtu jwdwbipng [ntuw-
Yynpdwt hwdwlwpgh wndbpp, hwnywwbu, Geb uunt-
ghsh Unth quiwpubipp wwwpwundws Gu wnudhg:
Uwlwju JbYy uunighsp hwéwfu dwnwjnid b Gpyne ud
wybih (wdwbphu: Lwp 36, p-nd gnyg £ npJwd wdb-
twdwdwuwlywyhg hunniyghnt unwpunbipny jwdwp:

Figure 36. 1. Old style electromagnetic ballast schematic: a preheat fluorescent lamp circuit using an automatic
starting switch. A: Fluorescent tube, B: Power (+220 volt), C: Starter, D: Switch (bi-metallic thermostat), E:
Capacitor, F: Filaments, G: Ballast; 2. the most modern induction ignition principle

Source/UnpynLpp” https://en.wikipedia.org/wiki/Fluorescent_lamp; www.studyelectrical.com, http://www.slideshare.net/ClaudioPineda/cree-

gen-ltg-training
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Ulwp 36. 1. wpuyhtund Yhpwnynn biGhinpwdwqbhuwwb utnighsh upubdwinhly wwinlbpp. Jhwgdwt
wyypndwipwgywéd upwpipbinny wopuwpnn' bwpiwwbu pnwpwgnn ynidhtbugbtiypught wdwh onpwl, U.
ynwhbbugblitpnuygphti funnndwy, P. jwpnidp (=220 Ynpp), . utpwpipbn, . wbswinhs (Gphyutiynwnwlwt pbn-
dnutpwin), 6. Yntnbbuwipnp /ynupwlps/, 2. ohiugdwt pbihlutp, F. pwpwupn (utinighs), 2. hunnilighnt

pnblydwl wdbbwdwdwbwlwlyhg ulygpnitipn

Due to the coil, electromagnetic ballasts with
almost any minor fault usually produce an audible
vibration, which resonates into a buzzing noise.
Magnetic ballasts usually have a filling with a tar-
like compound to reduce the noise — this compound
sometimes has a habit to melt and drip down to the
floor. Energy loss in the magnetic ballasts estimated
to be around 10% of the lamp input power.

To eliminate the hum, and to simplify the
striking, electronic ballasts are used that use high
frequency generator, which also have lesser loss
compared to electromagnetic ballasts, are smaller
and lesser expensive (https://en.wikipedia.org/wiki/
Fluorescent_lamp#Ballast).

Optics — the neon or fluorescent lightbulbs
in fact are mostly glass pipes that can attain all
different forms. It is not easy to use these types
as point sources, due to their prolonged nature, but
they give a vast opportunity for one’s imagination
to produce various forms and curves. Figure 37
illustrates this.

Qpbeb gwulwgwd dJwup pbpniejwdp EEYnpw-
dwqUphuwlwu uunighsubpp' Ynéh wwwndwnny unyn-
nwpwn (ubih ppenng Jhppwghw GU wnwowgunud, npp
nintlgynwd £ pqqugnn wndniyny: Undniyp ujwqbtigub-
(nt hwdwp dJwgquhuwlwu vunighsubipp unynpwpwn (g-
Ynud GU fubidwudwu uynieny, npp Gppbdu unynpnieiniu
niutip hwytipne b gbitnuphtu Yuetint: Uwquhuwywu uunt-
ghsutipnwd Eubipghwjp Ynpniunp Yugdnwd £ dnwnpwphtu
Eutipghwjh 2nipe 10% -p:

Pgqngp Ybpwgubint b dhwgnudp wwngbigutint hw-
duwp pwpép hwbwlunypjwu qgbutipwwnnpny Lityunpn-
Uwjhu uunighsutip Gu Yhpwnynwd, npnup EGYunpwdwg-
Upuwlwu uunighsubiph hwdbdww wybh phs Ynpnwun-
ubip nwbu, dwywiny wybih thnpp Gu b wybh Ldwu
(https://en.wikipedia.org/wiki/Fluorescent_lamp#Ballast):

Ouppplw. ubnuwihu Ywd gnidhubugbunwihu (wd-
wbpp hpduwwund wwwyt funnnjwlyubp Gu, npnup
Ywpnn Gu punniub) mwppbip ubip: Guting npwug tp-
Ywpligyws |hutbinig, nddwp £ npwup’ npwbu thugwih
(nyup wnpjnip ogqunwignndti], uwlwju quuwqwu dubph
U Ynpbipp untinddwu hwdwp npwup pudbnnud Gu UG
huwpwynpnieiniuutip, LHwnp 37:
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CHAPTER 2. Artificial Light Sources

Figure 37. Variety of fluorescent (including compact) lightbulb shapes and sizes.
Source/UnpinLpp” https://www.e-education.psu.edu/egee102/node/2047, http://jedavu.tumblr.com/post/92556238216/stunning-light-

sculptures-reveal-our-culture

Camgundt Fhaigiaeid Lasgs

Uljwp 37. Lymupbbugbbpuyht (win pynid’ Yndwwlyyp) widylinh pwquwehy dubph U swhbph opptiwlubin:

Operational temperature, °C — These type of light
sources are also called cold lights, thus their operational
temperature is usually around 40-50 °C. As mentioned
above, at higher than the room temperatures the plasma
is more actively emitting the UV that converts to visible
light on the phosphor coating. This temperature is
providing optimal evaporation, thus the partial pressure
of the mercury inside the lamp. Overall, colder than
e.g. incandescent lightbulbs’ temperature provide
less stringent requirements for the fixture materials.
One requirement is related to outdoor operation —
transparent encasement provides higher temperatures,
means more efficient operation during the cold time of
the year, since cold temperature hinders the mercury
evaporation. Due to the same reason, these lightbulbs
perform poorly at windy conditions.

Mounting type, most common - Figure 38
shows the various types of sockets, however most
common remain the T12 and T14 as well as E40 and
E12 standards that are also used for incandescent
lightbulbs.
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Whiunpwupuyhti gbpdwupphbws, °C. wju inb-
uwyh (nyuh wnpnipubpp bwbe Yngynwd BU uwinp
(nyutin, pwuh np wofuwwmwupwihtu stpdwunhbw-
up dnwn 40-50 °C L: Uyn obpdwuwnhbwup jwywgnyu
gninp2hwgnudu £ wwwhnynd  uunhlyh  hwdwp,
L (wdwh ubpunwd wnwowgunid £ Upw Jwutwlyh
dupnid: Uju wdpnnonipjudp wybh uwnu k, pwl,
wubup' ohjugdwt (wdwbpp b oGpdwunpbwuh ni
(nuwynpdwt  hwdwlwpgh ynebiph tlwndwdp
wybilh vbnd wwhwugubip £ nunid: Uu jwdwbph 2w-
hwgnpddwu hwdwp dhowywjph stpdwuwmhéwup
15 - 40 °C | owyunpdwip 20 - 25 °C: Pwgh hwwnty
Uwluwgdywd (wdwbinhg, upwup nnipup sk oguw-
gnpdynid, pwuh np gwdn sbpdwumhbwuntd uunp-
Uh gninp2hwgnidp uwnwund £ W jwdwp sh pnuy-
ynwi: Lnyu ywwbwnny wju jwdwbipp Jwiubunud
GU pwdnig:

Udttunpuwpwodws dntpwddwtn aup. Lwn
38-p wwuwybpnd Gu Ynpwnubiph tnwpptp wnbuwy-
ubipp, vwywju wdbkutwwnmwpwsdjwdubipp E40, E27,
E14, T12 U T14 unwunwnwnubpu Gu
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Figure 38. Various mounting standards and sockets for fluorescent lightbulbs.
Source/UnpinLpn” http://www.elightbulbs.com/catalog_search_help_fluorescent_bulb_base_types.cfm, http://www.seoultrademall.com/co/

standarde/Lamp_Holder_Socket_Fluorescent_Starter--681926.html|
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Longevity/degradation, hours — The fluo-
rescent various lamps longevities are 8-15 times
more compared with incandescent lamps, making
8000 — 25000 hours of service. The champion here
is the so called cold cathode compact fluorescent
light, with up to 50000 hours of service time — which
is expected, since these lightbulbs do not have
ignition filaments, but the striking is provided by
much higher ignition voltage (Figure 39). However,
these lamps have efficiency that is lesser compared
to other CFL-s by a factor of two.

Eplwpwlbignyaym b nigpunughw’ dwd. Ljnwdp-
ubugbunwiht (wdwbph Bpywpwybgnienitup 2hlwg-
dwtu (wdwbpph hwdtdwwn 8-15 wugqwd wybih Gpywp
hwuubny 8000 - 25000 dwuh: Wjuwnbn wnwowwnwnu
wjuwbu Ynsqwd uwnp Ywpennwiht Yndwywlyw gnidp-
ubugbunwiht Jwdwu &, npp dwnwynd £ dhusk 50000
dwd, husp uwywubh &, pwuh np wju (wdwbpp pnuynn
ohjwgdwu phhyutip sntubu, wy Jhwgnidu hpwwuwg-
ynuwd £ pnuydwt owwn wybih pwpdp jupdwu ounphhy,
Llwp 39: Udtu nbwpnud wyu jwdwtph 099-p bpynt
wugwd wykh gwon §, pwu CFL-jwdwbphup:

Figure 39. A cold-cathode CFL unlit (left) and illuminated (right)

Source/UnpinLpn” https://en.wikipedia.org/wiki/Compact_fluorescent_lamp#Cold-cathode_fluorescent _lamps

Uljwp 39. Uwnp Yupennuypti CFL qwidwp' uptsl dphwgbbyp (Gwifupg) U dhwgdwé Jhdwlynid (wohg)
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Price, for 100 W, US$ — The cost of CFL-s could
be up to 10 times higher than the incandescent
lamps, but due to their higher efficacy they provide
substantial savings. Current price for a 100 W CFL
is around $12 (6000AMD). 23 W — made in China
800 AMD, Osram, Philips: 3000 AMD.

Negatives: Environmental issues and recycling
— there are two negatives of CFL-s that are
related to health and environment. The first one
naturally is the mercury content in all fluorescent
lightbulbs, usually 3—5 mg per bulb and 1 mq if the
lightbulb is labelled “eco-friendly” 4. This imposes
special requirements related to their disposal and
recycling. These requirements prescribe to store
the old lightbulbs unbroken for further recycling.
This sector is in its initial stage of development in
Armenia.

Ultraviolet (UV) radiation of CFL lamps is
mostly not an issue if the bulbs are 1.5 m away
from people. However, for those with sensitive
skin, they may be a reason for enhanced irritation
and cancer risk, especially in the UVA (so called
“pblack light”, 315-400 nm) and UVC (100-280 nm)
ranges. The UV exposure, especially if the light
source is consistently in close vicinity of around
20 cm, exceeds the current workplace limit, set to
protect from skin and retinal damage. However,
overall the CFL use impact on climate change is
positive due to decreased CO, emissions.

Table 9 summarizes linear and compact
fluorescent lamp related information.

Table 9. Discharge lamps Summary table

# Parameter name Value

Qpup' 100 dip/ UU'L pnpup. CFL (wdwbiph wndbpp
Yuwpnn £ 10 wuqwd gbpwquugt| 2hjwgdwt (wdwbph
ghup, uwluwyu npwug wybih pwpdp wpguuhpp wwjuw-
hnynud £ qquih futwnnnigyniuutp:  Lepyuwyndu 100
Y CFL jwdwu wpdt dnwn $12 (6000 << npwd): nuw-
Ywup 23 Ywn' 800 <L, Osram, Philips wpunwnpniejw-
up' 3000 <<

Pwgwuwlwt Ynnutipp. puwwywhwywiwlywu fuu-
nhputip L yGpwdowynud. CFL jwdwbipu niubu wnnnont-
pjwup U 2powluw dhgwwynpht wnugynn tpynt pugw-
uwlwu Ynnd: Unwohup, puwlwuwpwn, pninp ynidh-
ubugbunwihtu jJwdwbpnd uunhyh wwpniuwynigyniuu £
dty jwdwnud undnpwpwp 3-5 dg b «Eyninghwwbu wu-
Junwug» dwlugwsd jwdwbpnud® 1 dg: Un (wdwbiph wp-
nwqgbindwu U ypwdawydwu wnnidny wjuntin hwwnny
wwhwueubip U uwhdwuynwd: Cuwn wyn wwhwugubiph,
gnpéwdywsd jwdwbtipp htnwqw YEpwdawldwu hwdwnp
wbwp b wwhbunwynpybt wnwug Ynwpbiine: <<-nid
wju ninpnt hp qupgqugdwu uygptuwlwu thnynid t:

CFL jwdwbpp nywunpwdwunwywgnyu (MU) dwnw-
gwjpendp hhduwywunwd fuunhpubip sh wnweowguntd,
Gebt jJwdwp gunuynid £ dwpnnig 1,5 d htinwynpwiejwu
Yypw: Uwlwiu qquniu dwal niutignnubiph hwdwp  wju
Ywpnn £ fupun gpgntip dwlyp b punglbinh Yunwtg
wnwowgub] hwwinlwwbu NWU-A /UV-A/ (wjuwbiu Ynsywd
«ult |nyup», 315-400 ud) L MU-C /UVC/ (100-280 ud)
wnppnypenud: MU Juwugp hwinlwwbu dbdwundd £, Gpp
[(nyuh wnpjnipp 2wpniiwlwpwnp gunuynd £ dnwn 20ud
htnwynpniypjwu Ypw' gbpwquugbing  ubpyuwynidu w-
fuwwnwwnbinh hwdwp uwhdwujws' dwoyh b gwugwpw-
nwueh ywonwwuniejwu pnywwnnbh uwhdwup:

Unynuwly 9-nud pbipynud £ gdwihu b Yndwwlun ni-
dpubugbunnwiht  jwdwbph  wwpwdbnptph  wdhnih
wnyjwiubipp:

Note

1. Operghonal Avalanche dlsgharge SPD defined by the used gas and phosphor properties.
principle arcs, photoluminescence.
Luminous efficacy, A substantial progress compared to incandescent
2. 50-100
Im/W lamps.
Color Rendering . Worst with regular mercury-vapor, and best with Tri-
3. 49+89 ;
Index phosphor cool-white fluorescent lamps
4. | Speed of reaction | miliseconds grid AC flicker prone, frequency “beating” effect can be

observed

5. | Start time, sec 0.1+10 seconds.

Reaching to performance per specs is related to
mercury warm up into vapor, which can be up to 10
minutes.

Mostly a striker, then
operates at the grid
voltage, or PWM.

6. | Power supply

High efficiency, virtually allows no dimming with electro
magnetic ballast. But if with PWM can be dimmed easily
if designed so.

7. | Optics size

Restricted by arc and bulb

Allows any bending of the tube - during production
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Table 9: Continued

# Parameter name Value Note
Operational 0 .

8. temperature, C0 Up to 50 °C Cool light
Mounting type, E27, E25, all tubular, .

% most common DULUX. Alarge variety

10, Longevity/ 8000 — 50000 One of longest
degradation, hours

11. Eg%e’ for 100 W, 12 Relatively expensive

Unynwuwly 9. Mwpwdwb jwdwbph wdihnihhs wnniuwly

# Mupwdbnph wujwundp

1. | Ugjuwwnwuph uyqpniupp

Updtpp

Mwpwdwu htntnny wntn-
utip, $nunnnuihubiugbu-

Lonud

CUP-p wwjdwuwynpywd £ Yhpwnynn
gwgh U $nudnph hwwnynpiniuubpny

wwjhu.

Chywgdwu jwdwbph hwdbtdwwn bw-
2. | Lnwwpquuhp, [0/ 50-100 um Lgmugn t&pwtg tnh

Unynpwlwt uunhlh gninpzhny’ wb-
3 Snyuph YyEpwpuwnpnigjwu 49-89 Uwywwnu k,  huy Gnwdnudpnp uwp-

" | gnughs, ' wnwy |nyup gnwhubugbunwiht jJwdwb-

nhup jwywgnyutiiphg dtyp

Swugh < nwwnwunwfubiph uwwn-
4. | Updwaqwuph wpwagnipntt | dhhjwjpyjwu dwdp qquwnwu £, Yupnn § nhnydb| hw-

Swlunypjwu «qupybiph» Gplnypep

Uhwgdwu wnlinnnipyniup,

Upwnwnpnnp Ynnudhg uwhdwuywsd hgn-
pnijwup hwuubp ywjdwuwynpywd

5. Junluit 0.1+10 Juwypyywu E uunhyh gnpinp2hwgnidny, nph ww-
pwgdwu hwdwp wywhwugynid £ dhusl
10 pnwb dwdwuwy
Pwpép 099, LiGYwpw-dwquhuwlwu
Ehdrzjﬁg]fﬁjnéd E:gjqp’bhqbnmn uunighsh nGwpntd thwuwnnpbu pny|
2 gugng 1 sh wwihu (nyuh nidquniejwu Yunpgw-
6. Uunighs jupnudny, Yuid hSU/pdwnyup Yynpnud: Uwlwiju |nyup nidp  hbpunne-
tnlnnnipjwi dr_!r}muwghwmt{/ Ejwlp Ywpqwynpynid £ hSU-ny, Lk
PWM / Pulse Width Modulation wynubu £ Lwluwgsyws
uwhdwuwthwyynid £ dhwju
7. | Owwpywu wntinh W jwdwh hpwup sw- funnnduwlp Yunbih £ oyt gwulugws

thtipny

auny.wpwwnpnipjwu pupwgpntd

8 Upluwwnwupwiht otipdwu-

wnhbwu, CO uhugle 50 °C Uwnp [nyu

Udbuwwnwpwéywd dnu- E27, E25, E40 pninpp funnn-
% wwdiul alip Juluwal, DULUX. Utd pwqiwquitineniu

v bgnipiniu U nkg-
10, n&?}t“gﬂj,g&ﬂ wlnbia- 8000 - 50000 UdbbwbpYupwlywgbiphg wayp
1. | Gphup, 100 Ywn/UUL nnup |12 Lwdbdwwnwpuwp pwiy
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5. Light Emitting Diode (LED)

lamps and drivers — semiconduc-
tors, electrons and holes and their
recombination, I-V-curve of a LED

While the CFLs marked a substantial
breakthrough for energy efficient lighting, the
light emission diodes (LED) allowed continuing
the efficient lighting revolution with a higher
advancement rate. The key principle of operation of
these semiconductor devices have been very well
known for decades and have been used e.g. in the
form of indicator lights and remote controls in many
equipment pieces such as TVs, tape recorders,
etc. Only with the start of the third millennium,
the technological achievements provided the
combination of the cost, efficacy, longevity and
luminous spectrum that made them attractive
for wide residential, commercial, and industrial
applications.

The key advantages like compactness, much
lesser heat release, cost effectiveness across its
lifecycle and flexibility of usage, as well as their
relative advantage in terms of environmental impact
makes these sources the main, most important
technology in almost any contemporary use. Their
rapid rate of development is related to the fact that
they are contemporary electronic semiconductor
devices — like any other semiconductor technology,
LED advancement to certain extent can be
associated with the industry that follows Moore’s
Law with its 18 month performance doubling logic.

Observation and explanation of the first LED
effect is attributed to a number of scientists, among
them Oleg Losev, Kurt Lehovec, Carl Accardo and
Edward Jamgochian®. James R. Biard and Gary
Pittman of Texas Instruments (Tl) have patented
the first practical LED, based on discovered near
infrared (900 nm) light emission from a tunnel
diode they have constructed on a semiconductor
GaAs substrate. The real production Tl started
in 1963. In 1968, first visible light LEDs were
manufactured, these LEDs were bright enough to
serve as indicators, but could not illuminate any
substantial area. Only in the 1994 the first high
enough brightness blue LEDs were demonstrated
by Shuji Nakamura (Nichia Corporation) — this work
has been awarded the Nobel Prize in Physics of
2014. About the same time the white LEDs have
been developed, with which the exponential growth
of the LED brightness started, that is known as
Haitz Law (after Dr. Roland Haitz). In contrast to
the Moores law, every 36 months the LED output

5. Lnwwnhnnujhu (L) pwdwbp b
upwiug uunigdwt wnpyniputipp” Yhuw-
hwnnpnhsutp, ElGYunpnuubp b fjunnngubp
U npwug nEYndphtwghwt, LY judwh
Ynpn-widwbpwyhu punipwighpp

CFL (wdwbpp (Yndwywywnn pnidhubugbunwhu (wd-
wbin) bwlwu pbynd dingptight Eubpquiwpryniuwybivn
(nwuwynpnipjwu Ute: Lnwwnhnnwihu (LY jwdwbpp
wpwg nbdwbpny 2wpniuwybight Eubpquwpryniuw-
gyt  [nuwynpnipjwt  hwdwlwpgbph  hGnwihnfunt-
pyniup: Wn Yhuwhwnnpnhs uwppbiph  wofuwwnwuph
wnwugpw)hu uygpniupp 2wwn jwy hwjnuh £ Gk tnwu-
uwdjwyubp owpniuwy W npwup wpnku ogunwgnpdyntd
Ehu, oppuwy' hbGnnwwnwgnygubipnid, Gwjuwgphsub-
pnud wd udwtu inbfuuhluynd npwbu wgnwuawuwhu
(nyutip (hunhywwnputip) Yud hnwwnwywpdwu Jw-
hwuwlubpnd npwbiu jwpbipp thnfuwphunn hwnnpn-
dwu dhong: Uhwju Gppnpn. hwquipwdjwyh uygphg h
ytp wbfuuninghwlwu dbnppbpnidubpp Yupnnwguwu
hwdwnpb| hupuwnpdtipp, wpgwuhpp, Gpywpwybgne-
pIntup U (nwwjht uwbBlwpp, npp wpryniupnd npwup
gpwyhs nwpdwl puwlsnipjwt, wnlinpwihu W wpnynt-
uwpbpwlwu nuwmbuwpnnubph Ynndhg (wjiu Yphpw-
nnijwl hwdwn:

%npp dwdwih (Yndwyww), wn wytih phs sbipdwip-
dwldwu, 2whwagnpddwt wdpnne pupwgph wnnwiny
Swiuuwpryniuwybwnigjwu, ogunwgnpddwu Uty GYnt-
Unipjut, hugwtiu Uwl 2nswlw dhowywiph Ypw wqnb-
gniejwdp npwug hwpwpbpwwu wnwybnuyenluu wyn
wnpnputipp nwpdunid £ gpbpt gwujugwd dwdwuw-
Ywyhg Yhpwnnipjwu ninpinh hhduwywu, wdkuwywp-
unp wbuuninghwt: Unfw qupqugdwt wpwg wnbd-
wbpp wwjdwuwynpjwsd Gu upwuny, np gwulwgwsd
w)| Yhuwhwnnpnswiht wbfuuninghwih udwu, |nuwnp-
nnubpp dwdwuwywyhg fiEYnpnuwihu Yhuwhwnnpn-
swihu uwnpbp Gu hwunhuwuntd, b LY wbfuuninghwjh
wnwetuwnwgnwip npnawyh wnnwny Yunbih £ Yuwb
wpunwnpwywu wju npnpunp htw, npp hnlnw £ Unipp
(Moore) opbuphu U npw' 18 wuhup bl wpryniuwyb-
wnniRjwu Ypyuwwwnydwu npwdwpwuntgjwup:

Unwohtu LFp hwjinuwpbpndp b pwgwhwjnndp
ytpwagnynud £ dh 2wpp ghntwlwuttipht, npnughg tu
Oltig Lnulp, Ynipn Lbhnybgp, Ywpp Uynpnnu L En-
Jupn dwdyngwup’: Unwohtu gnpduwlwu L+u wp-
wnnuwagpyby £ 1961p-htu «(dtipuwu huuppnidtunur»-p
(Texas Instruments - TI) ubipywjwgunn bjdu M. Pwjwp-
nh W Swiph Phpdwih Ynnuhg: U hhuudws bn Upwg
Ynnuhg unwgywsd quihnwh wpubuhnh Yhuwhwnnpnhy
eniutijwiht nhnnhg tynn hudpwlwpdhp (900 ud) |ny-
uh Swnwgwjpdwu Ypw: «(Fhpuwu huuppnidtupu»-p
hpwlywu wpwwnpnientup ufubi £ 1963-hu: Stuwubih
(nyuny - wnweohtu LY jwdwbipt wpwmwnpyby Gu 1968-
hu b, ptl, npwbtu hunhywwnpubip dwnwjtiint hwdwp
npwup pwywywuht wwjdwn thu, uwlwju npuk bw-
Ywt wnwpwdp skhu Yupnn (nwuwynpbip: Uhwju 1994p.
Cnigh Lwlwdnipwih Ynnuhg (Nichia Corporation) gnt-
gwnpybght wnwoht pwywlwuht UGd wwjdwnniejwdp

5 K. Lehovec; C. A. Accardo; AND E. Jamgochian (1951). “Injected Light Emission of Silicon Carbide Crystals”. Physical Review. 83 (3):

603-607. doi:10.1103/PhysRev.83.603.
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Figure 40. Haitz Law
Source/Unpynpp” http:/iwww.sitelighting.com/index.cfm
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doubles — and this law works nowadays too®
(Figure 40).

Operational Principle - LEDs are
semiconductor devices — light emitting diodes.
Semiconductors are materials that at working
temperatures, which for semiconductor devices
usually is laying within a range defined between
room or ambient temperature and around” 90 °C
are manifesting much more resistance than metals,
but much less resistance than insulators, and
importantly their resistance drops by the increase of
the temperature. At these temperatures, electrons’
energys are allowed in so-called valence bands
that are almost filled, and conduction bands that
are almost empty — similar to insulator materials.
However, it is possible to control their conductivity
either by excitation via photons, temperature or via
introduction of certain impurities called dopants.

Depending on the dopant materials, they
are making the semiconductor material more
conductive via population of n-type negative
carriers (electrons) or p-type positive carriers
(so-called holes). An interface of n and p type
semiconductors is called p-n-junction, which has
an important property that it builds-in electrostatic
field inside the semiconductor. A device that has
one p-n-junction is called a semiconductor diode.

(<]
Ywpuhp (niuwht hnup - ."’f g
uwhwnwy [nuwghtu hnup ] @
S
Yuipuhph Swhuu, $4d . g
uwhwwyh dwuu, $40 2
[of
£
=
c
E
5
£
S
=
2
&
£
-_,\__H-..
195) 1855 HN¥ 1S i hlis L]

Yuwnywn L-ubipp, b wyn wtuwnwupp 2014p-hu wp-
dwuwgwy $hghlwih nppunnd Lnpbywu Jdpgwuw-
Uh: Gpbiet unyu dwdwuwl untindytig twl uwhuiwy
LFp, husnd b uyhgp npybg L+-ubph wwjdwnnigjwu
tinypwswthwlut wipngptiuhwny Ytintipp, npp hwjntp
E npwtu <wygh opbup (nnywninp Roland Haitz-h wunt-
uny): b wmwppbpnieintu Uniph optuph, wjuwnbn LY-h
Glpwjhu hgnpnieniup YpYuwwwnyynid jnipwpwugnip
36 wuhup Uby, W wyn optiupt wotuwwnnud £ uwb wyuon®
(Lywp 40):

Wpuunpwiiph ulygpmitipp. LV qwdwbpp Yhuwhw-
nnpnhs uwppbp GU' (nuwpdwynn nhnnubp: Yhuwhw-
nnpnhsubpt wjuwhup unuebp Gu, npnug hwnnpnw-
Ywunigyntup  woluwwnmwupwiht  opdwumnphtwuubpnud
(ubUywlwyihuphg dhusle onipg 90 °C) pulwsd £ dbwnwn-
ubph L dbynwihsutiph dhol” L gbipdwuwmhbwuh pwpé-
pwgdwu htwn gniquhbin wju wénd £ Un 9bipdwuwnp-
dwuubpnud EiGYwnpnuubph tubpghwtu pny £ wnpjwsd
quiGunmwlwu gnuinhubipnid, npnup gpbiet |gwd Gu, L
hwnnpnwlwu gninhubpnud, npnup gpbeb nwwnwny Gu'
huswbu dtynwhs unbiph nbwpnw:  Uwlwju npwug
hwnnpnwlwunientup huwpwynp £ Ywnwywpbp $n-
wnuubph dhongny gpgndwu, sbpdwumnpbwuh Ywd 6-
ghpwgunn fuwnunipnubph hwybdwu dhongny:

YwfuJws |Gghpwgunn  fuwnunipnubiph  unyehg’
npwup n-nbuwyh pwgwuwywu Yphsubiph (EGYunpnu-
ubn) Yy p-nbuwlh npwwt Ynhstph (funnngiin)
puwlybgdwu dhongny dbdwgund tu Yhuwhwnnpnhs
uniptiph hwnnpnwywuntgyniup: n W p wmbuwyh Yhuw-

6 It claims that every decade, the cost per lumen (unit of useful light emitted) falls by a factor of 10, and the amount of light generated per
LED package increases by a factor of 20, for a given wavelength (color) of light. https://en.wikipedia.org/wiki/Haitz%27s_law
Wu wunnwd £, np LY jnipwpuggnip gnudtup wbuwlwpwp hupuwpdtipp 10 wugqwd wywwund £ b LY vwpph gbubpugywsd nyup
wybjwund £ 20 wuqud' jnipupwtgnip nwutwdjwlnud: https://en.wikipedia.org/wiki/Haitz%27s_law

7 In afew applications, the semiconductor devices may have higher temperature, which, in fact, depends on the type of the semiconductor.
Yhpwndwu npng nbwpbipnd Yhuwhwnnpnhs uwnpbpp stipdwuwmnpéwup Yupnn £ wybh pwpép (hub, npu b nby ywydwuwynpywd

£ Yhuwhwnnpnhgh wbuwyhg:
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The most commonly used semiconductor
material in electronics is the silicon, Si, however in
the LED manufacturing, so called “direct band gap”®
semiconductor materials like Gallium phosphide
(GaP), Gallium arsenide (GaAs) and its associates®.
Zinc selenide (ZnSe) Indium gallium nitride (InGaN)
are used with substrate materials: Silicon or Silicon
carbide (SiC); diamond; boron and aluminium
nitrides.

The main operational principle is the injective
electroluminescence.  Photovoltaic  effect is
the opposite process, which takes place in the
semiconductor solar cells.

PV cells mechanism of generating electric
current is as follows. First, the absorbed photons of
solar radiation are elevating electrons’ energy state
into conduction band from their initial lower energy
state in the valence band, which is called electron-
hole pair generation. Second, the aforementioned
built in electrostatic field of the semiconductor p-n-
junction spatially separates electron-hole pairs,
charging one face of semiconductor positively and
the other negatively, which is used to perform useful
work (Figure 41).

hunnpnhgutiph dhgwywypp hwdwlgnn dwytiplinyep
Ynsynid k£ p-n wugnid, npp dh Yupunp hwwnynieyntu
niup’ Yhuwhwnnpnhsubiph ubipunid unbindnud | EGlywn-
pwuwmwwnhy nwow: ULY p-n wugnwd niutignn uwppp
Yngynud £ Yhuwhwnnpnhg nhnn:

ElGYunpnupuynid  oginwgnpdynn  wdklwwnwpws-
qwd Yhuwhwnnpnhs Uniep  uphihghndu £ Si, uwwju
LYubiph wpunwnpnigjwu dbe Yhpwnynd GU wjuwbiu
Ynsqywd «ninhn wugnwfutipny wngbiwsd gnuinhubipny»®
Yhuwhwnnpnhyg unipbinp: Un Ujnipbinh pyht G- wwwn-
Ywunw quihnwh $nudhnp (GaP), quihndh wpubup-
np (GaAs) U npwug dhwgnipyniuubipp®. Shuyh ubiituhnp
(ZnSe), hunhnwd quihnd upwphnp (InGaN) Yhpwnyned
E htinlywy hhdp-phetinutinh Ynw. upihghnuh Yupphn
(SiC), wnwdwun, pnph W wynwhuh hinphnubipp:

Upfluwwnwuph hhduwlwu ulyqgpniupp  pudblighnt
blyyppwyndputbugbighw £: - Snypnynipugply FpGly-
yp npw hwlwnwly gnpdpupwgu t, npp inbinh & niub-
unud yhuwhwnnpnswiht wpliwht dwpwnyngubipne:

b4 dwpwnyngubiph dhongny LiGYwnpwlwu hnuwup
wpunwnpbnt dfuwupgdp hGunlyw(u £ bwiu, wpbquy-
Uwjht Swnwqwjedwu Ywudwd Ininnuubpu LYun-
pnuubph Eubpgbwpy ypbwyp' Jwibumwlywu gnunnt
gwdp Lubipgbwnpy ypbwyhg, pwpdpwgund Gu dhush
hwnnpnwywu gnwinhu, npp Ynsynud £ EYunpnu-funnng

Figure 41. Operational principle of semiconductor solar cells.
Source/Unpntpp” http://www.science-kick.com/solar-cell-type/working-principle-of-junction-solar-cells
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Ulywp 41. Ypuwhwnnpnswght wipliwghti dwpplyngh wppuwgpwiph ulqpnitipp:

8 The band gap is called “direct” if the momentum of electrons and holes is the same in both the conduction band and the valence band,;
an electron can directly emit a photon. In an “indirect” gap, a photon cannot be emitted because the electron must pass through an
intermediate state and transfer momentum to the crystalline lattice.

Unpgbiiwsd gnnhu Ynsynid £ «ninhnp, bpb U uibunwlwu U hwnnpnwlwu gninpubpnud EiGyunpnuutph b wugpbiph hdwnyup unyuu
£, W ElGhwnpnup Yupnn £ ninqnuiyhnpbit $ninnuubip wpdwyb): «Uuninnuyh» wpgbiwsé gnuinnt nbwpnid $nnnt sh Yupnn wpdwlyyti,
pwuh np Eyupnup whnp £ wuguh dhowtlyyw) yhdwyny b hdwnyu hwnnpnh pynipbinudwunwypt:

9 Like Aluminium gallium arsenide (AlGaAs) Gallium arsenide phosphide (GaAsP) Aluminium gallium indium phosphide (AlGalnP)

huswbu  wynwht quihnuwh wpubuhnp (AlGaAs), quihnd wputiuthnh $nubhnp (GaAsP), wpynwhtu quihnd hunhnidh $nubhnp
(AlGalnP):
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The phenomenon of the electroluminescence is
just the opposite - the device consumes current and
generates luminous radiation. From external source
of electricity, the forward current injected in the
p-n-junction is stimulating radiative recombination
of electrons and holes, i.e. electrons’ energy state
drops from conduction band to lower energy state
in the valence band, and the energy is released in
the form of visible photons (Figure 42).

Naturally, the photon energy or its wavelength
(remember that they are related univalently),
AM(um)=1.24/E(eV), depends on the energy gap
value between the valence and conduction bands
(Figure 43, also see Table 10 below). As it has
been mentioned, this value is called band gap, and
is characteristic of each semiconducting material.
E.g. for Si it is equal to 1.12 eV - this corresponds
to 1100 nm wavelength, which is in the IR range’?;
for GaAs the bandgap is equal to 143 eV -
corresponds to 867 nm wavelength, again IR; for
GaP the bandgap is equal to 2.26 €V - corresponds
to 548 nm of green; and for GaN the bandgap is
equal to 3.4 eV at 365 nm wavelength of near UV.

gnygbiph qbubpwghw: Ujunthbunl, yGpnhhojw ubiplw-
nnigywd Yhuwhwnnpnswiht p-n wugdwt EG{wnpwu-
nwwnhy nwownp nmwpwdwywunpbt pwdwund § EEYn-
nnu-funnng qnygtinp” Yhuwhwnnpnhgh dbl tipbup |hg-
pwynnptiny npwlwt, huy djnwp’ pugwuwlw (hgpnd,
npp Yhpwnynid £ ogunwljwn wotuwwnwup Yuwnwpbnt
hwdwp (LYwp 41):

EltYunpwynudhutiugbughwih Gpunyep 6hon hwyw-
nwlu £ uwppp uwywnnid £ hnuwup b gbubpwgunad £
[(ntuwjhu dwnwagw)pubn: Ubnigdwt wnpyniphg p-n-wu-
gnuwlh dtg hudtlindws (Gbpwplidws) ninhn hnuwupp
fupwuntd t EiGYwnpnuubph W funnngtph Gwnwqwjewhu
nbyndphuwghwt (yGpwdhwynpnidp): Uyjuhupt' hwnnp-
nwywu gnunnd Ubpwpyywsd EEYunpnuubpp ntYndpp-
uwgybiny, hountd Gu wybkih gwdp Lubipgbitnhy yhbwy
Jwibunmwywu gnnnid b wpryntupnid Eubipghwh wwp-
pbpnieintup wugwinynid £ inbiuwubh $nuiinuh wpdwy-
dwt dhongny (LHwp 42):

Puwlwuwpwp, $nnnup Lubipghwt Ywd npw wip-
ph Gpywpnieiniup (hhotup, np npwup hwdwpdtip hw-
pwpbpnyejwu by Gu), A(um)=1.24/E(eV), Ywhujws &
Jwitunwywu b hwnnpnwywu gnunhubpp pwdwunn
tubpgbinpy gnunnt jwyjuniejniuhg (LYW 43, bwl nbu
unnpl Unnuwy 10): Puswbu wpnbu wudb) b, wyu wp-
dbpp Ynsynwd £ wpgbywd gninph b nw jnipwpwiugnip
Yhuwhwnnpnhs Uniehtu punpng dbénieniu : Ophuwy,
Si-h nbwpnud nw hwyjwuwn £ 1.12 eV, npp hwdwww-
wnwufuwund £ 1100 ud wihph Gplwpniejwup hY wnp-

pnyenid’®, GaAs- nbwpnud wpgbwsd gnunhtu hwjwuwp £ 1.43 eV, npp hwdwwwwnwufuwunid £ 867 ud wihph
Gpywnnieiniup, Ypyhu hY; GaP-h nbwpnid wpgbywsd gninpu hwjwuwp £ 2.26 eV, npp hwdwwwunwufuw-
unwd £ Ywuws 548 ud wipphu, U GaN nbwpnid wpgbiywd gninpu hwjwuwp £ 3.4 eV' dnin 365 ud wihph

Gpywpnipjwdp MU-pu:

Figure 42. LED operational principle.

Source/UnpinLpp”  https://en.wikipedia.org/wiki/Light-emitting_diode#Working_principle
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10 Silicon has indirect semiconductor bandgap, due to which its radiative recombination is very low, and, as it has been mentioned, it is not

used in the LEDs.

Uhthghnudp wunipnwyh Eubipgbnhy wpgtiwsd gnuinh niup, nph gunphpy npw dwnwquwjenn nEyndphiwghwu (Yepwdhwynpnidp)
owwn phs b b, huswbu wpnbu uggby b, LH-ubipnd sh Yhpwnynid:
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Figure 43. Bandgap energy vs. possible wavelength ranges in various materials and the univalent relationship
between the photon energy and its wavelength, A(mm)=1.24/E(eV).

Source/UnpinLppn” www.slideshare.net/MohammedMannani/optical-source-led-by-sufiyan-a-khan, https://en.wikipedia.org/wiki/Electronvolt

Wavelength Range

Bandgap Energy

Material Symbol Uihph GpYw- Upqbjwé
Lowu  pnipjut dhowluyp gnuint Eubpghw

A (nm, uy) Wq (eV)
Indium Phosphide hunhnuh $nudpn InP 0.92 1.35
Indium Arsenide hunhnuwh wpubtiuhn InAs 3.6 0.34
Galium Phosphide quihnwh dnudbhn GaP 0.56 2.24
Galium Arsenide guwihnwh wpubhn GaAs 0.87 1.42
Aluminium Arsenide wyndhup wputupn AlAs 0.59 2.09

Galium Indium Phosphide guwihnwh hunhnwh $nudhn GalnP 0.64-0.68 1.82-1.94

Aluminium Gallium Arsenide wynwhup quihnwh wpuupn AiGaAs 0.8-0.9 1.4-1.55
Indium Galium Arsenide hunpnuwih quihnwh wputupn InGaAs 1.0-1.3 0.95-1.24
Indium Galium Arsenide hunhnuwih quihnwh wputupn

Phosphide Bnudhn InGaAsP 0.9-1.7 0.73-1.35
E = hcjd

200 300 400
Wavelargih |rem)|

500 S0 700 800
L|||||;-. |,.|||_.|_|_|.'\.|||p||||,|.' ({15}

Ulwn 43. Upgbyws gnipne Eubpghwt pnwppbp tynyelinnud, U htwpwiynp wihph Gphuwpnysjuwti inhpnyptb-
np b pnipntih Eulipnghuyh ne npw wihph Gpwpnipgwit dhole dhwindtp Guwp. A(mm)=1.24/E(eV):

Table 10 shows the different materials that are
being used in LEDs with respective emission color
(ranges). One can see also included the column of
respective voltage drop range on the diode. Any
LED will start emitting light when more than 2 to
3 volts, forward biased, is applied to it. Figure 44,
a. represents a current-voltage or so called I-V
diagram of a diode. The V, is the forward voltage
at which diode is open, V, is the reverse voltage
at which an avalanche breakdown process starts
in the diode. Note that at forward bias, the current
may increase as much as the diode can persist to
the Joule Lenz heat associated with that current.
However, this does not mean that the luminous
power emitted also increases proportionally. To
limit the LED current, in the most of the cases a
resistance is being used, as shown in Figure 44, b.

Unyntuwy 10 —p gnyg & nmwihu LY-ubipnid Yhpwnynn
wwppbp unyebipp b npwug wpédwywsd hwdwwwunwu-
fuwt gnyubpp (nppnypubpp): Ywnbh  wbuub bwl
nhnnubpnud hwdwwwwwufuwu wpnwfubph wuydwu
whpnyep gnyg nynn untuwyp: Swulwgwsd LV uhunid
E inyu wpdwybip 2-3 Ynpinhg, ninpn jwpnd  hwnnpnbnt
nbwpnd: Lhwp 44, w - nud ubpyujwugywsd £ nhnnh hn-
uwup-jwpnid Yufujwdnipniup Ywd, wjuwbu Ynsgwd'
I-V Ynpp: V,' nhnnhu yhpwnws ninpn jwipnufu £, npp
wuwjdwuubpnu nhnnp pwg k£, Y, hwlywnwy jwpnufu k,
nph wwjdwuubpnid nhnnp dwyynud £, Geb jwpnwp gb-
pwquwugnud £ upqwé uwhdwup: Llwwnbup, np ninhn
jwpnwd Yhpwnbijhu, hnuwupp Yupnn § wybjwuw] wju-
pwu, nppwu nhnnp Ywpnn £ nhdwuw| win hnuwupht
U, npwbtiu htiwbwup, pjniptinh wpwuwntu: Uww)u
nw sh tpwuwynwd, np hnuwuph pwpépwgdwt htwn
hwdwdwuunpbu dadwunud £ twb wpdwyqws [ntuwhu
Lubpghwt: LYh hnuwupp uwhdwuwhwybiine hwdwp
owwn nbwpbpnud  ogunwgnpdynd £ nhdwnpnipeini,
huswbu gnyg & tipqusé Lywp 44, p-nud:
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Figure 44. a. I-V diagram of a diode and a LED. b. circuit with current limiting resistor to prevent high current
flows.
Source/Unpintpn” www.friwo.de/uploads/tx_kkdownloader/LED_drivers_basics_E.pdf
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While Table 10 shows the different colors that Unynuwy 10-p gnyg £ vwjhu nmwpwunbuwy Yhuw-
LEDs made of various semiconductor materials  hwnnpnhs ujnietinhg LF-utiph wpdwynn tnwppbp gny-
offer, it is essential to have light source that covers  ubipp, uwfuwyu  pwwn Yuplinp £ wyuwhuh nyup wnpjnip
the entire luminous spectrum. That can be provided niubuw), npp Ypungplp (nuwght wdpnng uwblnpp:
by white LEDs, that can be achieved in two ways. tw Yupbh B unwtw uyhnwy L-utiph dhongny,
nphu Ywnbih £ hwuut) Gpynt dwuwwwphny.

I. Lynudhun$nph oqumuwgnpénud: Uw udwt E gnudp-
ubugbunwiht jwdwh uyqpniupht: L+-hg wpdwy-
ynn pwpép hunbuuphynipjudp Yuwnywn Yud MU
(nyup  (nuwynpnid £ gnudhundnpp (L{wp 45, hw-

I.  Use of phosphor. This is similar to the principle
of the fluorescent lightbulb — the high intensity
blue or UV light from a LED is used to illuminate
phosphor (Figure 45 — compare with Figure

32), which on its turn provides much broader Ubdwwnbp Lhwp 32-h htw), npu hp hbipeht wnw-
spectrum of radiation (Figure 46), that can be qujeUdwl swin wykh jwju uwblnp £ wnwwgunud
perceived as white light - phosphor-converted (Lywp 46) pulwiybind npwbu uwhwnwy nyu:
white LEDs (pcLEDs) Upwup' pnudhun$nph  dhongny  thnfuwybpwynn

uyhwnwly L+-ubpu Gu (phosphor-converted white
LEDs - pcLED)

Figure 45. Phosphor-converted white LEDs (pcLEDs) operation.
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Ulywp 45. Lynidhtindnpp dphongny thnfuwlybpwyws uwyhywly L-abiph (pcLEDs) wphuwiypwibipp:

Figure 46. Spectrum of a white LED showing blue light directly emitted by the GaN-based LED (peak at about
465 nm) and the more broadband Stokes-shifted light emitted by the Ce®: YAG phosphor, which emits at
roughly 500-700 nm

Source/Unpintpp” https://en.wikipedia.org/wiki/Light-emitting_diode#Colors_and_materials

S 4000 @

% - (1) GaN or InGaN LED
—~5 3000 @ quihnuh upiphn. Yud
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Ulywp 46. Uupipuly L'-h uwylilyyopp gnyg b ynwihu GaN hpdpny L'+h ynnuhg ninnuihnpbts wpdwlwé Gu-
wnyy (nyup (dwpuhdnwdp dnip 465 ud-p Ypw £) b Ce’*: YAG pnupnph wpdwlws wybih jwybwpbpg' Uppnpuh
otinnudny wuwydwbwynpywé inyup, nph Gwnwquypenidp dnip 500-700 ud E:
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II. RGB LEDs. This principle benefits from the
peculiarity of human vision — red, green and
blue (RGB) — emitting LEDs are combined to
provide white light (Figure 47, a). To recap,
metamerism is the principle that allows to effect
all 3 types of photosensitive cells of human eye
retina, namely the red, green and blue cones
(see section 1.3). However, if the spectra of
each color LED is narrow (Figure 47, b) — it may
again yield metameric failure, thus providing
lower color rendering index (CRI — also see
below in the efficacy and CRI sections).

Figure 47. RGB LED — one can see the three chips.

Il. RGB LY-ubp: Uju nbwpnid updhp, Ywuws b Yu-
wnywn (RGB) gnyubip wpdwynn L+-ubpp dhwynp-
ynd W uyhwwy nyu Gu wpdwynid (Llwp 47, w):
<hobigubiup, np binwdtiphqup pny| £ twhu wgnb)
dwpnnt wsph guwugh tnGunnwywu gquijnit pohoutiph
pninp inbuwlubph ypw, ubpwnyw) Yupdhp, Yutws
U yuwwnyw Ynuubph tpbip wbuwlyubpp (nbu pwdhu
1.3): Uwwju jnipwpwtgnip gniuwynp L+-h uwybiyun-
np utin £ (Lhwp 47, p) b wy Yupnn £ dnwdbphy
ufuw| wnwowgubi| b npw wpryntupnd  gnyup Yyb-
pwpuwnpnuejwu gnighst wybih gwdn Yihuh (343,
nbu uwl unnpl’ wpquupphtu b 948 Jbpwpbipnn

yGwnbknpnp):

Source/Unpintpp” www.instructables.com/id/RGB-LED-Moodlight-in-10-minutes/ and its spectrum (b)

:
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Uljwp 47. RGB LY, tpunid Gu tiptip shubipp:

In order to avoid the metameric failure through
increased CRI, instead of 3, 4 or more, as well as
just 2 colors are used too, however, the trichromatic
LEDs provide best balance between CRI and
luminous efficacy. Multi-color LEDs also are easy
to control electronically to achieve any colors.

There is a lot of very active and promising
research going on organic LED (OLED) as well as
quantum dot (QD) LEDs. Both have immediate
promise for displays, yet are not ready to be used
economically for lighting purposes.

Wayelengih fnm|

ko 1] Ear Tad IR
wijhgh bpumnusnul [Laly

GU8-h pwpépwgdwt dhongny dbnwdbphy ufuw-
(g funtuwthtint hwdwnp, 3, gnyubiph thnfuwnpbu oguw-
gnpdynwd Gu uwl 4 wd wybih Yud dhwju 2 gnyu, uw-
Ywju wniphppndwunpy (nwanyu) LF-ubpp wwwhnynid
Gu GU8-h U |nwwpqwupph vholt jwywanyu hwpw-
pbipwygnieyniup: Puqdwagnyu LYubipp twl hbownni-
pPjwdp Gupwplyynu Bu EGYunpnuwhu junwdwpdwt'
gwulwgwd gnyl unwuwnt twywwnwyny:

Opgqwuwywu LY (OL} - OLED), huswbu uwl pywu-
wwjhu Yenbpny (L4 - quantum dot QD) L} unwuwint
hwdwp Ywwwpynud Gu pwqiwphy b owwn funuwnnid-
Uwihg hGunwgnunwlwu wofuwwnwuputip: Gpynwu ki
wudhowwbiu Ywpnn Gu Yhpwndb| nhuthiubpnid, uw-
Ywju npwup nbinbu wnunbuwwbu ywwnpwuwn sku ni-
uwynpnijwi dbe Yhpwnbint hwdwp:
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Table 10. The available colors with wavelength range, voltage drop and respective semiconductor material.
Source: https.//en.wikipedia.org/wiki/Light-emitting_diode#Colors_and_materials.

Wavelength

Voltage drop [AV]

Semiconductor material

Infrared

[hm]

A>760

AV <1.63

Gallium arsenide (GaAs)

Aluminium gallium arsenide (AlGaAs)

Red

610 <A <760

1.63 <AV <2.03

Aluminium gallium arsenide (AlGaAs)
Gallium arsenide phosphide (GaAsP)
Aluminium gallium indium phosphide (AlGalnP)
Gallium(lll) phosphide (GaP)

Orange

590 <A <610

2.03<AV<210

Gallium arsenide phosphide (GaAsP)

Aluminium gallium indium phosphide (AlGalnP)

Gallium(lll) phosphide (GaP)

Yellow

570 <A <590

210<AV <218

Gallium arsenide phosphide (GaAsP)

Aluminium gallium indium phosphide (AlGalnP)

Gallium(lll) phosphide (GaP)

Green

500 <A <570

1.9<AV<4.0

Traditional green:

Gallium(lll) phosphide (GaP)

Aluminium gallium indium phosphide (AlGalnP)

Aluminium gallium phosphide (AlGaP)

Pure green:

Indium gallium nitride (InGaN) / Gallium(lll) nitride (GaN)

Blue

450 <A <500

248 <AV <37

Zinc selenide (ZnSe)

Indium gallium nitride (InGaN)

Silicon carbide (SiC) as substrate

Silicon (Si) as substrate—under development

Violet

400 <A <450

276 <AV <40

Indium gallium nitride (InGaN)

Purple

Multiple types

248 <AV <37

Dual blue/red LEDs,

blue with red phosphor,

or white with purple plastic

Ultraviolet

A <400

3<AV<4l

Indium gallium nitride (InGaN) (385-400 nm)

Diamond (235 nm)

Boron nitride (215 nm)

Aluminium nitride (AIN) (210 nm)

Aluminium gallium nitride (AlGaN)

Aluminium gallium indium nitride (AlGalnN)—down to
210 nm

Pink

Multiple types

AV ~33

Blue with one or two phosphor layers,

yellow with red, orange or pink phosphor added afterwards,

white with pink plastic,

or white phosphors with pink pigment or dye over top.

White

Broad spectrum

2.8<AV<4.2

Cool / Pure White: Blue/UV diode with yellow phosphor

Warm White: Blue diode with orange phosphor
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Unyniuwly 10. Unbw gnyttinp U npwitig wihph tpluwnpniginitutiinh inphpnyen, jwpdwb waynidp, b hwdwuww-
ppwupuwt Yjhuwhwnnpnps tyniplinp:
Unpynipp' https://en.wikipedia.org/wiki/Light-emitting_diode#Colors_and_materials.

Uipph Gpyw- Lwpdwt wu-

Qnyyu

Uhuwhwnnpnhg tynep

pnipyniy, [ud]  Ymd, [AV]
Pudnuluin- A> 760 AV < 1.63 Swghnuh wipubLpn (Gads)
dhp Uynwihuh quihnuwh wputiuhn (AlGaAs)
Uynwdhuh quihnidh wpubithn (AlGaAs)
Gupdhp | 610<A<760 | 1B3<AV< Swihnwh wpubuhnh $nudhn (GaAsP)
2.03 Uyndhuh quihnwp hunhnwdh $nudhn (AlGalnP)
Quwihntdh (1) dnudpn (GaP)
Quwihnwh wpubuhnh $nudhn (GaAsP)
Lwﬂ?%w_ 590 <A< 610 2.032<1§V < Uyndhtuh quihnwp hunhnwdh $nudhn (AlGalnP)
an ' Quihnwdh(ill) $nubhn (GaP)
Quwihnuwih wpubuhnh $nudhn (GaAsP)
“Hanhu 570 <A <590 2.1(;<1§V < Uynwdhup quihnwh hunhnwh $nudhn (AlGainP)
' Quihnudh(ill) $nubhn (GaP)
wjwunwywu juwuws'
Quwihnidh(in) $nudbhn (GaP)
Uynwdhuh quihnidh hunhnidh $nudhn (AlGalnP)
Ywlwg 500<A<570 | 1.9<AV<40 Uynuwihuh quihnidh $nubhn (AlGaP)
Uwpnip Ywuwg'
hunhnuwh quihnuwh tpwnphn (InGaN) /
Swihnwdh(ll) uhwnppn (GaN)
8huyh ubiituhn (znSe)
Ywwnyn | 450<A<500 | 2.48 <AV <3.7 Punhnudp qwlhmd,h upwphn (InGan)
Uhthghnwih wpphnh (sic) hhdpny (hwppwyny)
Uhthghntuh (Si) hpdpny-gqunuynid £ dowydwu thnynd |
L{nﬁﬁr:ﬁ#_ 400<\<450 | 2.76<AV<4.0 hunhnidh quihnwh upunphn (InGaN)
Ui du- Gplwlih wwnyw/ywpdhp L+-utip
unpwlyw- Fnuéilfuﬂtrqu 2.48<AV<3.7 Ywwnyw' Yupdhp $nudbnpny,
qnyu " Ywd uyhwnwl' dnig dwunwlwugnyu wjwuwinhyny
hunhndh quihnwdh Uhinphn (InGaN) (385-400 Ud)
Unwdwun (235ud)
Nhnpwiw- Pnph uhwphn (215 Ud)
unpwlw- A <400 3<AV<4l Uynwdhuh uhiphn (AIN) (210 ud)
qnyl Uynuhth quipnadh Uhiphn (AIGan)
Uynudhup quihnwh hunhnwh tuhiphn (AlGainN), dhtusl
210 ud
Ywwnywn' dby Yud Gpyne Snudnpuwiht obipu,
Nnhu' hbnp wybwgywsd Ywnpdhp, bwptuowagnyu Ywd
Qwpnw- | puqdwphy AV ~ 33 Ywpnwgnyl $nudnpny ,
gnyu inbuwlutip Uwhwwy' Jupnwagnyu wjwuwnhyny,
Ywd uyhwwly $nudpnpubip’ Yyeplnd Jupnwgnyu whg-
dtuinubipny Ywd Gpwugubipny
Uwnp /dwpnip uyhnwy. Yuwnywn/N nhnny'
Uwhwnwly | jwju uybnp | 2.8<AV<4.2 nbnht $nudnpny
Qbpd-uyhwnwy. Yuwwnyw nhnn' bwpugwagnyu $nudpnpny
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There are many variants of the LED lightbulb Ywu L jwdwbiph hpwlwuwgdwu pugdwehy tnwp-
realizations, Figure 48 depicts this variety, Figure pbGpwyubip: Ljwp 48-nwd Wwwnybpgwsd b wyn pwqdw-
49 shows the various possible constructions. quunipyniup, Lwp 49-p gnyg £ twjhu Yunnigyuwdph

huwpwynp nwpwwnbuwy dubpp:

Figure 48. LED chips and bulbs variety.
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Ulywip 48. L'} shuybiph b quidwyliph qpuipppwlinp:

Figure 49. Construction of various LED lightbulbs.
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Uljwp 49. Swpuwipbuwly LY jdwlinh Yunnigwéptiinp:

Luminous efficacy, Im/W — Table 11 shows
the luminous efficacy range of LEDs along with
corresponding efficiencies, where the power supply
is not factored in. Figure 50 shows the advances
of various light sources — one can see that currently
LEDs are at the same level as some fluorescent and
arc (high-pressure sodium and metal halide) lightbulbs.
However, the LED technology is developing so steep
that these numbers need updates every year, if not more
frequently. In fact it has been achieved 210 Lm/W of
luminous efficacy in 2016 white LED mass production
models, while in laboratory the 300 Lm/W threshold
has been already passed. However, currently most
common LEDs have 50-120 Lm/W efficacies. Note
that while light output of LED light sources increases
with increasing drive current, however the efficiency,
expressed in lumens per watt, drops (Figure 51).

Table 11. LED luminous efficacy.
Source/UnpinLpp” https://en.wikipedia.org/wiki/Luminous_efficacy#Examples_2

Gars for Hoal
Glass Cover - sl Lssipation
wiigadg e urkgsling mnnfﬁ:ﬂq
S J
- LED Bear
sl dnn
el Rionljus- b
rruguul spaopni Gl Shand
Socket Mass Wkh & LETT R Tt ]
Drver Inslde

\2

Lmuwpquupp, jd/7dp. Unjnwiwy 11-p gnyg L
wwihu LH-ubiph inuwinpquuhph whpnyep U npwg
hwlwwwwwufuwu o.g.g. -p, npwnbin uunwghsh Yn-
pnunubpp wpnwhwpunywd sku: Llwp 50-p gnyg
£ wwihu nmwpwwnbuwy |nyuph wnpjnipubiph quipgw-
gnudp: huswbu wnbuund Gup, LYubpp ubpluynidu
unyu Jwlwpnwyhu Gu, phus npnp pnudhubugbu-
wnwjhu b wnbnwjhu (pwpép Gupdwu uwwnphnwdwihu
L Jbwwn-hwipn) jwdwtpp: Uwlwju LY nbluunin-
ghwu wjupwu wpwg b qupguund, np wdbu nw-
nh, Geb ny wyth hwbwlu, wju pYLpp Pwpdwgdwu
Ywppp niubu: Cuwn Enyeywt, 2016 e. quugywdwihu
wpunwnpniejwu uyhwnwy L% dnnbubpp intuwpgu-
uhpu wpntu hwub Ep 210 |W/Yw-h, huy jwpnpwwnnp
wwjdwuubpnwd 300 (/4w 2tidu wpnbu gbipwquug-
gt Ep: Wnnthwunbps, ubpyujnidu wdbuwnwpwd-
qwé LY-ubph wpqwuppubpp wmwwnwuynd Gu 50-
120 /4w dhowlwypnd: Lwwnbup, np suwjwsd
hnuwuph dtdwgdwu htwn |nyup nidp dedwunud L,
uwlwju [nwwpgwuhpp 4/4w-n wpnwhwjnwsd
wwlwunud £ (Llwp 51):

Luminous efficacy of Luminous
radiation, Lm/W  efficiency, %
Bwnwqwjpdwl ni-  Lnwwjhu
uwpquuhp, Ld/4dwn 04949, %
white LED (raw, without power supply) | Uyhwnwy L (wnwtg uunighsh) 4.5-150 0.66-22%
4.1 dwn LY winnunwlwynp Yn- 0
4.1 W LED screw base lamp (120 V) pwnny pudy (120 d) 58.5-82.9 8.6-12%
5.4 W LED screw base lamp 5.4 dwn LY ywunnwwnwwynp Yn- 101.9 14.9%
(100 V 50/60 Hz) pwnny (wdy (100 4 50/60 <g) ' e
6.9 W LED wwunniwnwlwynp 0
6.9 W LED screw base lamp (120 V) Ynpwnny pwdy (120 J) 55.1-81.9 8.1-12%
7 W LED PAR20 (120 V) 7 4w L+ PAR20 (120 4) 28.6 4.2%
7 W LED PAR30 (110-230 V) 7 Y L+ PAR30 (110-230 4) 60 8.8%
8.7 dun LY wunnunwwynp 0
8.7 W LED screw base lamp (120 V) Ynpwnny pwdy (120 4) 69-93.1 10.1-13.6%
e . . Gnyuh $nubnpbiugbiunwih
Theoretical limit for a Whl"fe' LED with huwnbnipnny  uhuwl LO-h 260-300 38.1-43.9%
phosphorescence color mixing
wnbuwlywu uwhdwup

Unynwuwly 1. LF-h intuwpquiuppp
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Figure 50. Luminous efficacy of various sources.
Source/Unpntpp” http://wanyu-led.blogspot.am/
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Ulwpn 50. Swpwiippbuwly wnpniptipp intuwipquiuppp:

Figure 51. Note that light output of LED light sources increases with increasing drive current. However the
efficacy, expressed in lumens per watt, drops.
Source/Unpyntpp” www.ledsmagazine.com/articles/print/volume-4/issue-8/features/driving-led-lamps-some-simple-design-guidelines.html
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Ulywn 51. Lhuwipbp, np stwywd hnuwtph dGdwgdwb hty inyup nidp deswund £ (1), uwluyl intuwpquup-
pp (W p-nd wpypwhwypnduws wwlwund £ (2):
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Correlated Color Temperature and Color
Rendering Index: It is relatively easy to achieve
almost any Correlated Color Temperature via
RGB LEDs, since color temperature can be
achieved through the ratios of the respective color
outputs. However, always this will be done via
certain sacrifice of the luminous efficacy. This is
also true for dichromatic and tetrachromatic LEDs.
Naturally, dichromatic LEDs do not achieve very
high CRI, but easily reach 120 Lm/W efficacy.
The best CRI-s are achieved with tetrachromatic
LEDs, again at the expense of luminous efficacy.
As it has been mentioned above, the best balance
is for trichromatic LEDs, with luminous efficacy
surpassing 70 Im/W.

For the phosphor-converted white LEDs
(pcLEDs, Figure 46 depicts the concept) — while
it has smoother spectrum power distribution, there
is a large, prominent peak related to the LED
primary emission. This large peak of the primary
emission is lesser harmful, if it is in the UV region,
in which case very high CRI is possible to achieve.
Although the primary LED peak is much higher, but
it lays at the least sensitive region of the human
photopic luminosity function (Figure 6), due to
which the final efficacy of the phosphor based
LED can be 3-5 or more times higher, especially if
the LED itself is emitting in the UV region. In fact,
the reason that the most of the currently produced
LEDs for lighting are pcLEDs is that the production
process is simpler, compared to the RGB LEDs
and thus costs less. The blue InGaN LED and
YAG phosphor combination yield efficacies around
100 Lm/W with potential up to 175 Lm/W, with CRI
>80, while for CRI around 60, efficacy of 210 Im/W
is achievable (Ching-Cherng Sun, n.d.).

Flicker index or Speed of reaction — The
RGB LEDs are very responsive to flicker, unless
they are loaded to drivers, since these are normal
diodes — their response is very quick, at the level
of a microsecond, and repeats the waveform of
the power source. However, the phosphor LEDs
are more inertuous, since the phosphor itself has
a much longer relaxation time. Since most of the
LEDs are driven by some kind of driver, usually
it manages the flicker very effectively, virtually
making it flicker free - please see “power supply”
section below.

Start time, sec — Start time is very short too
— the same microsecond order of magnitude
works here, but again depends on the power
supply type — anyway, no problems in this regard
— in most of the cases can be regarded as almost
instantaneous.

Power supply — One needs remember, that
“Changes in voltage can produce a disproportional

Unpbjugdwé (thnfujwwwlgywé) qniiughti 9bip-
dwuphbwi b gnytup Jepwppunpnyayuti gmghs. RGB
LY-ubph dhongny hwdbdwwmwpwp ryniphtu £ hwutb
antiph quilwgwd Unnbjwgyuwd  (hnfuljuiywlgyuws)
gntuwjhu obpdwuwnpéwuh, pwuh np wju Yunbh £ unw-
Uw| hwdwwwwnwufuw Gpwihu gnyubiph hwdwdwutnt-
Rjwu 2unphhy: Uwywju nw dhown wnynid £ ntuwpguup-
ph npnawyh gnhwpbpnigjwu hwoyht: Uw dhon £ uwl
nhppndwwhy (Gpygnyt) b wbnpwppndwnhy (pwnw-
gnyu) L'+-ubiph wwpwguwynid: Mwng k, np nhppndwwnhy
LYp sh Ywpnn hwutbp gwun pwpép G48-h, uwlwju
hGowniejwdp Ywpnn § hwutb) 120 d/4wn wpgquuhpht:
Lwjwgnyu G4U8-ubpp unwgynid GU tnbinpwppndwunpy
LF-utiphg, Ynyht' |nwuwpquuhph hwayht: hugwbu wp-
nbu upyb £, jwjwgnyt hwjwuwpwypnnipinitup unwg-
ynud £ wimphppndwwnply LY-ubiphg, npntin (ntuwpgwuhpp
gbipwquwugnd £ 70 d/4wn-n:

uwywd  pgnwdhundnph  dhongny  thnfuwybipyywsd
uwyhwwy L-ubiph (pcLEDs, Lwp 46-nwd ywwnybpywsd
E npw uygpniupp), hwdbdwwnwpwp nnnpy hgnpnigjwu
uwbyiph pwofudwup, wnlw £ L wnwolwihu dwnw-
gwjpUwu nidtin W hunwy dwpupdnud: Wu wnwouwihu
dwnwagwpdwl  wgnbgnipntup wwywu  uuuwywp
£, Gt wju wumbuwutih MU whpnyend t, nph nbw-
pnud huwpwynp £ owwn pupép 348 unwuwy: (¢l NhU
wihpubiph wnhpnypnd wnwouwht LY dwnwgwjpdwl
gwguwpep 2ww wybh pwpép b, vwlwiu wju pulunw
dwpnnt $ninnwhy (nuwgguiuniejw dntulghwih uyjw-
quagnyu qquyniejwu whpnyend (LYwnp 6), nph 2unp-
hhy $nudpnpp hhdpny Ywnnigywsd L+-h ytipguwlywu wp-
quuhpp Ywpnn £ 3-5 wuqud wybih pwpap hub: Lbp-
Yuwjntdu |nuwynpnijw hwdwp wpunwnpynn L-ubpp
dadwdwuunipjudp pcLED-Ubp GU W npw wywwnbwnu wju
E, np RGB Lt hwdbidwwn npwug wpunwnpniejwu gnp-
opupwgn wybih ryniphtu £ U, hGwnbwpwp, wybih tdwu:
Ywuwnywn InGaN LFp W YAG $nudnph hwdwnpnip)ni-
up onipg 100(0/4wn wipquupp b wwwhnynd* dpusle 175
[U/dwin wéh huwpwynpnigjwdp, npnbin 948 > 80, huy
dnwn 60 G483 nbiwpnid, wpquuhpp hwuund £ 210 (d/4wn
(Ching-Cherng Sun, n.d.):

Sihpn gnighs Ywd wpéwquiph wpwqnyayniis.
bhpph tywndwdp RGB L+-ubipp 2wwn qquntu b, tipt
npwup s6U uuynd gwdpwynn hwunwwnniu hnuwu-
ph wnpyniputiphg” «npuwyybipubinhg»: Lwup np npwup
hpbughg ubpywjwgunid Gu unynpwlwt nhnnubin, www
Npwlg wpdwqulipp pwn wpwg £ dhypnduyplywiitit-
nh Ywngh, b ypYyund £ uunigdwt wnpniph wihph dup:
Uwlwju $nudnpwjht LY-ubipu wybh hubipn Gu, npny-
htiinl $nudnpu wybih Gplwp YyEpwwuqudw dwdw-
uwy nwuh: Pwup np LY-ubtiphg gwunbipu wotuwwnnid Gu
npuk mbuwyh npwjytipny, www Yytpohuu wpnyniuwytin
YGpwny skignpwgunud £ pwpenidubpp’ thwuwnpbu wju
nwpdunw £ pwpenidhg qtpd, wbu twl unnpl’ «uunt-
ghs» Ytiwnp:

Uhwgdwt punpmpymp’ Juyplywt. Uhwgdwu
nlinnnieintup, unyuwbu, 2w Yupéd £ dhypnwpywup
bwpgh, uwluyu Ypyht' Ywfudwd £ utinighsh nbuwlhg:
Udtu nbwpntd wju wnnidny fuunhpubip sfwu, swwn nbw-
ptpnud nw Yuwnbh & gpbet wyupwppwhu hwdwpb:

Uunighs. Mbwp £ hhobil, np «qwpdwt thnihnfuntent-
up Ywpnn £ pbipt hnuwuph ng hwdbdwwnwywu hnthn-
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change in current, which in turn can cause light
output to vary, as LED light output is proportional to
current and is rated for a current range” (DiLouie,
n.d.). Thus, the LED driver is a current source
— i.e. it strives to stabilize the current that flows
through a LED. Power supply in many cases is a
pulse width modulation (PWM) converter (Figure
52), that usually has very high efficiency, >95%.
In fact, the frequency of the PWM can also cause
flicker, however unnoticeable, since the frequency
is high. Usually within 200 Hz to MHz region and
higher, it cannot be noticed by human eye, but by
a device like a camera. If the dimmer is executed
through PWM device — performs the dimming
by changing the pulse width, then a LED lamp
has integrated dimming. Otherwise, it is hard to
perform complete full dimming via an additional
dimmer, which in fact is also usually a PWM
device. In some cases the dimming is performed
via control of the forward bias, which is lesser
efficient. In most of the cases the driver, without
a dimmer is integrated into the lightbulb, and in
some cases the driver is separate (Figure 53).

funipjwl, npp, hp htipeht, Ywanh nuwiht Giph Jpw,
pwuh np L+ Gipp hwdbdwwnwlw £ hnuwupht b bw-

fuwwbuwsé £ hnuwuph npnowyh whpnyeh hwdwp»
(DiLouie, n.d.): <twnbwpwp, LY npwydbpp' nw «hnuwu-
ph wnpnip» E, wyjupupt' wju dguind £ Juyniuwgub
L dhony wugunn hnuwupp: Swun nbwpbpnd uunigh-
sp' hdwnyuh wbnnnipjwu dnnnijwghwiny (pulse width
modulation - PWM) thnfuwpyhs/Ynuytipunnp £, Lhwp 52,
npp unynpwpwn niuh 2w pwpdp 099 >95%: PWM-h
hwéwfunientup, unyuwtu, Ywpnn £ pwpenid wnwowg-
ubi|, wjunthwunbipd puwn Enipjwu wutlwwn' pwuh np hw-
dwfunteyniup pwpép b Unynpwpwnp 200 <g - U<Lg wnp-
pnyenid pwpendp htwpwynp £ ufuwb] dhwiu $nnn-
Ywd wbuwfughlyh dhengny: Geti PWM uwpph dhongny
(nyup nidh Ywpgqwynpnud £ hpwywuwgyned, b wyn Yunp-
gwynpnidp Ywwnwpynid £ hdwniuh jwjuntginiup tnfub-
(nt dhongny, www L+ jwdwp Yniubuw ubplunnigywé
(nyup ndh Yupgwynpnud: <wywnwy nbwpnud owwn
ndqwp £ |hwndbip inyuh nidh Yupguiynpnud hpwgnpaty
Inwgnighy wpwwpht uwpph dhongny, npp unynpwipwn
unyuwtiu PWM uwpp t: Npn nbwpbipnwd (nyup huwnbu-
uhynipjwu Ywpgqwynpnudp Yuwmwpynd £ ywlwu wp-
ryniuwybin' jwpdwu ninnuyh Ywpquynpdwu dhongny:
Cwuwn wybh hwbwu wdwnd wbnwnpynd £ npuytip
wnwug (nyuh nidh Ywupgwynphsh, huly npn2 nbujpbipnid
npwjytipt wnwuduwgyws £ (Lwp 53).

Figure 52. lllustration to PWM principle — longer are pulses, brighter is the LED output.
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Figure 53. LED drivers.

Uljwp 53. L'V npuyylintitin:
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Figure 54. Light propagation from a point source (a) and bulk (b) of a semiconductor wafer.
Source/Unpintpp” www.ledsmagazine.com/articles/print/volume-4/issue-8/features/driving-led-lamps-some-simple-design-guidelines.html

Ulywp 54. Lnyup tpuwpwénidp Yaywghts winpyniphg (w) b hhuwhwnnpnsuyhti phpbnh dwdwiwiht, funp-

puyhti, dwlbnptuhg htinnt dwuhg:

Optics — The light comes out of the semicon-
ductor substrate in a very special way — according
to the optics of an interface between high refraction
index vs low refraction index. Here the full internal
reflection forces the light to come out via cones, as
shown in Figure 54. Thus, special optics should be
applied for all LEDs, but especially to single color or
RGB LEDs (Figure 55). For pcLEDs an interesting
phenomenon is observed: at specular angles (close
to emitting axis) both primary LED emission and
luminescence are visible, but at larger angles at the
view from the side yellowish luminescence prevails,
creating angular dependency of the emission
spectrum.

Figure 55. Optical elements of LEDs.

Owpplw. Lnyup  Yhuwhwnnpnswiht - ehetinhg
fupun  Jnipwhwwnny Yepw o Gund, Gupwpyybing
pwndp U gwdp phldwu gnighgny dhowywptiph uwh-
dwup owwnhlwjh opbupubiphu: Wuwbn phy ubipphu
wunpwnwpddwu Gpunypep unpwnd £ (nyupu nnipu
quw| Yynuwdl thugh duny, huswbu gnyg £ wnpdwd Ljwnp
54-nid: Un ywwdwnny pninp LYubph hwdwp hw-
wnty owywhlyw wbwnp £ Yhpwnyh, hwnwwbu dhw-
gnyu Ywd RGB uwppbph hwdwp, Lwp 55: pcLED-
Gph hwdwp dh htwwppppp Gpunype £ nhngnud. uwb-
Yniyjwp, wjuhupt wnwugpht dnun nhndwu wuyniuub-
ph nbwpnud Gpunwd £ uyhwwy nyu, npp wnweuwjhu
gnwhun$nphg dwnwguwjenidubiph fuwnunipnu §, huy
Ynnphg nhwnbhu Gpunw £ hpduwlwund jnidhun$n-
nhg GYnn nEnuwyntu |nyup, wjuwhuny untindtny dw-
nwguwjpdwl uwbluph wuyniuwiht Ywiujwsdniegniu:
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Uljwp 55. LV jwdwiph owyipnpywilyuits bituttuptiinp:

In general, LEDs provide wide variety for the
practical implementation for any illumination tasks,
whether spot light, flood lights or disperse illumi-
nation is needed, all can be addressed by the flexi-
bility that LEDs optics provide.

Operational temperature, °C — as any other
semiconductor device, the working temperature
of LEDs should be kept as low as possible,
however, working temperatures of < 60 °C are
recommended, but in many cases it can reach up
to 90 °C. Thus, radiators should provide good heat
dissipation. Certainly compared to other sources
this is a Cold Light. LEDs’ efficiency decreases as
the current increases through the diode, as shown
in Figure 51. Naturally heating increases with
higher currents - shrinking LED lifetime. For high
power output applications these effects limits the
LED current and temperature.

Mounting type, most common — The LED
bands are the most outstanding mounting. The
rest is mostly the same as with incandescent and
fluorescent lightbulbs. Certainly, for street lighting
some special mounts are used.

Longevity/degradation, hours — this is one of
the strongest areas of LEDs. While currentluminous
efficacy is about the same as with e.g. metal halide
arc lamps, however, their longevity is more than
50 000 hours. However, they experience efficiency
droop, if their operational temperature higher than
that of mentioned in their specifications. In many
cheaper Chinese LEDs, the most common failure
is not related to the LED but its driver, especially in
an environment where electric grid does not supply
high quality, steady, jump-free power.

Price, for 100 W, US$ — $50 - $100, more
expensive ones usually also provide warranty.

Table 12 summarizes LED information.

Cunhwunip wndwdp, |nuwynpnigjuwt gwulugwd
uywwnwlubiph ppwlwuwgdwu hwdwp LG jwdwbipu
pudtinnud Gu gnpduwlywu Yhpwnnipjw jwju puqdwqu-
unipnit’ |hup nw thugwyhu, nnnnnn Ywd gpjwd nuw-
Unpnieyniu, W wyn pninp inwdnudubipp Yupbih £ hpwyw-
uwgub) LY jwdwbph owuinhlwjh dyniuntejwu gunphpy:

Wtuunpwtipuyhtr ogipdwuipphéwit’ °C. huswbiu gwu-
Yugws wy| Yhuwhwnnprhy uwpph wwpwgquynud® L%
(wdwbph  wotuwwnwupwihu  obpdwunmhbwup  wbwnp
E wwhyh huwpwynphtuu gwdp (tunphnipn £ ipynid
< 60 °C wotuwwnwupwihtu obpdwuwmnhtwup), uvwluwyb
owwn nbwpbpnd wju Ywpnn £ hwuub) dhusk 90 °C:
Lbnbwpwn, sbpdnipiniup  wpnynibwybyn hbnwgubine
hwdwp Yhpwnynwd £ gpnn nwnhwwnnp: Uy wnpynipub-
ph hwdbdwwn uw, hhwpyb, vwnp nyu £ hwdwpyned:
Gpp nhnnubpnd wugunn hnuwupt wybwund £ LY
(wdwbph wpryntuwybwnnieniup pulunud £ (Lhwnp 51):
Wyuwhuny, wybiih pupédp hnuwupp pwpédpwgund k obip-
dnipjniup b ywpbwgunud L-h Gpywpwybgnieniup:

Udbtunpupwdéduwd dntpwddwtr Gnubwlp. L
dwwwybuubpp' dnunwddwu wdbuwbplubh Gnwuwlu
E: Utwgwd dubipp hhduwwunud udwt Gu shlugdwu
U gnwhubugbunwiht (wdwbphu: Pnnngwjht [ntuwyn-
pniRjwu hwdwp wuhpwdbown Gu dnunwddwt hwnndy
hwpdwpwupubin:

Epywpwlybgnyaymi b nbgpuinughw’ dwd. Uw LY
(wdwbph wdtuwnidtin hwwnwuhoubiphg blu £ uw-
Jjwd npwug ubipywihu |nuwpgqwuphpp gpbeb unyuu k,
hus, ophtwy' dsnwnwhwihn ququuwpwldwu jwdwb-
phup, uwywju Gpywpwytignieniup 50000 dwuhg wyb-
(hu b: LYubiph O%%-u puyunid &, Gpb woluwwnwupwihu
ostpdwuwmhéwup gbpwquugnwd £ nbfuuhywywu dwu-
uwagpbipny uwhdwudwdp: 2puwlwi wpnwnpnigjwu
Fdwuwghtu LV jwdwbpph uwthwudwu wdbtwnwpwé-
Ywd wwnbwnp LH-p sh, wyp npw npwydtipp, hwnfw-
wbu wjuwyhuh dpowdwjpnid, npuintin ElEYnpwlwu gwu-
gp sh ywpnnwunwd npwyjw) b wnwug jwpdwu Yunpniy
mwwnwunifubiph Eubpghw dwwnwwpwpbi:

Qpup’' 100 dip/UUTL pnpup. $50 - $100. wybih
pwuly wnmwpptpwyutiph nbwpnwd unynpwpwnp wnpynwd
Gu Gpwofuhpubin:

LY+ wnjwubpu wdthnthdwd Gu Unyniuwy 12-nud:
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Table 12. LED Summary table.

# Parameter name Value Note
Emissive injection in
. . semiconductor diodes - SPD defined by the semiconductor material
1. | Operational principle . .
electroluminescence, properties, mostly the energy band gap.
photoluminescence.
2. | Luminous efficacy, Im/W 50-200 A par with arc lamps, with greater promise.
3. | Color Rendering Index 30-95 Improves all the time, has highest promise.
4. | Speed of reaction microseconds Favorable
5. | Start time, sec short Qne of the best, but slower with a special
dimmer
High efficiency, allows easy dimming if
6. | Power supply PWM designed so, external dimming limited, not
recommended.
7. | Optics Large variety Most flexible
8. | Operational temperature, C° | 50 °C - 90 °C Cool, but still needs cooling for longevity.
Mounting type, most E27, E14, G4 and all other,
S commong o including T (tubular) series Most common
10, | Longevity/degradation, 35000 - 50000 Longest and growing
hours
11. | Price, for 100 W, US$ 50 - 100 Relatively expensive

Unynwuwly 12. LF wdthnihhs wingniuwly:

#  Muwpwdbnph wujwunwdp Undtipp Lonud
dwnwaqwyenn hudtlyghw Yhuwhwnnpnhs Ujnieh hwunynieniuut-
Ypuwhwnnpnhs nhnnubpnd’ | pnd wwydwuwynpdws <UR,  hhduw-
.| Uguwnuitph ubapndipn | p sy nidhtbugblighw, | Yuitinud wwydwbwdnpdws Eubpgtnhly
Pnuinnpndhubiugbiughw. wngbwd gnunnt (wjunipjwdp
B guquwwpwdwu jwdwbphtu hwywuwp,
2. | Lniuwpgwuhp, [U/4wn 50-200 uwlu wybih fununnuiuwihg
3 Qnyup YEpwpuwnpnigjwu 30-95 wupunhww pwpbwyynid £, gnighsu ni-
" | gniwghs, uh wédwu Jbé ubipnid
4. | Updwqwuph wpwgnpintu | dhypnywjpyjwu pwpbuwwun
(wywgnyuutiphg dbyp, uwlwyu wykih
> Hﬂﬁﬁfﬁ unnnRInte: - yun nwunwn £ inyuh nidh hwnniy Yupgu-
Yynphgutipny
pwnpdnp 099, nidqunipniup hbiginnt-
Rjwdp Ywpguynpynud £, beb winwbu
6. | Uunighs PWM E bwhuwgdws, wpnwpht Ywpgwyn-
pnup uwhdwuwwy ' funphnipn sh
npyntd
7. | Owywhywu (WU pwqdwquunt)nLu wdtuwdyniu
8. Upluwwnwupwiht otipdwu- 50 0C - 90 °C uwnp, uwlwju Gpyupwytgnipwu hw-
wnhéwu, C° dwp wbwp £ hndwgub
E27, E14, G4 unwunwpwubpp
9. &lihgywu;ugrllw&{ujé Unu- W djnw pninpp, win eYnd” T | wdblwnwpwdywd
L (junqnyulwal) nbuwlubpp
10. Gpywpwybtignip)niu U nbig- 35000 - 50000 Udbuwbpywupwljwgu £ U niuh wéh wn-

pwnwghw' dwd

wbughw

11.

Shup, 100 4uin/UUL nnjwp

50-100

hwdbdwwwpwp pwuy

11 See Chapter 7 for more on this topic.
Wu pbdwih dwuht wybihtu nbu Sintfu 7-p:
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INDOOR LIGHTING: HEALTH-
RELATED, EFFICIENT, AND
COST-EFFECTIVE SOLUTIONS

Most of the humans spend most of their time
indoors — homes or offices, labs or industrial and
commercial areas. Along with heating, ventilation
and cooling, indoor lighting affects human health,
performance, wellbeing and in general behaviour.
There are a few aspects of that effect that are
necessary to address, when one designs the
indoor lighting. For the sake of energy efficiency,
as well for the health aspects, it is necessary to
consider both daylighting, i.e. the use of the direct
or indirect solar radiation for interior lighting, as
well as energy efficient, comfort and convenience
related aspects of modern lighting technologies
and their control.

The citations below illustrate the importance of
the proper lighting for humans’ health.

Seasonal affective disorder
(SAD)

Definition
By Mayo Clinic Staff

Seasonal affective disorder (SAD) is a type of
depression that’s related to changes in seasons
— SAD begins and ends at about the same times
every year. If you're like most people with SAD,
your symptoms start in the fall and continue into
the winter months, sapping your energy and
making you feel moody. Less often, SAD causes
depression in the spring or early summer.

Treatment for SAD may include light therapy
(phototherapy), psychotherapy and medications.

Don’t brush off that yearly feeling as simply a
case of the “winter blues” or a seasonal funk that
you have to tough out on your own. Take steps to
keep your mood and motivation steady throughout
the year (Staff, 2014).

L6ML2hL LNRUUYNMNRE3NRL.
unn1NrE3ULL LAUUSN,
UMM 099-Nd 64 oUukluUUN-
13NhLUJES LNroNkULEN

Uwpniwug dbdwdwuunipniup  dwdwuwyh  Jbd
dwut wug k Yugunid obuph ubipunud’ vwup Ywd gpwub-
Ujwynid, jwpnpwnnphwjnd Yud wpryniwwpbpwlwu W
wnlwnpwihu mwpwdpubipnid: LEnnigdw, onwthnfudwu
L hnjwgdwu hbwn dhwuhu, bbppht ntuwynpnieynibt
wgnnd £ dwpnnt wnnnontpjwt, wofuwwnniuwyniypjw,
hupuwggqugnnnipjwt U punhwunip Jwppwagdh Ypw:
Wnwhuh wanbignigniup dh pwuh Ynnd niup, npnug
hwplwynp £ npwnpnientt nupdub| ubippht |nuwyn-
pnipintup bwjuwgdtihu: <woyph wnubiing biGYunpwtutip-
ghwjh wpryniuwybinnipjwl, huswbiu bwl wnnnontejwu
wwhwwudwu fuunhpubpp, ubppht [nwwynpnieiniup
uwfuwagdtijhu wuhpwdbtion £ pungpyb| puswbiu puw-
Ywu |nuwynpnipyniup, ophuwy’ wplp ninpnuyph Yuwd
wuninnuyh dwnwquwRutiph ogwnwagnpdnwip, wjuwbiu
£l (nuwynpnipjwt dwdwuwlwyhg nbluuninghwubiph
Eubpquwwprnyniuwybunnigjuu, hwpdwpwybunniejwu W
hwpdwpnipjwu hwpgbipp W npwug yuwnwywnpnidp:

Unnpl pbpdwé  dbgptipnidubpp gnyg Gu  wwihu
wwuwd  nuwynpnipjwu  Yuplinpnyeniup  dwipnnt
wnnnontpjwlu hwdwp:

Ubkqnuwjhu nbypbuhw/puljwpumn (UD)
Uwhdwund

Uuynih ipthluyp wppawgpwlwquh 4nndhg

Utignuwjhtu nbwpbupwu (UY) nbwpbuhwih nbuwy
E, npp Yuwywd £ nwpdw Gnwuwyubph thnthnfunie)niu-
ubpph htiwn. U-u uyuynud b wjwpunynid £ wdbu tnwph
gntpet vphlunyu dwdwuwy: U-h hwyywdnipginiu ni-
ubignnubiph dGdwdwuuniejwup punpny Gu hwdwudwu
wfuwmwuhgutin, npnup uyunid U h hwjn qu| wtwup
W gwpniuwyynid Gu dunwu wdhuubpht, wnwye pbpb-
(Y tubpghwih wwywu b dnw)j wmpwdwnpnipniu: U-u
hwgywnbw £ wnwowuntd qupuwup Ywd wdnwu uygp-
ubphu:

UY-h pnidnwdp Ywpnn £ ubpwnb) jmwughtn ppw-
whw (pripnplpwyhw), hngbptipwwhw U ntnnpwy-
pwjhu pnidnid:

Uh wuwnbubip nmwpbgunwph Ypluynn wyn qqugnnne-
pIntup’ npwlbiny wiu npwbu «ddlinughtr ppwdwnpni-
pywit walnid» Ywd ubgnuwihtu wnpundnienit, thnpéb-
(Y hupunipnyt wwjpwpb npw nbkid: Lw)bp dEntwplbp
abp wpwdwnpnigyniup b Yeuuwlwu owpdwnhputpp
nne nwpyw pupwgpntd Juyntt wwhbint ninnnipjwdp
(Staff, 2014):
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Lighting Patterns for Healthy
Buildings

The website, Lighting Patterns for Healthy
Buildings, lighting designers and
specifiers in selecting quality lighting that
supports healthy living. Designed in the spirit of
traditional architectural pattern books, it presents
model designs for typical rooms that can be
adapted to specific buildings and styles.

assists

The patterns are based upon the 24-hour
lighting scheme for older adults proposed by
Mariana Figueiro in 2008, which recommends
cycled electric lighting with cool, high light
levels for high circadian stimulation during the
daytime, and warm, low light levels for reduced
circadian stimulation in the evening!, along
with good lighting for visibility, and nightlights
to provide horizontal/vertical cues to improve
postural control and stability.

This website allows users to view lighting
patterns showing base case and new lighting
design analyzed for circadian stimulus (CS).
Each pattern presents lighting plans, renderings,
and generic luminaire information useful for
providing healthy lighting throughout the day
(LRC, 2015).

Senior Living

Older adults often experience visual
impairment and increased risk for falls. They
are also susceptible to circadian disruption
that can affect their sleep quality, alertness,
and mood. To help improve their quality of life,
it is recommended that seniors in eldercare

environments receive defined amounts of

Lniwwynpniejwu udnubp wnnnge
YEuuwybpwh o6upbph hwdwp

Lnwwynpnyputi tdnipbiin wnnng LGtuwlybnwp oGu-
pbinh hwdwn» (Lighting Patterns for Healthy Buildings)
ytipwjpu ogunid k (nLuwynpnieiniu bwfuwgdnnubphu ni
dwutwgnpbp dpwynnubphtu wnnne Yeuuwlybpwhtu uwywu-
winn npwjwy [ntuwynpni)nit punpbiine hwpgnid: Ywaqd-
qwsd hubind wwunwlwu dwpnwpwwbnwlwu udne-
owagppbiph nényd’ wju ubipyuwywguntd § dh 2wpp udn-uw-
fuwqdtin nhwwjhu ubuywyubph hwdwp, npnup Yupbih £
hwpdwnbgub| wyjw| 2GUphu nL nGhu:

Ldnipubpp hhdujwd Gu wwpbgubiph hwdwp 24-dw-
dw |nuwynpnipjwt ufubdwih ypw, nptu wnwownpyybip
- Uwphwuw Shabypnih Ynndhg 2008: Shpluwnyuwil
(onipgopyuwi) puwlwu nppdp wwhwwubint hwdwp wju
wnwownynud £ oqunwgnpdt| «uwnp», huwnbuupy |ntuw-
ynpnieyniu giptilw pupwgpnud U «otindy, hwdtdwunw-
pwp pny| (ntuwynpnieinit’ Bpbynwt dwdbphu:' Wu twb
uwfuwwbund £ pwjwlwu wy (nuwynpnipniu’ wnbuw-
ubilhniejwu wwwhnyydwtu hwdwp, b ghobipwihtu nuw-
wintubp’ hnphgnuwlwu/ninnuhwjwg hnipnd-ninbuhoub-
ph dhongny Ytgywdph Yuwnwywpnwip b Yuwjniunyeniup
pwnbjwybnt hwdwp:

Wu ybplwjpu oguinynnubipht eny| £ vnwihu nbuub) ne-
uwynpnipjwu udnubpp' gnyg wnwiny hbupwihu (bwpu-
bwlwt) mwppbpwyp puswbu vwl (NLUwYnpnijwu wju
unp uwfuwghdp, npp Yepndy £ ghplwnyw wgnulut-
ph (8U) wmbuwulyniupg: Snipwpwusnip udny ubpwnnud
£ inuwdnpnipjwt bwjuwgdwih wwppbpwyp, wpnyne-
Uwpwp wwwybpp b punhwupwlywu wnbnGlwwnynientu
(nuwwinth  hwwnyniejnibubph dwupt, npnug dhongny
nno opjw opjw pupwgpnd wwwhnyybint £ «wnnno»
(ntuwynpnie)niu (LRC, 2015):

Swpbgubp

Swpbgubipp hwéwfu nwbunwd U mbunnuywu fuwu-
guwpnidubip, U upwug Jup puyubint hwjwuwywunye)nt-
up dtdwunwd £ Lpwup bwl qquyniu Gu ghplunyu
nhpuh wbqupmdubph uyuwwndwdp, husp Yupnn b pw-
gwuwpwn wanb| upwug puh npwyh, ggnuntpjwu b npw-
dwnpniejwt ypw: Lpwug Ywuph npwyh pwpbjwydwup
uwwuwnbint b ghpyunwu hwdwluwpqgbph Yupgwynp-

The goal of the artificial lighting in the Healthy Buildings is to provide proper circadian rhythms. llluminating by a light source that
has appropriate color temperature we force melanopsin to produce enzymes responsible for the activities of particular part of the day.
Melanopsin is a pigment that is synthesized in 2000 deep cells of retina and is categorized as an opsin, i.e. photosensitive protein, like
rodopsin in rods and photopsin in cones. It does not participate in image formation, but sends signals to the human internal clock cells to
synchronize circadian rhythms with the sunrise and the sunset. Also melanopsin adjusts the eye pupil diameter per illumination level. With
cool white light (i.e. high color temperature) cortisol, dopamine and serotonin are produced and in evening with warm white lite (lower color
temperature) melatonin is produced [VG, AH].

«Unnne Ytuuwytipwh o6uptip»-h wphbunwlwu |nuwydnpnigjut bywwnwyp onipgopjw nhpuh puwlwu pupwgpp wwwhnybiu k:
Uttywyp nuwynpbiiny hwdwwwwnwufuwu  nuwiht 9ipdwumnhbwt niubignn inyup wnpjnipny uinhwnid Bup np «dbwunwuptup»
opqwuhqunid wipinwnph wju hnpdnuutipp npnup hwdwwwwnwufuwuntd Gu opdw wyjn dwdtiph dwpnnt YEuuwybpwht: Ukjwunwuhup
[ntuwqguyntu whgqutun £, npp uptebqynud £ wsph gwugwpwnwueh funppwihtu 2000 pohgubpnid L nwuynd b owuhuubph'
[ntuwqgwintt uwyhwwynigubiph 2wppht, huswbiu nnnpnwuhup dnnplubpnd Ywd $ninnwupup Ynubpnud: Wu sh dwutiwygnid
wnbunnuywu wwwnlbiph Yuwnnigdwup, wj, wqnuupwuubp b niqupynd dwpnne Yuuwdwdwgnygh pohoutipht, npnug dhongny
opqwuhqup uhuppnuwgunud £ ghplurywtu nhpdp wpbwdwgh b dwjpwdniinh hbwn: Pwgh wyn, dGwunwuhup Yupgwynpnwd £ wsph
phph npwdwghdp puwn wsph dbe puwd |nyuh pwtiwlh’® Yuwwnptiny $ninngwihhs gnpdhph nbin: tptyp uwnp uwhwnwy nyuny
(pwndap gntuwghtu obipdwuwnhéwt) wwwhnyynd £ Ywpunhgnih, uipninnuhup bW nndwdhup wpunwnpniginiup, huy Gpbynjw, obipd
uwhwwl (nyuny (qudp gniuwihtu gbpdwunpéwu)' dsjwwnupupup: (4.1, U.£L.)
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light at the correct spectral power distribution
to better entrain their circadian systems. The
lighting patterns presented here were designed to
provide these seniors with appropriate amounts of
circadian stimulus at the right time of day, and
thereby improve their circadian entrainment and
quality of life.

School

Adolescents’ tendency to be “late to bed and
late to rise” puts them at odds with structured
school schedules. As they approach college age
they experience progressively later sleep onset
and reduced sleep times. The resulting sleep
disorders can lead to poor scholastic performance
and behavioral problems. Improved classroom
lighting design can foster better scholastic and
health outcomes by helping to shift the timing of
sleep and promote entrainment to the 24-hour
solar day (Buildings, 2016).

One can see that mostly the lighting aspect of
healthis related to psychology, avoiding depression,
especially for seniors, and for teenagers it is
important to set the circadian clock, i.e. biological
diurnal rhythm, in a proper manner, which, properly
set, affects the rest of the life.

The parameters are:
e Lighting hours and seasonality

* Lighting spectrum and spectrum changes during
the 24 hours

* Lighting intensity and its distribution.

Many aspects of these parameters are reflected
in the standards and norms that are discussed in
this chapter.

Kruithof Curves

One interesting aspect is based on
psychophysical data collected by Dutch physicist
Arie Andries Kruithof. It appears to be that certain
combination of correlated color temperature and
the illuminance level, or in other words, color and
intensity, is providing pleasing and comfortable
illumination. For example, an illumination of 6000K
and 10000 lux is a pleasant one. The same 6000K
and 100 lux is a not a pleasant one — it is perceived
as bluish. At 100 lux, the pleasant illumination
should be within 2500 K — 3000 K. And vice versa

dwt hwdwnp funphnipn £ tnipynid wnmwipbigubph futwdph
dhowdwpp opw pupwgpnid wwwhnyby Eutinghwgh
dhoin uwbYunpw| pwotudwdp nyup uwhdwuwsd sw-
thwpwuwyny: Ujuwnbin ubpyuwjugqwsd [nuwynpnipjwu
udnipubipp bwjuwgdéyt| U wyn mwptigubphu opyw pu-
pugpnd hwdwwwwwufuwu ghplywnwt wqnulubp
wwwhnybnt wmbuwulnituhg, wnwhuny pwnbwybiny
upwug Ywph npwyp’ ghpywrywu nhedh Ywpgquynp-
dwu dhongny:

Tuypng

Nnwhwutbph «nw pubine b n wppUwuwNL hwy-
quonyeniup hwjwuntd £ nuypnguwywu hwdwlwpgywd
dwdwuwlwgnyghu: Ujwg nwpngh wwphpnid upwug
puh dwdwuwyp k| wybip £ Ypdwwnygnid: pw hbinlwu-
pny wnwowgnn puh fuwugwnpnifubipp Ywpnn Gu hw-
gbligutip gwdp nwnuwlwu wnwownhdnigjwu b Jwnp-
pwqdwjhu fuunhpubiph: “Ywuwubbjwlyubpp  nuwyn-
pniRjwu bwfuwgdtph pwpbjwynudp Yupnn b bywuunbg
wnwownhdniRjwl pwpdpwgdwup b wnnnontejwu pw-
phwydwup' yuwpgwynpbiny pubint dwdp b hwpdwpbg-
ubny wju 24-dwdjw wpbgquluwiht opdwu (Buildings,
2016):

Uyuhwjin £, np wnnnontgjwl wnusynn [nuwynpnt-
RlwU pwnwnphsp hhduwwund Yuwwywsd E hngbipw-
uniejwu, ntiwyptiuhwyh, puydqwoényenitu htinn. hwwnyw-
wbu qquniu U wwpbigubipp W ninwhwuubpp:

Cwpwswipbpu Gu'

*  Lnwwynpnipjwt dwdbipp W ypruwpyw tinwuwlyubph
wwppbpwlwuntegyntup,

*  Lnwwynpnigjwt uwytynpp b uwbluph thnthnjunt-
pIntuutipu opyw pupwgpntd,

e Lnwwynpnigjwt hunbuupynipyntup W npw nmwnpw-
Swlwu pwatuwdnipiniup:

Wu hwpwswthtiph Yynndtiphg 2wwnbipt wpunwgnjwd
GU unwunwpwubpnd W unpdbpnud, npnup ubplywjwg-
ywsd GU wyu gjfunid:

Upnypyndh Ynptip

Npwagpwy jnipwhwwnynieiniu £ pugwhwjnynid hn-
lwunwgh dhghynu Uph Uunphbu 4pnypindh Ynndhg
hwwpwagpywsd hngbbhghlwywu pulwdwu nyjwjub-
ph hpdwu ypw: Mwpgynid k, np Ynpbjugywd gniuwhu
otipdwuwnpéwuh L Nuwynpywdniwt dwlwpnwyh,
Ywd, wj Ybpw wuwsd, gnyuh nt hunbuupynipjwu npn-
owlyh hwdwnpnipntut wwwhnynw £ hwabkih W hwp-
dwpwybw [nuwynpnipyniu: Oppuwy' 6000 Yahu (Y4)
L 10000 pnipu [ntuwynpywdnieiniup nnipblwu k: Upl-
unyu 6000 4 L 100 ynipup whwé Lk, wju puuynud £
npwbiu uwwwnwyniu: 100 gnipup nbiwpntd |ntuwynpyw-
onpyniup hwaékih Yhup 2500-3000 Y-h dhowlw)pntd:
Gy punhwywnwyp, 3000 Y L 10000 ynipu |nLuwynp-
quonipniup whwdé k, uwywju 10000 ynipup nbiypnid
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- an illumination of 3000 K and 10000 lux is not a
pleasant one, but for 10000 lux 4000 K and higher
color temperature is pleasant (Figure 1). This
mechanism of the human vision is telling about the
adaptation ability that humans have gained through
the evolution — usually at night time prehistoric
humans have been using fire to illuminate their
caves and dwellings, which have forced to develop
a mechanism that adjust the colors for lower levels
of illuminance. That is why the home illuminance
is usually very pleasant if realised in warm tones.
Naturally this logic is true for Planckian black
body radiators, since they have the highest color
rendering index — since the fire and the sun are
also Planckian. That is one of the reasons that
the highest CRI-s are related to sources with
smooth, spike-less spectrum power distribution in
the visible range. Thus, as it has been described in
the citations above, the circadian rhythms require
whiter illumination during the daytime and warmer,
lower correlated color temperature (CCT) at the
evening.

Figure 1. Kruithof curve: an illumination of 6000 K an
lux is a not a pleasant one — it is perceived as bluish.
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4000 4 b wybih pwpép gniuwihtu gbipdwuwnphéwup nnt-
ptywu £ (LYwp 1): Uwpnnt nmbunnnigjwt wju dbfuw-
uhgdp ywjnw t hwpdwpybint niuwyniejwu dwuht,
npp dwpnynuejniup dtinp £ pipky Eynynighwh ptpuwg-
pnud. unynpwpwp ghobpu hpbug pwpwudwyubpu ni
Yugwpwuubpp (nuwynpbint hwdwp twuwwwndw-
Ywt dwpnhy ogundby GU Ypwlhg, husp uinhwti £ qup-
quguti uh dbfuwuhqd, npp Ywpguynpnwd £ gnyutipp
(nuwynpqwoénypjwu wybh gwdép dwlwpnwyh wwj-
dwuubpnud: Wn wwwbwnny wnuwiht ywjdwuubpnud
[ntuwynpniiniup 2w nnipbywu £, Gpp nyup Gpwug-
ubipp obipd Gu: Puwlwuwpwn, wju npwdwpwuntejnt-
up gnpénud £ Mwuyh (ul dwpdup) dwnwaquw)ehsutiph
nGwpnid, pwuph np npwup nwbu gnilwtnfuwugdwu
wdbuwpwpdp gnighsp, W Ypwlu nu wpbp unyuwbu
Mwuyph dwnwaqwyphs Gu: Tw  wwwnbwnubphg dtyp,
np wdbiwpwpép gnyup YGpwpunwnpdwu gnighsub-
pp (F48-ubipp) unwgynd Gu wnbuwubih dhowlwjpnid
nnnpl, wnwug upwdw)p qugweutiph uwbtyunph hgn-
pniRjwu pwotunwd niubignn wnpynipubiph nbwpnid: Uju-
whund, huswbu ywpwandty £ deplnd, ghplwnywu
nhputpp gbiptlwihu dwdbph pupwgpnd wwhwugnd
Gu wybh uyhwnwy (nuwynpdwoényeniu, huy Gpkyn-
Jwu dwdbpht' wybh wwp, wybh gwdp Ynpbjugyws
gnituwjhu obipdwuwnphbwu (Y9):

d 10000 lux is a pleasant one. The same 6000 K and 100

Krulthal Curve / Upnypehndh Unpp D
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hwobh Ghwug
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Ywuwunwynil Gpwlg
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Qnilwjhu gEpdwunhdwl, Yeyhu

Ulwp 1. Ypnypindh Ynpp. 6000 Y L 10000 ynipu intuwiydnpyuwdnieyniap hwiédbh £: Uhlbnyt 6000 Y L 100
ynwpup phwd E, wyb pblyuwynid £ npuybu uwggpwyni:
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Our preferences for CCT versus illuminance Wu, et nuwynpqwdnieiniu-432 np hwpwpbpni-
may be intimately associated with the state of our  [RINUP Uwfuwwwingtih Yihtup dtiq hwdwp, utipnnpbiu
Ywuwwd £ ndjwi wwhht dtp ghpluryw nhedh yh-
- _ _ _ _ dwyh htwn: Ophtuwy, |nuwpwgh gnyubp udwuwlynn
as the Philips Wake-Up Lights (Figure 2) with their «Dhihthu nyu-quippenighsh» («Philips Wake-Up Light)
simulated sunrise colors would certainly indicate Ubd wwhwugwpyp' (Lwp 2), wupnun Jywynd § db-

that this is the case (lan Ashdown, 2015). 2812)24W5h Godwpunwghnipjwl dwuht (lan Ashdown,

circadian rhythms. The popularity of products such

Figure 2. Philips HF3510/60 Wake-up Light.
Source/Unpyninp’ http://agi32.com/blog/tag/kruithof-curve/

Ulywp 2. Philips HF3510/60 quippenighs intuwdihnihp:
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1. DAY LIGHTING —
WINDOWS,

LIGHT PIPES,
THEIR BENEFITS

In short, daylighting = benefiting from the daylight
inside various buildings and constructions, usually
meant beyond the regular window technology. Note
that the use of the daylighting is very successfully
addressing two main important issues:

1. Health related issues - intensity, spectrum, light
distribution;
2. Energy efficiency.

Clerestory Windows

An example of a window that goes beyond
main mode of window technology is the so-called
Clerestory Window, well known in architecture, -
when the window is well above of the eye level, high
on the wall (Figure 3).

1. PLULUL (Urs4U3hL) LNRUU-
JNPNR@3NRL LARUULUNRSLEP,
LnkuuSurLEr L HruULs
unudesLnrfe-3NkLLENC

GRrb thnpébup hwyhpt dLwybpwb), www ptwywu
(wplwyht) [(nwynpnigynitup  hpbiuhg ubipYujwgunwd
E wwppbp otupbph nu ohuniegynitutiph ubipund gtipb-
Ywjhtu [nyupg ogwnytbint tiplinyep: Unynpwpwn ulwwnp
GU nwbunwd ny eE unynpuwlwtu wywwnthwuubph gnp-
swonipntup, wy unpwgnyu dhongubipp: Lokup, np
puwlywt (nuwynpnipniup hwonnnijwdp [ndnud £ Gp-
ynt hhduwlwu Yuplnp hwpg'

1. wnnnontejwu hbwn Yuwywsd fuunhpubipp’ hunbuup-
Ynipyntt, uwbiyinp, nruwynpywdnipju pwotuyw-
onip|nLu,

2. tubipquuwpryniuwybinni)niu:

Jdbpuwwwnnthwuubph wpp

Muuwnnthwuubph wbfuuninghwih Yhpwndwu unyn-
pwlwu Gnwuwyhg wwppbpynn oppuwy £ «puw-
wwwnnthwuubph wppp», npp jwy hwywnuh £ Swpunw-
pwwbinniejwu Uby, Gpp |nuwdnunp guuynd £ wsph
dwlwpnwyhg pwjwlwu ybp' wnwunwnhtu dnn Jdw-
unwd (Lywp 3):

Figure 3. Clerestory Windows, known even from the medieval architecture.

Source/Unpyninp’ http://www. houzz.com/ideabooks/391008/list/bathe-in-the-light-of-clerestory-windows, beeyoutifullife.com, www.nrel.gov, etc.

Uljwpn 3. Uh pwpp Jbpbwwuwpnnihwtiibn, npntip hwyiptp Gu nnbu dhobiwnwpywt dwppwpwwbgpnyanithg
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The clerestory windows in general provide very
comfortable lighting, because they do not blind via
direct bright outdoor light or direct sun rays, thus do
not contribute into glare.

Skylights

The next important solution is the skylight, Figure
4, Figure 5 and Figure 6 illustrate the concept.
Note that there are two realizations of the
skylight:
* Via light pipe concept. The latter is especially
important for constructions that has internal
rooms without any windows;

e Architectural solution — using designed light
passes.

Jdbpuwwwwnnithwuubpu punhwunip wndwdp 2w
hwpdwpwybwn nuwynpnieiniu G wwwhnynid, pw-
uh np sbU Ynipwgunwd npup ywidwn ninhn nyuny Yud
wnplh ninhn dwnwqujpubpny’ swnwowgubiny 2pwg-
tnn thuy:

GpnhYy-nLuwtnwp

Cwonpn Yupunp (ndnwdu’ BpnhYy-intuwnwnu £, npp
gwnwthwpp ubpyuwjwgyws £ LHwp 4-nud, Lwp S5-nd
UL Lywp 6-n1d:

Lotup, np Gpnhy-inuwwnmwpubph  hpwywuwgdw
Gpynt mwppbpwy Yu'

* Lnwwuwwpubph dhongny. wju hwwnlywwbu Yuwp-
unp £ wju ohunyeniuubiph hwdwp, npnbn wnlyw tu
wnwug |ntuwdnunubiph ubpphu ubujwyubn,

o Bwpnwpwwbnwlwu ndnd’ ogunwgnpdbing |nt-
uwynpnipjwt hwdwp twfuwgdywd wugninhubpp:

Figure 4. The light pipe concept and a few realizations of the skylines with or without light pipes.

Prevailing summer wingd picks up
speed as it passes aver the
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pressure zome that
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W A )

* Udwnyw nidghti pwdht wppwpwlp ypuygng
wgbtipu hwywpnid b wpwagnygynit b uipbinénid
guidp dupdwt gnipph, npp nnipu £ dnmid ihwip onp:
bwnwywpbih phybpp U wwupy onwdnhstbnt
nidnwgtinid &b yhwp onp ptwlywt hnupt
wdnwtp U dumd bt thwly ddnwbip' ubipubing obpd
onp wpywhnupp: ddnwl wpll wybpugbnid £
obindnygynit: PuwlyGih pnwpwépp wwppuwwbws £ ¢
wdwnyw wplp ninpn Gwnwquiypltiphg:

=
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natural flow of hot air in

summer and ane chosed in
winter, preventing warm

air from escaping
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Ulwp 4. Lniuwypwpubiph hwuljwgnyayniup b Jp pwbh puwlwt incuwgnpneygyut ppwlubuugnid” incuwgaun-
bubipny b wnwbg jntuwpwpbibiph:

Figure 5. Acuity Brands, Inc. announces the opening of its renovated Sunoptics® facility and new Daylighting
University training center located in Sacramento, CA. The new offices and training facility provide an
opportunity for industry professionals to explore the benefits of daylighting. The facility features a 1,600 square
foot daylighting training center where Sunoptics will host its Daylighting University, which offers monthly training
seminars and opportunities for customer presentations.

Source/Unpynipp’' https://acuitybrands.wordpress.com/2012/07/12/acuity-brands-opens-new-state-of-the-art-daylighting-training-center-as-
part-of-newly-renovated-sunoptics-facility/

Uljwn 5. «Acuity Brands, Inc.» puljGpnipnitp  hwyypnwpuwpnid £ pp Jbpwtinpngywd  «Sunoptics®» hwuyw-
pnypqwil b «Pbwlwl intuwynpnypgwit hwdwyuwpwby niuniduwlut Yebippnth pwgdwt dwupt, npntp
qpuynid Gu Yughpnpupuyph Uwhpwdbbpn pwnuwpnid: Lnp gnuubtyuwlabpp b nuniduwlwt Getgpnip
htwpwynpnipynit Gt ypnwghu ninppph Jwubiwgbippbiphtl pugwhwyippbine gptlught intuwiynpnigywit wnw-
ybnyggniutibpp: Uyu Yuwinnygt niup 1.600 pwnwyniup nipbiwswith (Unp 150 U2) dwlibpbuny gbpGhuypti ini-
uwynpnipyuwdp niuniduwlwb YGbpppnt, npiptin «Sunoptics»-p  ininwluybyne £ hp «Puwlwt intuwynpnipywb
hwdwuwpwbp», npt wdtl wdhu wnwownpynid £ ubdhtiwpbbn U htwpwynpnipynit £ pudbnnid hwéwpunpn-
ubipht Yuquwlbpwty hpbug sunphwinbutbpp:
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Figure 6. Acuity Brands introduces the LightFlex™ system, a high performance prismatic daylighting solution
for suspended-ceiling applications from Sunoptics. The LightFlex system makes optimal use of daylight
throughout the day, delivering glare-free lighting while minimizing energy usage from electric lighting. Shown is

the concept of the skylight.

Source/Unpyninp" https://acuitybrands.wordpress.com/2012/12/04/sunoptics-launches-prismatic-daylighting-solution-for-suspended-ceiling-

applications-offers-wide-variety-of-choices-in-lens-and-size-options/

Uljwp 6. «Acuity Brands»-p tbipluywgtinud E «LightFlex™»-p" wynhquuyh Yhpwndwdp hwdwlwnpgp, npp hwb-
nhuwbnid £ «Sunoptics»-h Yuwpunyh wnwuppwnttinh hwdwp puwpdn wpyniawyGipniypgudp gbnGhuypt intuw-
Ynpnipywls (niémid: «LightFlex» hwdwlwpgp opndw ptpwgpnid owwpphdwy duny ogiypugnpdmd £ gipbuyht
(nyup' wwwhnybynyg whwyy ineuwynpnygynit, dhlbingt dwdwbwly bduqbgtiting biGlyppwlw incuwynpne-
rywl ynnuhg Lilppwiubipghuyh ogipwgnnpdnidp: Lhwpnud Gpnpl-iniuwywn quinwihwph wwigplytint £:

Very often light pipes have matte diffusers
that provide lambert diffusion of the light, which is
especially attractive since provides smooth, even
illumination — any surface is emitting according to
lambert diffusion, if the brightness of the surface, in
this case visible brightness, is the same regardless
to the angle of the vision line to the surface
that carries lambertian diffusion. This property
is very much valued by artists, architects and
photographers. The lighting setup shown on Figure
5 is very close to a surface with lambertian diffusion
of the matte semi-transparent diffusers. This effect
is achieved also by using diffusers on the entrance
of the light pipe.

Always important to remember that daylighting
solutions work best with other solutions that energy
efficient building science prescribes; as well as it
is not less important to use the experience of the
ergonomics, concepts of comfort and productivity.

Swun hwbwfu [nuwwnwpubpu nubundd Bu hwjun’
Ywruwwwyt nhpnignputip (inyuh gnhy), npnup wwjw-
hnynud GU |nyuh qwdpbpyywb gpnid, hust wnwuduwyh
gpwysnieintt ntuh, pwuh np wwwhnynud £ dtind, hw-
quuwpwswih nwuwynpnipyniu: Uwybpbup (ntuwpéw-
Ynw £ pun jwdptpnjwu nhnighwih, Geb wjn dwyb-
pbuh wwjdwnnieintup wulwfu £ wyn dwytpbup nphunb-
[t wuyntuhg: Wu hwwnyniejniup swun § wpdunpynid
uywphsubiph, dwpnwpwwbnubph b nuwuluphsub-
ph Ynnuhg: Lwp 5-nwd gnigunpywsd [ntuwynpnipjw
Ywqdwybpwnudp 2w dnwn § jwdpbpujwu nh$nighw
niutignn dwytipntiuph dhongny unbindwsd [nuwynpnipjw-
up: Uyu EPEYunp unwgynud £ uwle (neuwwnwph dnwnph
Ynw nyup Yuplwwwlyw gnhsubin oguwgnndtiiny:

Uhownn Ywplnp £ hhobi, np ptwlwt (nuwygnpdwu
(nwdnwfubipp wnwybp jwy Gu wofuwwnid okuptiph Eutip-
guwuwpryniuwybunnipjwu (ndnwdubph hbwn hwdwwnbn,
huswbiu bwl wwlwu Ywplnp sk Epgnundhlwgh, hwp-
dwpwybwnigjwt nt wpfuwwnwuph wpryniuwybunne-
pRJwU thnpdh ognwgnpdnidp:
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Translucent walls, floors Lnuuwpwihwug ywwwnbp, hwwnwly

Pwhwughly Ywd nuwpuhwtg wupbpp,

Transp?ren? or translucent walls, floors hunpaslp Gusd atihpp Ubpuh (nwwdnpnignil

anc.l .roo-flng IS. a.nothe.r modern means to OU.{lnhljUJl ubnu{nq qudwubnu‘lhlnl ljhl.{ wj| dwdw-
optimize indoor lighting (Figure 7). uwlwlhg vhong b (Lwp 7):

Figure 7. Effect of transparent or translucent walls, floors and roofing.

Source/Unpynipp' https://www.reddit.com/r/pics/comments/3g09ev/room_with_mirrors_on_the_floor_ceiling_and_walls/,
http.://barnabygunning.com/_project.php?ID=3, brucine.blogspot.com, http://weburbanist.com/2013/10/07/house-of-hemp-and-blood-16-
futuristic-building-materials/ .

L
i TP

Ulhwpn 7. ([Buhwtghly uwd iniuwpwihwtg wwippbinh, hwpwyh nt wnwuypwnp Yhpwndwé wpnynibipp:
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2. ENERGY EFFICIENT
INDOOR LIGHTING TECHNO-
LOGIES AND SOLUTIONS

One can define the Energy efficient indoor
lighting technologies and solutions as a combination
of:

* Means to use the daylighting efficiently both
from windows of external facades, and skylines
for internal spaces. No doubt, that the most
effective use of daylighting can be if it is planned
starting from the design and architecture stage
of any construction. Naturally, the latter should
involve the geographic, climatic, environmental
and other local data.

* Importantly the requirements from the users
of the buildings driven by their age and type
of activities should be carefully examined and
taken into account.

* Modern light sources should be vastly
implemented, variating a number of their
characteristics to satisfy the energy efficiency
goals and goals
performance.

related to comfort and

e Necessary to remember that lighting
characteristics involve the following parameters:

- lighting source efficacy in Lm/W, showing
amount of light that can be obtained from 1
watt of power consumed — energy efficiency;

- Color rendering index, unitless, showing the
ability of the illumination to render the colors
correctly;

- Correlated color temperature in degrees of
Kelvin that has substantial psycho-emotional
effect on humans, including considerations
of the circadian stimuli requirements, i.e.
changing the color temperature during the
time of the day;

- The level of illumination of the surfaces
in the building spaces in Lux, as well as
luminance, with consideration of the albedo
of the surfaces;

- Directionality or diffusivity of the illumination,
and comfort in terms of avoiding glare - the
direct light from point sources reaching eyes
of users;

- Avoiding unwanted blue hazard and

2. LMLhL LNkUULNMNRE-3UL
ELereuur3nNhLU4ts Sthuln-
LNahULGEN 64 LNRONRULEN

Lbippht  |ntuwynpnigjwu Eubipguwpnyniuwybiun

wbfuuninghwubipu nu nwdnwdubipp Yupbh £ punpnob
npwtu hbnlyw| Yeinbph hwdwnpnigjniu.

Lbpphu wwpwépubiph gbptywihtu [nuwynpnipjwu
wpryniuwybin dhongubip huswbu wpunwphtu wywwnnt-
hwuutph wjuwbu k| GpnhYy-(niuwnwnutiph ogunw-
gnpddwdp: Uulwulws, gbiptlwjhtu inuwynpnigjwu
wnwyb] wpnyniuwybun ogunwgnpdnidp huwpwynp §
wju nbwpnid, tpp wju hwoyh £ wnuyb) nbinlu ohtw-
pwpniejwl twfuwgdwihtu thnynd: Puwwuwpwp,
wuhpwdbown £ twlb hwodh wnub wotuwphwgpw-
wu, Ypdwjwywu, ptwwywhwywuwlwu W nbnwu-
phu punpn2 wy wnwuduwhwwnynipniuutnp:

Cwwn Ywplnp £ dwupwdwutu nuniduwuppbp b hwsy-

Jp wnuby otuph oguwwnbipiph wwhwuubpp® Gjub-

(Y upwug mwphpwjhtu b dwutwghwnmwywu wnwus-

uwhwuwnyniejniuttiphg:

Uuhpwdtiow E jwjunpbu Yhpwnbj |nyup dwdwuwlw-

Uhg wnpyniptibinp” tnwpptipwybing npwg dh Jwpp

punipwagpbpp’  tubipquwpnyniuwybnniejwu, hwp-

dwpwybwnigjwt b woluwwnniiwyniypiwl  pwnd-
pwgdwu fuunhpubipu hpwgnpdtint uywwnwyny:

Cwplwynp & hhobil, np (ntuwynpnipjwu hwnlwuhy-

ubpp ubpwnnud Bu hGnlyw) hwpwswihtpp.

- |Inyuh wnpniph (nuwpgwuppp’ wpnwhwjnjwd
[U/dwn-ny, npp gnyg £ wwihu [nuwwnnth 1 Juunun
hgnpnipjwup hwdwwwwnwufuwunn Gwnwgw)-
PWS [nyuh pwuwlynipniup, wjuhupt' Lubp-
guwpryntuwybwnniejniup,

- wnpniph - gnyuh - YEpwpnwnpdwu - gnighyp,
wnwug dhwynph, npp gnyg £ nwihu wndjwy inyuh
wnpyniph * gnytbinp 8haw Yepwpunwnpbine Yu-
pnnnuintup - btwinuwiht (unnqwudne) |nyup
wnpniph hwdtdwun,

- wnpniph Ynpbugywsd gniuwihu obpdwunptw-
up' wpunwhwyndws YeYphup wunpdwuubpny
(4), npp pwuwlwih hngbhniquywu wgnbignt-
pINU nuh dwpnywug Ypw, win pynd’ hwayh
wnubiny ghplwywl nhpdh wwhwugutipp, wj-
uhupt' opw dwdh U gniuwihtu gbpdwuwnpéwuh
hwdwwwwnwufuwuntejnLup,

- obiuph wmwpwdpubipnud dwybplnypubph wwjdw-
nniRjnLup (Jwybpunypubph (nuwynpgwodnipjwu
dwlwpnwyp' wpunwhwjunywsd niputipny), hwsy-
yh wnubiny dwybpunypubph wunpwnwp&ddwu
qnpdwlhgp,

- nwynpnijwt ninnywénipyniup Ywud gpywdnt-
pintup, W hwpdwpwybuniegniup® ojugunn thwy-
Ihg (YGwnwyht wnpyniptinhg wsptinht puljunn ni-
nhn (nyuhg) funtuwthbnt wnnuiny,

- wugwulwih Ywwnywn (nyup ywnwughg b nyunpw-
dwunipwlwagnyu (M) dwnwqwjpubph wnpjnip-
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ultraviolet (UV) sources

- Using automated control systems addressing
the level of illumination depending on the
demand;

- Flexibility of the control system in terms of
level of illumination, directionality/diffusivity,
spectrum and grouping to conform to the
comfort, performance and type of the activity.

e In all cases, the environmental impact of any
solution should be estimated in quantitative
manner, e.g when replacing by more efficient
light sources, estimate CO, and other gas
emission savings.

3. CONTROL SYSTEMS
AND THEIR APPLICATION
FOR ENERGY EFFICIENT
SOLUTIONS

A control system should address the following
requirements:

1. the level of needed illuminance;

2. automatic switch off lighting if there is no
demand — e.g. the room is not occupied;

3. automatic switch to daylighting;

4. control of the daylighting via blinds, ownings,
or electrochromic windows (see Figure 8);

5. Possibility of separate control of each luminary
and its brightness and spectrum (color
temperature);

6. Control directionality/diffusivity
via optical means or via balancing between
the levels of brightness of luminaria of e.g. a
spotlight, floodlight and diffuse sources;

ratio either

7. Perform programmed lighting via individual or
grouped luminaria to conform to the comfort,
performance and type of the activity.

No doubt that this kind of control should be a
part of smart home or smart space concept.

Similar approach can be
architectural lighting.

implemented for

ubiphg funwuwthtp,

- (nwwynpqwdnipiwi dwlwpnwlu pun wuhpw-
dbounnigyuu Ywpgqwynpnn' junwywpdwu wy-
unndwwn hwdwlwnpgbph oquwgnnpdnidp,

- Ywnwwpdwu hwdwlwpgh dYyniungeyniup’ ni-
uwynpywontgwu dJwywpnwyh, (nyup nunyw-
onipjwu/gpdwu, uwtywnph, huswbu twl nuw-
wntubipp fudpwynpdwt wnnidny, dwnwjbgubiiny
wju  hwpdwpwybunnyejwup, w2fuwwnwupht b
ghpénLubinipjwu inbuwyhu:

Pninp nbiwptipnud, wuhpwdbion £ Yuwwnb] guu-
Yugwd nddwtu putwwwhwywiuwywu waqnbignipjwu
pwuwlwlwu quwhwwnd, ophtuwly Uunp Lubp-
gwwpryntuwybwn Jwdwbph wbnunpdwu wpnyniu-
pnud quwhwwnb) CO, U wy qugtiph wpunwuGwnnud-
ubiph ujwqgbgnidp:

3. yunudurvus uvuuur-
a6Mre 64 HuULS uhrunnruL
tuLerauur3nhbudss
LNkoNkULEMNRU

Ywnwywpdwu hwdwlwpgp wbwp £ ninnywd |hup

hbunlyw| wwhwugubpp pwyjwpwnbniu.

1.
2.

3.
. puwwu nyup Ywnwdwpnd' sbpunwdwpwgnypub-

. Opwgpwynpywsd

wuhpwdbown (nuwynpgwdniyejwu dwlywpnwyp,
(nuwynpnigjwt wynndwwn wugwinnd, Lt npw
Ywnhpp syuw, ophuwy’ Epp ubtywynud ng np sy,
wywnndwwn wugnid puwlwu [ntuwynpnipjw,

nh, 2qwpwpwuttiph ud bEhupwppndwiht ww-
winthwuubiph dhongny (ntiu Lwp 8),

. Jnipwpwuginip [nwiwiwinnth, Upw wwdwnnipjwu U

uwbywnph (gniuwghtu gbpdwunhbw) wnwudhtu Yw-
nwywnpdwl huwpwynpni)ntu,
ninnywdniejwt/gpnguodnipiwu gnpdwlgh Yunwyw-
pnud owywnhlywlwu vhongubiph, |ntuwwnniubiph, opp-
twy' Yewnwihu [nuwinniubph, (nyup wphbunwywu
wnpjniputiph W nh$niq wnpnipubiph ywjdwnnipjwu
dwlwpnwyubph hwjwuwpwyzndwu dhongny,
(nuwdnpnd’ wnwudht Yud
fudpwynpwd [nuwwinnubiph dhongnd, npp eny|
Yuw pwlwpwnpb  hwpdwpwybnnipjuup, woluw-
wnwuph wpryniuwybwnigjwup W gnpdniubiniejwu
nbuwyhu ubpywjwgynn wwhwueubipp:
Uulwulws, wjuwyhuh Yunwywpnwip wbwp £ |hup

«fubjugh wnw» Ywd «jubjugh tiwpwdph» hwuljwgnt-
[Pwu dwu:

Ldwu dninbgnwd wpbh £ Yphpwnb] twl dwpnw-

pwwbnwywu (nuwynpnipjwt hwdwp:
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Figure 8. Examples of action of blinds, ownings, and electrochromic windows.

Source/Unpynipp’ https://www.yellowpages.com.au/qld/lutwyche/queensland-blinds-and-awnings-15442851-listing. html,
http://home. howstuffworks.com/home-improvement/construction/green/smart-window3. htm

|
]

T

&l

Ulwpn 8. chpppwdwpwagnypbbph, supwpwubtph Yud Ghppwppndughtl wwpnithwbtibph gnpéwédw

ophtiwltbn:

4. APPROACHES FOR
ENERGY EFFICIENT UPGRADE
OF LIGHTING SYSTEMS

When the upgrade is due in an existing
construction, in contrast to starting with the
architectural design, the energy efficient lighting will
have to conform to already existing walls, windows
and other elements.

Daylighting

In this case the daylighting can be performed
through upgrade of existing windows with
consideration of electrochromic ones, adding of
certain type of reflection (Figure 9) and shading
devices, or implementation of heliostats if possible
(Figure 10, Figure 11).

4. LNkUUJN/NRE-BUL <UUU-
uurasrb ELMPUUMI3NRLU-
d6S uMrhuuuvusuul
unsesnruLer

Gebt wpnpwlwuwgnup wbwp £ juwunwpb] ywwn-
pwuwnh Ywnnygh Ubpunud, www, h wnwppbpnieniu
Swpunwpwwbwnwywu twjuwagdnidh, ulubnig, Lubp-
gwuwpryntuwybwn |ntuwynpnieiniup whinp £ hwdwww-
wmwufuwubgubi] wpnbu gnnuentu niutignn wywwnbph,
wwwnthwuubphu b wy| wnwppbippu:

Fuwlwt jntuwynpnipynit

Wu nbwpnd puwlwu nuwynpnieiniup Yunbiph £
wwwhnyb] wnlw |nuwdnunubph wpnhwlywuwgdwu
dhongny’ hwodh wnubind EGYunpwppndwih wywwni-
hwuubpp, wunpwnwpddwu (LHwp 9) b unybp ggbint
uwnpbiph npnawyh wnbuwyubp wybjwgub)p, Ywd, huw-
pwynpnigjwu nbwpnud, hbjhnunwwubph Yhpwnnudp
(LYwp 10, Lhwp 11):
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Figure 9. Window reflector for daylighting in an existing building.

Ulwp 9. Shtipmd intuwdnuph' gbptluyhts inyup wanpunwnéhsh wybpugnid:

Heliostats are whether influence ready mirrors Lbhnuwnwinubpp Gnwuwyh wanbignipjuup /Yup-
that have a mechanism to direct the solar rays at Ui, pwdp/ nhdwhwytine wwwnpwuwn hwytihutip tu,
npnup nubu wjuwhup dGfuwuhqd, np ey b wwihu
] wplp Swnwquweutpu ninnb| gwulwih ninnniejwdp,
window. ophuwy' nbwh GpnpYy-|ntuwnwph dnwnpp Yud wnwu-

&pu |nuwdnunp:

desired direction, e.g. entrance of a skyline or a

Figure 10. Heliostat to illuminate a window.
Source/Unpynipp’ http://wikoda.com/product/sunflower/

Ulwp 10. <Gihnuypwip, npp incuwiydnpned b incuwidnop:

In fact here heliostat helps the operation of Cuwn Entpjwt, wjunbin hGhnunwwnubip ogquntd

a skyline or a lightpipe. A more straightforward ~ GU puwlwu |niuwynpniejwt Ywd Gpnhy-ntuwnwn-
approach is to use a heliostat just to illuminate a ~ Utinh wafuwwnwpht: Udbih wudhgwlwt dnintignid

. - £ hGhnuinwunp wwpquwbu dh |nuwdnun jnuwyn-
window, as shown in Figure 10. nbnt hwdwn oguwgnndtip, huswbu gnigunpdws b
Lywp 10-nd:
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Figure 11. lllustration of heliostat action.
Source/Unpynipnp' Lumena.ch, http://www.tectonica-online.com/topics/lighting/daylighting-norbert-lechner/26/

-_r _l'll-q_

N0 SRt NGEULLLHLIMmY

Ulhwp 11. <Gihnuppwiiph wppuwgpwipp:

The goals of upgrade of electric
lighting system

The goals for the lighting system upgrade are:

Replace older, power consuming light sources
with newer, energy efficient ones

Improve the illuminance level, bring them to a
level prescribed by standards and norms

Improve the color characteristics, i.e. the
correlated color temperature and color rendering

index

Perform automation, to avoid losses in non-
occupied room, and for advanced systems to
conform the light level and spectrum to circadian
rhythms, to perform more comfort and safety.

For detailed steps and calculation of the

upgrade, please see Chapter 6.

Oy

|
]
-

{

CER s RS TR S
(FTY TR Lt _'
nulgubustnpni bl

ElEyumpwlw nruwynpnyeju hwdw-
Ywpgh wpnhwljwtwgdwt uywwmwlubpp

Lniuwynpnipgjwt  hwdwlwnpgh wpnhwlywuwgdwu

Uwywwnwlubpu Gu'

Lnwwynpnipjwu  hht, Eubpgqwuwnwp  wnpjnipubipp
thnfuwphubi unp, Fubipquwpryniuwybn wnpnipub-
nny,

Pwpbjwyt (nuwynpqwodnipiwiu dwlwnpnwyp, wju
hwuguti| unwunwpwnutpny nt unpdtipny uwhdwu-
qwé dwlwpnuwyh,

Pwpbijwyb) gniuwhtu hwwnlwuhgubipp, wjuhupt' Yn-
pblwgqwd gniuwiht obipdwuwmnptwup b gniuwthn-
fuwugdwu gnighgp,

Ywwnwpl] wynndwwnwgnud' nuunwpy  ubuywlyub-
pnud Ynpnwunubiphg funwiwthtiine hwdwp, huy wnw-
owughy hwdwywpgbph hwdwp' [nuwynpqudne-
pjwu dwlwpnuwlu nt uwbynpp ghpluywt nhre-
dtipht  hwdwwywwwufuwubigubnt, wnwytp hwp-
dwpwybinnieiniu b wudwnwugnipntu wwwhnybipnt
Uywwnwyny:

Upnhwlwiwgdwt dwupwdwut pwjtph nt hwa-

Jupyh hwdwp nbu Hnifu 6-p:
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5. STANDARDS AND NORMS
FOR INDOOR LIGHTING,
MEASUREMENT
METHODOLOGY

The standards are driven a lot by psychic-
emotional and psychic-biological effects. A
number of parameters are defining the quality
illumination, as shown in Figure 12.

5. uerentu LNrkuudNMNE-3UL
USULHUNSLENL N LALUGNL,
QUPU UL UbENTULULNN-
-3NKLL

Uwnwunwpwnubpp dbdwwbu wwjdwuwynpjwsd Gu
hngbhniquywu U hngbipwuwlwu-YEuuwpwuwlwu
wgnbgnipyniuutipny: Uh owpp hwpwswihbpny uwh-
dwuynud § jnuwynpniejwu npwyp, huswbiv ywwnybip-
wd £ Lwp 12-nwd:

Figure 12. Best practices of lighting design: parameters of illumination.

Source/Unpynipp’ http://www.lightingdeluxe.com/workplace-lighting-ergonomics. html

Ligia
Dlirsction
LU mLAEnL

=T

Light Calo
s gl

Ulywp 12. Lmuwiynpnypywt bwpiwgddwt wnwowywn thnpndh ophtiwltitn. intuwynpnisjuwts hwpwswihbn:

The following is a citation from an excellent
article for architects https://www.archtoolbox.
com/materials-systems/electrical/recommended-
lighting-levels-in-buildings.html,
archtoolbox.com/, n.d.

https://www.

Recommended Lighting Levels in
Buildings

Lighting in our living and workplaces is critically
important for our ability to accomplish tasks
efficiently and safely. In addition, proper light
levels prevent eyestrain, which allows us to work
comfortably for longer periods of time. This article
covers proper lighting levels and will include various
lighting concepts during the conversation. If you

Unnpl ubpluwjwgynid £ dbopbipnid  dwpunwpw-
wbwubphu  nindwd  hpwowih  hnndwdhg'  https:/
www.archtoolbox.com/materials-systems/electrical/
recommended-lighting-levels-in-buildings.html,  https://
www.archtoolbox.com/, n.d.:

Chkupbpnud wnwowplynn
[nuwynpjwdnipjut dwwpnwulyubpp

Sutpnid b wphuwipwtipughte Juypbpnid  intuwiynp-
Ywonipynitp Guplnp tpwbwlnyeyniti niop Jbn wpnynt-
bwybiypn nt wadipwtiqg wypuwpwiph hwdwn: Uydbiha,
(nuwynpywidnipyut wwiypwd Jwlwpnwlyp uwbpunid
E wsph qwpdwénuyeynitip, htsp daq ey L puwihu bGp-
bwpwiple U hwpdwpwyby  wopuwpply: Uju - hnnyw-
ond wlnpwnwpd b upwnpgnid intuwgnpywidnipyub
wuwynpwd dwlwpnwlbbpht.  pupwgpnid Yubphuwywg-
ybb bwli inuwynpnipywitn Jpwpbpnn npny hwulyw-
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need to brush up on the basics of lighting, check
out our Properties of Light article, https://www.
archtoolbox.com/representation/architectural-
concepts/lightingconcepts.html.

There are two main concepts that architects
need to understand as they plan lighting in their
buildings: Light Levels and Lighting Power Density.

Since we are concerned mainly with
accomplishing tasks in our buildings, we need to
understand the llluminance, or the amount of light
that is hitting a surface. In an office, we might want
to understand the amount of light that is hitting our
desk; however, in a gymnasium or corridor we may
be more interested in the amount of light hitting the
floor.

gnipyniatin: Gpb guwtywund tp pwnpdwgtby intuwyn-
npnipjwb hhdniiptliph dwuhpt 86np ghipbhptibpp, www
owbnpwgtp Jtn «Lnyuh hwipyniysniiiipp»  hnnyw-
S6h  htp,  https://www.archtoolbox.com/representation/
architectural-concepts/lightingconcepts. html:

hptug oGuptiph |nuwynpnigynitup  bwfuwgstijhu,
Swpunwpwwbitnutipp wtwp E hwogh wnubu Gpyne hhd-
twlwu hwuluwgnigni’ [nwuwynpywdnipywu Jwlwp-
nwyubpp W (nuwynpnigjwt hgnpnipjwt  funnieniup:

Lwuh np dtiq hhduwlwunwd hGinnwppppnwd Gu 9Gu-
ph Ubpunwd Ywwwpynn wofuwwnwupubinp, dtq wbinp
E hwulwuw] woluwnwupwiht dwybpbuh jnuwynpyw-
onipyniup Ywd dwybpbuhu pulunn |nyup pwuwynient-
up: Gpwubtywynd Yupunp £ pdwow] dbp gpwubinu-
uhu pulunn |nyup pwuwynyeintup, dhusnbin dwpquu-
pwhnud Ywd dhowugpnd wybih Yupunp £ hwwnwyhu
puyunn |nyup pwuwynipniun:

Figure 13. llluminance: amount of light hitting a surface (FC — foot candle).

1FC

| Far

1 las=

1 i i

Ulwpn 13. Uwlybpbuh intuwynpdusnigynitp. dwlbnbuph dhwynpht pblyinn inyup pwbiwynysyniip

(NU" niptiwswih-dnd):

llluminance is measured in foot candles (FC) or
lux. 1 FC is the amount of light that hits a 1 square
foot surface when 1 lumen is shined from 1 foot
away — this equates to 1 lumen per square foot. 1
lux is the amount of light that hits a 1 square meter
surface when 1 lumen is shined from 1 meter away
— this equates to 1 lumen per square meter. 10 lux
is roughly 1 FC.

We need to provide enough light to allow people
to accomplish see their tasks, but not so much light
that it is hard to see the tasks — over lighting is just
as bad as under lighting. Detailed tasks like drafting
require more light, while general tasks like walking

Lnuwynpywédnipiniup swihnud Gu nuinuwswith-Ywu-
nbiny (NY4) Ywd gnpuny: 1 NY-p |nyuh wju pwuwynt-
pIntuu £, np puluntd £ 1 pwnwyniup nintiwswith dwyb-
ptiuhu, Gpp 1 dndh |Nuwwnynipjwup hwdwpdbp nyup
wnpnpp (nuwpdwyned £ 1 nintwswith htinwynpnieyne-
Uhg. uw hwjwuwnp £ 1 ynudbu/1 pwnwyniup nuintwsw-
thhu: 1 ynwpup [nyuh wju pwuwynieynituu k, np puluncd
£ 1 pwnwynwp dbinp dwybpbuhu, Gpp 1 dndp [nuwn-
Ynipjwup hwdwpdtip |nyuh wnpjnipp (nuwpdwynid k
1 dbiwinp htinwynpniejniuhg. uw hwdwuwn £ 1 gnwdtiv/1
pwnwyntuh dtnphtu: 10 gnipup dnnnwynpwwbiu 1 NY E:

Uuhpwdbown £ wwwhnyb| wjupwtu (niuwynpywdnt-
[INtu, np wofuwwnwuph wnwpywu |huh wywpg nbuw-
ubilh, uwywju ny wjuswih, np guguh. gbipnuwynp-
wénipiniup unyupwu Jwwn k, nppwu pbpinwuwynp-
uwénipiniup: Uwupwdwul woluwwnwupubph, huswbu
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can be accomplished with less light.

The most cited reference for lighting levels is the
IESNAZ? Lighting Handbook, which is published by
the Illuminating Engineering Society. The lighting
levels listed below come from the Handbook as well
as various other lighting references.

Lighting Power Density (LPD)*

Lighting power density is the amount of power
used by lighting per unit of building area. In the
United States, LPD is measured in watts per
square foot. Included in the watt measurement is all
power consumed by light fixtures, ballasts, controls,
transformers, etc. — essentially, if the component or
device is involved in lighting, it must be included in
the calculation.

Lighting power density is established by local
and international codes. The values listed below for
LPD come from the 2015 version of the International
Energy Conservation Code (IECC 2015). Please
keep in mind that certain cities or states may have
codes that require LPDs to be a certain percentage
BELOW the IECC. Always make sure to check your
local codes before establishing LPD criteria for your
project.

There are two ways to calculate the lighting power
density. The first way is to use an LPD that applies
to the full building based on the type of building
(school, museum, office, etc.) -- this method is very
basic and is called the Building Area Method. The
second way is to calculate the LPD based on each
specific room and is called the Space-by-Space
method -- this method is much more accurate and
may result in a lower LPD number, which is helpful
when applying for utility incentives.

Many utility incentive programs require the
design team to improve upon the lighting power
density baseline required by local codes. For
instance, a utility incentive program may require a
15% (or more) improvement over the baseline LPD
in order to receive a lower electricity rate.

2 llluminating Engineering Society of North America, www.ies.org

ophuwl' twfuwgddwu hwdwp, wuhpwdbonm £ wybih
oww |nyu, hul punhwunwyp punyph gnpdnnnieinLtuub-
np, hugwbiu ophuwly’ pwybp, Yuipbih £ Ywnwnt wytih
phs (nyuh wwjdwuubpnud:

Lnuwynpywédnipjwu dwlwpnwlyubtiph dwupt wdb-
uwywwn dbgptipynn hnnudp «IESNA? Lighting Handbook»
ghpptu £ ({nwhuwiht Udbphywih  Lntuwynpnipjw
Swpunwpwghnwywu  dhnypjwu - <ULBU, «Lnwuw-
Yynpnipjwu dtntuwnl»), npp hpwwnwpwyyb) £ «Lnuw-
Yynpnigjwu dwpunwpwghunwlwu  dhnigjwu» Ynndhg:
Unnpl pywpyqwsd niuwynpjwdnipjuu dwwpnwy-
ubipp pbpdwd Gu wyn dbnuwpyhg L nUwyYnpnigjw
dwuhU wy| mwppbp wnpniputiphg:

Lnwwynpniejw hgnpniejwt funnip)niu
(LLh)*

Lnuwynpnigjwt hgnpnipjwt fuinnugyniup’ — (ntuw-
Ynpnipjwu oguinwgnpdwd hgnpniejwt pwuwynipniut
L oGupp dtYy dhwynp dwybtipbupu: Uphwgjw) Lwhwug-
ubipnud L<RU-u swithnud BU quwnn pwnwyniuph nuintw-
swithn  (Yw/pwn. ninuwswih): Ywwnnh swihdwu b
ubpwnywsd £ wju nn9 hgnpniejniup, npp uwywnynid
L |nwuwwnt uwppbiph, pwjwuwnubph, Ywnwwpdwu
uwppbiph, nmpwuubnpdwinnputiph b wy] uwppbph Ynn-
dhg. pun Enpjwu, Gt npuk pwnwnphs Ywd uwpp
ubpgpwyywsé b (nuwynpnipywu dby, www wju wbinp
L ubipwnyh hwodwnynid:

Lnuwynpniejwt hgnpnipjwt funnyeniup uwhdwu-
ynw £ mbnwywu b dhowgquihu optuputipny: LLhu-h
uinnpl. ppywé wpdbipubpp ybpgpb) Gup Eubpquifu-
uwjnnnypjwu dhowqquwihtu Ynnbtipuh 2015 p. wwppb-
pwyhg (EluU4 2015/IECC 2015): tuunpnid Gup ulwwnp
niubuwl, np npn? pwnwpubp Ywd uwhwuqubp Yw-
pnn Bu sniubuw opbupubip, npnup wwhwugnud Gu, np
L<hu-u Juquh EruUY-hg gwédp hus-np winynu: Uhown
unnigbp wnbnwlwu optupubpp' Uwfupwu &bp Uw-
fuwagdh hwdwp L<hu swhwuhoubp uwhdwub)p:

Lnwwynpnigjwtu  hgnpnigjwt  funnie)niup — swith-
ynud L Gpyne nwuwyny: Unwohtu Gnwuwyny npna-
ynn L<hu-Uu Yppwnynd £ wdpnng otuph tywwndwdp b
Yuwuws b otiuph ntuwlhg (nwnng, putquipw, gpuw-
ubtywy, wyp). wju dbennp punyeny gwun ywnpgnituwy b
L Yngynid k «obuph tnwpwdph» dbenn: Gpypnpn Gnw-
Uwyp jnipwpwuginip wnwudhu ubtjwyh LLRu-h hwy-
Jupyu £ W Yngynid E «inwpwdp wn tnmwpwdp» dbpnn.
wju utiennp owin wybih 6aqphwn £ U upnn £ uinwgyby
wybih thnpp L<RU Y, npp Yuipnn £ pny| wnwi ognyt)
Yndntuw fupwuubph hwdwlwngbiphg:

YUndnttw)| fupwuubiph pwnwpwwuntejwu vh 2wpp
opwantin, htuybin wnbnp optiupubiph Ypw, wwhwu-
onud LU Uwfuwqgdnn phubtiphg pwpbjwyb| (ntuwynpne-
WU hgnpnigjwt funniejwu Guwybnwhtu gnigwuhop:
Opphuwy' Yndntuw| fupwuubph dpwgnpny Ywpnn £ ww-
hwuoytiy L<u-p Gluwlybnwihu gnigwupoh ujwwndwdp
15% (Ywd wytih) pwpbwynud® EibYwnpwtubnghwh
wybih gwép uwlwaquhg ogunybiint hwdwp:

* To prevent excessive illumination, inclusion of this amendment into new building codes of the RA is currently under discussion
LbpYuwynuwiu putwpyynid £ wyu hwpwswihh Uepwnnidp £€ ohu. unpdpnud’ gbipiniuwdnpnuggniup uitfubne buywwnwyny:
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Recommended Light Levels by
Space

The table below provides recommended light
levels from the IESNA Lighting Handbook and
LPD levels from the IECC 2015. Check your local
jurisdiction for other or more stringent requirements.
The US General Services Administration provides
lighting levels and LPDs for US Government
buildings, which can be used as a guide for other
types of buildings.

The required light levels are indicated in a range
because different tasks, even in the same space,
require different amounts of light. In general, low
contrast® and detailed tasks require more light
while high contrast and less detailed tasks require
less light.

Please keep in mind that this chart is not
comprehensive. The IESNA Lighting Handbook
has pages and pages of various categories. If you
have a very specific need, we recommend further
research.

The overall general requirements for the
illuminance norms are shown in Figure 13, as a
function of tasks performed. The general logic
here is related to the accuracy of the tasks to be
performed — smaller are elements that are involved
in the task, higher is the responsibility, lesser is the
contrast, higher should be the illumination level.

A citation* from the International Energy Agency
Annex 45 (see the table on the next page).

3 The degree of sight differentiation among various task details.

Lnwwynpwdnipjus wnwowplynn
Jwlwpnwlubpt® pun nmwpwsph

Unnple pipdwd  wnynwuwynd  ubiplujwugywsd b
CULBU-h  «Lnwwynpnigjuu dwuht  dbnuwpyny»
wnwownyynn (nuwynpjwdnipjw  dwwpnwyubipp
L EruUY 2015-ny wnwownpyynn L<LU dwlwpnwyub-
pp: W Ywd wybih fupuin wwhwueubiph wnlwyniejnt-
up Yupbih £ unngb) niuniduwuppbing ndjwy tipypnd
punniujwd unwunwnpwnutipp: UWWLU-h «Cunhwunip dw-
nwjnipintuutiph  Jwpsnigyntup»  (ntuwynpywidnipjwi
duwlwpnwyubp b L<hu-ubp b uwhdwund UUL unw-
ywpuwlw gtuptiph hwdwn, hugp Yupbih £ oguwgnn-
&b npwbiu ninbgnyg' wy| whwh 2kupbiph hwdwp:

Lniuwynpywédnigjwu wwhwuoynn dJwlwpnwlyub-
pp udwd Gu dhowlwjpny, npnyhbwnl wmwppbp gnp-
énnnipyniuubp, unyupuy JhUunyu wwpwdpnd, ww-
hwuontd GU nyuh wwppbip pwuwynieniu: Cunhwuntp
wndwdp, guwpd Ynunmpwuwnny?® b pwgqdwnwpp wnwp-
Ywubiph wwuwybp Yuqubtiint hwdwp dwpnne nbun-
nnypintup wwhwugnid £ wybih 2wwn nyu, pwu pwpép
Ynunpwuwnny b uwwywwnwpph hwdwn:

Fuunpnud Gup ulwuwp niwbuw], np wju wnnuwyp
wdpnnowlwu sk: <ULBU-h «Lnwuwynpnigjwtu dwuhu
atnuwpynd» Ywu wmwppbp Yuwnbgnphwubp uywpwg-
pnn pwqdwehy bobip: Grb dbg pwwn Ynuypbn ywhwuy
E wuhpwdbiow, funphnipn Gup wwihu Yuwnwpb wybih
dwupwdwul hbGnwgnunieniu:

Lniuwynpywdnigjwu  unpdtph  punhwunyp  ww-
hwugubpp ubpyuyjwgywsd &u Lwp 13-nd’ Yuudws
woluwwnwuph Ywd gnpénnnipjwt punyphg: Cunhw-
unip nmpwdwpwunieinut wjunbn Yuwyws £ Yuwnwnp-
Jbihp gnpdnnnipniuubiph dogpuinejwu hbn' nppwt
thnpp Gu gnpdnnnipjwu Uty ubipwnwd pwnwnphs-
ubpp, Ywd nppwt pwpép b wywwnwufuwtuwwnynient-
up, Jwd nppwt thnpp £ Ynunpwuwnp, wjupw pwpdp
wbuwp £ |hup (nuwygnpywédnipywt dwywpnwyp:

Ubioptipnud* Uhowqquiht tutingbiwhy gnpdwlwint-
Rjwu Lwybtiywd 45-hg (nbiu hwonpn Eoh wnyniuwyp):

Unwplwyh nwpptip dwutiph dhole inbunnnipjwu Ynndhg tnwppbipuldwt wunhtwu:
4 http://www.lightinglab.fi/IEAAnnex45/guidebook/4_lighting%20and%20energy%20standards%20and%20codes. pdf
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Light level / Lniuwynpnipejwt IECC* 2015, lighting

dwlwpnuy power density (W/foot2) /
R type / UGu G luUL* 2015, h u
e ph wnbuuty foot candles / . hqn£nl}ajw
lux / gnipu fuwnni-pynit (Yun
nintwgwih-Uund nintwswih)
Bedroom — ubguiublyuily- 20-30 200-300 0.38
Dormitory hwupwywgwpwu
Cafeteria — Eatin bupwpw-utunh 20-30 200-300 0.65
9 punniudwu hwwnywsd '
Classroom —
General [Uwnwu-punhwuntp 30-50 300-500 1.24
Conference Room | MAdwdnnndutinh 30-50 300-500 1.23
nwhiht
Corridor dhowtugp 5-10 50-100 0.66
Exhibit Space gnigwunpwh 30-50 300-500 1.45
Gymnasium dwpqwnwhh6-
— Exercise / qundnieyntu / 20-30 200-300 0.72
Workout dwpquup
Gymnasium — | dwpqunuwhhé-uwynpw / i )
Sports / Games huwnt 30-50 300-500 1.20
Kitchen / Food funhwung / uutnh 30-75 300-750 121
Prep wwwnpwuwnntd
Laboratory [wpnpwiwnnphw i )
(Classroom) (nwuwubujwy) 50-75 500-750 143
Laboratory [Wpnpwwnphw ) i
(Professional) (Jwutwghwnwyw) 75-120 750-1200 1.81
Library - Stacks | gpwnwpwu-gpwuwwhng 20-50 200-500 1.71
Library — Rgadlng gpwnwpwu-puptpgntd 30-50 300-500 106
/ Studying / nwunifuwnniejntu
Loading Dock pbnudwu hwppwy 10-30 100-300 0.47
Lobby - Office / Uwfuwupwh-
General gpwubjwly/punhwuntp 20-30 200-300 0-90
Locker Room hwunbpéwpwu 10-30 100-300 0.75
Lounge / hwuguwnh / pundhodwu 10-30 100-300 0.73
Breakroom ubitjwl
dbsfuwuplywywu /
Mechanical / EiGYunpwywu i )
Electrical Room uwppwynpnidubipp 20-50 200-500 0-95
ubiijwy
Office — Open gpwubiujwy-pwg 30-50 300-500 0.98
Dy gpwubljwy-
Office = Private / | nwtiatwubbywly / 30-50 300-500 1.11
Closed
thwy
N . wywnnlwjwuwwnbinh- i i
Parking — Interior ubppht 5-10 50-100 0.19
Restroom / Toilet gnigupwu 10-30 100-300 0.96
Retail Sales dwupwdwfu wnlinnip 20-50 200-500 1.59
Stairway wunhbwuwywunuwy 5-10 50-100 0.69
Storage Room -
General wwhbuwn-punhwuntp 5-20 50-200 0.63
Workshop wphbuwnwung 30-75 300-750 1.59

* International Energy Conservation Code / Eubpquutwjnnniejwu dhowqgujhu unpdtp
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Figure 13. Levels of illumination as a function of tasks performed.
Source/Unpynipp" http://www.iloencyclopaedia.org/contents/part-vi-16255/lighting
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The o
Wi

i

tunphnipn yinynn (ntuwynpyuwdnieynttl (ynipu)

Unwyb huipwly inbunnnuaynit wwhwtionn wnwewnpwtiptip (ophtiwly' Yhpwhwpniypynit)

Unwbdtiwwbu huppwly ppbunnnipynit wwhwbionn wnwewnpwbiptip (opptiwly' Uhypnklppnuplyuyh hwywpwlygned)

Bognnupynitl wwhwtionn bphwpuwipnl wnwownpwlptbn (opptwly’ UpypnkiEyppnuplwph, dwdwgnyglbiph wwippwugnid)
Stunnnipywt bywpdwdp hwpniy wwhwbiobbpny wnwewnpwtiptbp (ophtiwly' thnpwapnipynit, gnpddwdptibph qlitinid)

Stunnnipywt tyupdwdp dhohti wwhwbiotbpny wnwownpwtptitp (opptiwly' Uhohti dwipnyeywt Jbpbuwbbph L uwppwynpnidubph
wnppuwnpnyeintt, gnuubityuwluht yrwpwop)

Stunnnipywt bhwpdwdp uwhdwbwhwly wwhwbobbpny wnwownpwptitp (opptiwly' Swip Jbpbbwphtunyenit, hwdwdnnndubph
nwhiptttin)

cwpniiwlwlwt wppiwpwiph hwdwp stwpiwgpbudws puwpwdpbibp (opptwly' wwhbugpught ypwpwéplbn, sbtipbiph-shtunyenititipp
dnuppbip-uwbnnpwywbnwlutn)

Uhwyt npwytiu Gupt dwdwbwlwhwipdwsnd wygbniubpnht ninnnpntiine uhong

Unie uppwuypbinnid hwuwpwlynipyut hwdwn pwg gniphtiin

Qnpéniblinyeywili Gywpwanydwd jnipwpwisinin inbuwyptt yepwpbinnid Gu ynipup tpbpwlwt wpdtiptiin

A' pinhwbnwy jnwuwynpnyginit sdwipwpbntws Gpelbynyswt gniphtbpmid Yuwd pbunnnygywtl bywipdwdp gwén wwhwbiotbpny
tpwpwdpbbpnid

B' ptinhwtinip ncuwynpnigyniti pttptph-shtinieyniiibph bpunid wippuwpbyne hwdwn

C' inwgnighs ntuwydnpnid huigpwly pnunnnuyeynit wwhwtionn wnwownpwbipbpnh hwdwnp

Ulwp 13. Lnwuwynpdwénipywt dwlwpnwlbbpp' Yufudws ugwpgnn gnpénnnieyniiibphg:

4.1.5 Recommended illuminance 4.1.5 Lnuwynpjwénipjut wnwowplynn
levels dwywpnuwlubpp

. S Swppbp Gpypubpnd wewnmwlwu  hwuduwpwpw-
Details of the recommended illuminance Yywttbpny gpuubtjwluiht nwpwdplbinh  nLuwyn-
values for office lighting found in different national pnipjwlp  ubipyujwgynn wwhwugubiph uwhdwuywsd
recommendations  worldwide are tabulated  wpdbtiputipp Ubipyuywgywsd tu <wybywds U-nud: Cuwn
in Appendix A. Basically, the differences in  LNURIWU, wnwownlynn |nuwynpywonizjut windbip-
S , i ubipnud nwppbpnyenitubpp UBé sGu, pwuh np npwup
recommended illuminances are not high smce.they hhtudws bu Lnwwdnpnigjwt dhowqquiht hwiduw-
tend to be related to the CIE recommendations.  gnnnyh (LU</CIE) wnwowpynipjniutbiph Ypw: Ujuniw-
However, there are countries which recommend  dbuwjuhy, Ywu Gpypubip, npnup wnwwnynud Gu uw-
lower values of minimum illuminance. quignyu inwiwynpywdniejwt wybih thnpp wndbiputin:
_ Unwunwpunwgdwtu  dhowqquiht  Yuaqdwlybipwnt-

The ISO standard ISO 8995-1:2002 (CIE .y, |SO 8995-1:2002 (CIE 2001/1SO 2002) utnwb-
2001/ISO 2002) states that in the areas where nwpwnp uwhdwund £, np donwwbu wywnhy woluw-
continuous work is carried out the maintained work ~ twupwjht  wwpwdpubipnud,  |nwynpywdnipiniup
plane illuminance should not be less than 200 Ix. In zlqbunphl: L(E‘:t'; 200 Unl:'[—’“tt‘t?hww#w“: nLllth?LdEtlle;hﬁqwa
. _ . pninp hwuduwpwpwwuubpnd gpwubtjwyubph wy-

all the rewew.ed .recomme.ndatlc?ns, the mlnfmum fuwnwlpwght nwnwdph Ujwquignyl (nuwdnpyw-
work plane illuminances in offices were higher. dnipyniup pwpap kp: 1ISO 8995-1:2002 unwunwpwnp
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CHAPTER 3. Indoor lighting

ISO 8995-1:2002 standard does not give any
recommendation for uniformity of illuminance on
the work plane, but suggests that the illuminance
in the vicinity of the task should not be too
low in comparison to the illuminance on task area.
For example, the illuminance in the vicinity® of task
is 300 Ix for a task with illuminance of 500 Ix, 200 Ix
for a task with illuminance of 300 Ix. However, the
illuminance in the vicinity of task should be equal to
the illuminance in the task area if the value for task
illuminance is below 200 Ix. In most countries
which were reviewed, the minimum maintained
illuminance on desks for regular office work is
500 Ix, but lower values are recommended in
India (300 Ix), Denmark (300 Ix), USA (depending
on type of task) and Australia (320 Ix). Minimum
illuminance values for lounges,
corridors are specified within a range from 50 to
100 Ix depending on country.

lobbies and

Basic measurement
methodology

The measurement of the illumination is being
performed mostly by the lux meters (Figure 14),
that have a response spectrum very close to that
of human eye photopic vision.

Figure 14. Lux meters.

w2tuwwnwupwiht - wnwpwdpnd  [nuwynpywdniejwt
hwdwubinnipjwu Jwuhtu npukt hwudtwpwpwlwu sh
wwihu, uwlwju wnwowpynw £ wwwhnyb|, np 2wwn
Utid mwppbpnieiniu s|huh w2luwwnwtpwiht twpwdph
L npw wudhowlwu 2powlwiph [nuwynpywdniejwt
udhol: Ophuwl’ woluwwinwtpwiht nwpwsph 2nowljwy-
pnud [nuwynpywdniginiup® 300 ynipu k, huy wofuw-
nwupwiht nmwpwdpnud® 500 (nipu, Ywd woluwnw-
pwjht wwpwdph 2powlwipnid [nuwynpywdniiniup
200 pnpu k, huy wotuwwnwupwihu tnwpwsdpnd® 300
pnipu: Wuntwdbuwjuphy, wofuwwmwupwiht nwpwdph
opswlwyph (nuwynpywoényeniup wbinp £ hwywuwn
(hup w2luwwnwupwiht nwpwdph Nuwynpywdnipw-
up, et woluwwnmwupwiht wwpwdph Nuwynpywdnt-
pwu wndbtipp gwon £ 200 ynipuhg: Nunifuwuppywd
Gpypubiphg 2wuwbipnd unynpwlwu gqpwubujwywhu
wofuwwmwuph nbwpnd gpwubnwuubph wwhwugynn
ujwqugnyu [nuwynpywdnieiniup 500 pgnipu k, dhus-
ntn wykh thnpp wpdtipubp Gu uwhdwuynwd <unwu-
wwuntd (300 pynipu), Ttwuhwynid (300 nipu), UUL-nud
(Ywiujwd wotuwwnwuph nbuwlhg) bW Ujuinpwihwjnid
(320 ynipu): Cwuguwnp ubbjwlubiph, bwfuwupwhubpp
L dhowugputiph hwdwp [nuwynpywdnipjut ujwqu-
gnyu wpdbputipp uwhdwudwsé Gu 50-100 nipup up-

owlwypnud” Ywudws tipYphg:

Quithdwu hhduww
dbpnnwpwunipjniup

Lniuwynpnipjwt  swihndp  hhduwlwund  Yuw-
wnwpynud £ gnpudtivnpny (Lywp 14), nph qqujunt-
WU uwbywpp 2wwn dnwn £ dwpnnt wsph gliptiljujhu
($nuinnwyhy) inbiunnnipjwp:

Ulywp 14. Lynipuwswithbp:

5 The terms used in softwares for lighting calculations, to which Chapter 5 is dedicated - are: Task area, Surrounding area and Background
area. For each case the uniformity and values for this areas are specified by CIE
Cwdwlwpgswihtu dpwgnpbpnid (nuwynpdwsdnipjuu hwodwpyubiph hwdwp ogunwgnpdynn bgnpnyputinp, npnug uyhpyws £ Synifu 5-n,
wfuwwmwupwjh nwpwdp, dnnwljw 2pgwljuyp b hEnphu wiw Ggpnypubipt Gu: Snipwpwuygnip nbwph hwdwp wju lmwpwdputiph
(nuwynpywédnipjwu hwdwubinnieiniut nt wipdtipubipp uwhdwujwsd Gu LUL-h Ynnuhg:
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The measurement is performed on the
particular surface of interest — table, floor, wall,
etc Figure 15. Certain types of measurements
require taking into consideration the reflections
from the walls, etc., but the lux meter by its nature
of measurement cannot take this into
consideration. However, the reflectance from the
wall is yet another parameter that plays an
important role in the lighting design Figure 16.

See Chapter 5 for lighting design and related
measurement approaches.

Figure 15. Measuring the illuminance level.

Qwithnwdp Ywwnwpynid £ hGunwppppnieiniu ubip-
Ywjwgunn dwybpbuptu' ubnwu, hwwnwly, ywwn, b
wjlu (Lywp 15): Bogphwn swihndubipp Wwhwuontd
GU hwayh wnub) bwl wy dwybplnyputiphg (Wwunb-
nhg, wnwuwmwnhg b wju) GYwd wunpwnwpénid-
ubipp, uwywju swihdwu hp punypny nipuwswihp
sh Jwpnn £ nw hwoyh wnuby|, Get hwdwipdws sk
hwipnty Ypuwupbpply (Yhuwagbinwdédl) punnibpsny:
Wnnthwunbpd, w) dwybiplnypgutiphg wunpwnwp-
anudubipp lu U6y hwpwswih £, np Yupunp nbp £ fuw-
nnw [nuwynpniejwt bwiuwgddwu gnpdnd (Ljwp
16):

Lniuwynpnipjwt twiuwgddwu W swihdwu dninb-
gnufubiph hwdwp nbu Ynifu 5-p:

Ul 15. Lniuwynpyuwdnipyuwt dwlwpnwlp swihnid:

Figure 16. Computer mapping and simulation via false color are important tools for the lighting design
technology — 3D computer aided design (CAD) has been used.

Source/Unpynipp’ http://pages. uoregon.edu/hof/s00libr/methodology. html

141 -



CHAPTER 3. Indoor lighting

Ulywpn 16. Ybnd gnytlinh Uhongny hwdwlwnpqsuyhti pwnipbiquignnidp b updnyjwghwt intuwynpnipyut buw-
fuwqddwt ipGutininghugh Yuiplinp gnpéhpbtin Gu. oqywagnpdyly b wyipndwyn bwpiwqddwt Gnwiswith hw-
dwlwpg (CAD):
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OUTDOOR LIGHTING: SPECIAL
NEEDS OF STREET TRAFFIC,
PEDESTRIANS, PARKS,
LANDSCAPING AND NATURE

Harmony between the human, the environment
— urban, rural and wilderness — during the dark
hours of the day is the task of the outdoor lighting.

Outdoor lighting more efficiently
prolonging outdoor activities beyond the sunlit
daytime, which is especially important e.g. for
countries that are close to polar circle. One needs
to differentiate the functional and aesthetical
applications.

allows

The functional applications, first of all the
street and road lighting is to support safety of
pedestrians and means of transportation (Figure
1); while the aesthetical applications are first of
all related to architecture, landscaping and other
artistic expressions, such as monuments, parks,
etc. (Figure 2).

Here is the list of parameters addressing
consideration of outdoor lighting:

1. Energy Efficiency;
2. Lighting levels per norms and standards;

3. Aesthetics and integration to architectural
environment;

4. Weather protection or encapsulation, other
mechanical factors — vibration, vandalism, etc.;

5. Integration into electric, transport and other
infrastructure;

Photoluminescence — street markings;
Safety;

Automation, reliability, including monitoring;

© o N o

Environmental aspects, light pollution.

ursuehuv LnkuudNrnire-3Nhku.
auvtunur<udbhu 6retuunh-
3UL, <6ShNSLEN P, RRNUUS-
YhLG h, LULTCUDSPh BY PLNN-
3UL <USNhy wurhLLere

Opdw dnip dwdbpht dwpnywug b opowlw dhow-
Jwjph ubpnwotwynipjwu wwwhnynip wpwnwpht |ni-
uwynnpnijwl fuunhpu k:

Upwnwpht  ntuwgnpniginiup  hbwpwynpnigyniu £
wwihu wpbwjhtu [nyuph dwdbphg hbwn Gplwpwgub
wpryntuwybin gnpdntubineiniup npunid, husp hwnfw-
wbu Ywplunp £, opptiwy, pubinwihtu opowutbipht dnwn
Gnypubiph hwdwp: Uuhpwdtion £ mwppbpwyt) $nealy-
ghnbiwy b gnwghypwlwi Yhpwnnieniuubipp:

Snuyghnuwy  Yphpwnnipiniup'  wnwohu  hbtpphu
thnnngubiph nt Gwuwwwnphubiph |nuwynpnigjwu, hb-
wnhnwubph b wmpwuuwynpunwihtu dhongubiph wuywnwu-
gnypjwt wwwhnynudu £ (LUwp 1), vhusntin gbinw-
ghnwlywu Yphpwnnigniup twiu b wnwe Yuwywsd b
Swpunwpwwbwnnigjwy, [wunpwdwnwihtu nhqujuh, hnte-
owndéwuubiph W wy gbinwpybunwlywu wpunwhwjnsw-
udhongubiph htiwn (LYwp 2):

Unnpl ubpluwjwgynd £ hwpwswihtph  gwuyp,
npnup wuhpwdtion £ hwoyh wnubi| wpwnwpht |ntuw-
ynpnieiniup Yuqdwybpwbihu.

1. Lnwwydnpnipjwt dwlwpnwlubpp' pun unpdbph
uinwunwpunubiph,

2. Eubpquwpryniuwybinniejniu,

3. GGnwghwnyeniup b dwpnwpwwbinmwlwu dhow-

Jwjph htwn hunbgpnwip,

4. Mwonwwunieintu Gnwuwlwihtu b dsluwupluywu
wqnbignipejniuutiphg,
5. huwnbigpnud EiGYunpwlwu, wpwuuynpunwht W owyg

Gupwlwnnigywdpubipnid,

6. dnunpnudhubugbughw’ Swuwwwphwihu  gdwu-
onidubin,

7. Uudwnwugnip)ntl,

8. Uyundwwnwgnud, hnwuwihnigyniu, wyn pyYnid’ dnup-
rnphuq,

9. Cpowlw dhowdwiph wwowmwwunypjwu ulwnw-
nnifubip, [nuwjhtu wnunnuned:
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Figure 1. Examples of functional outdoor lighting

Ulywin 1. Upywppts dniblyghnbiwy incuwugnpnipyuti oppliulyin

Figure 2. Examples of architectural lighting.
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Ulwp 2. dwpypwpwwbpwlwt intuwynpnigywt oppiwulyoiin

1. STREET LIGHTING: 1. ®oN1NSU3bL LNrUUMN/NR-
SPECIFICITIES, (3-3NhL. UNULALULUSUNN-
INFRASTRUCTURE, ENERGY [(F3NhLLGNre, GLAULUNNKRS-
EFFICIENT SOLUTIONS - JuoLe, ELereuurt3nhLudts
THE FUNCTIONAL OR LnhonhuLEN, $NRLUSPNALUL
TRAFFIC ILLUMINATION LArRUULNPNREG3NRL

Street illumination provides substantial increase Pnnngujht nwwynpnieiniup qqwihnpbiu bdwg-

. . _ : unud £ hnfuwnpdwt wuynwugnieginiup, hust wju nbw-
in salfety.of transportation, which is the primary prud wnwolwght tywwwl £ Snnnguiht jnuuwyn-
goal in this case. The key parameter for the street 50U hpduwywl hwpwswihp Swhwywphwswsyp
lighting is the brightness or luminance of the wuwydwnnipnitp Yud intuwynpdwénygynitit £: Ujuinting
pavement. The brightness here is composed of wwjdwnnipniip - punugws b dwbwwwphwédwdyh
the combination of the level of illumination and the  (Muwdnpdwonipjuili duwilwpnuwip b wlnpwnwpdatnn
hwipynipynitiilinh hwdwnpniegyniupg:
reflectivity characteristics of the pavement.
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Reflectivity of the
pavement

Apparently the same level of illumination of e.g.
a concrete pavement which has higher albedo,
i.e. reflectivity of around 0.5 and a new laid fresh
asphalt pavement, which has albedo of 0.04, i.e.
it is black dark, yields very different luminance
levels — i.e. the pavements and objects that have
higher reflectivity, seem brighter (Figure 3).

Bwuwwywphwdwdlh
wunpwnwpabhnyeniu

Uyuhwywinpbu, oppuwy, Gplweptinnub dwuwwwn-
hwdwdyp, npu niuh wybh pwpép wunpwnwpsdwu
gnpdwlhg' onipe 0.5, L unp, pwpd wudbwnwwwn
Swuwwwphwdwdyp, npp wunpwnwpddwu gnpdwyp-
gp 0.04 &, inuwynpqwdnipjwu dhliunyu dwlwnpnwyh
nbwpnid, Jwunpwnwnpdubu wwppbp  pwuwyh nyu,
htimbwpwp, Yuwwhndbt wnwppbp  wwjdwnnieiniu:
Wuphupt, wju  dwuwwwphwdwdyp (uw Ybpwpbipnid
E gwulwgwd dwybtiplinyph), npph wunpwnwpébih-
nintut wybh pwnép £, wybih wywpdwn L Gplndd,
pwuh np wwjdwnnipjniup nw [(nuwynpjwd dwytip-
unyprhg wunpwnwpdwsd |nyut t, npu puyubiny dwpnnt
wsph Ube' wnbuwubih E nwpdund wnwplywu (Lwp 3):

Figure 3. lllustration to the pavement reflectivity. Reflective pavements can reduce the need for street lighting at
night — thus lowing expenses (Image courtesy of Stark 1986).

Source/Unpynipp’ http://climate.ncsu.edu/edu/k12/.albedo, https://heatisland.lbl.gov/coolscience/cool-pavements.

100%
A 80%

.‘-Z_ & A
L’ i F. 4
L R r :/
% ‘ ﬂ ,z‘

High Albedo
wlnpwnwnadwu
pwnén gnpdwyhg

27 light
fixtures

~ |[nLuwwnnt

Light pavement
dwyjeh pwg gnyuh dwynye

wunpwnwnadwl
gwbdn gnpdwyhg

39 light
fixtures

nLuwwnnL

Dark pavement
Jwyeh dnig gnyuh dwynye

Ulwp 3. dwbwwwphwéwdhyh wunpuwnwpdbihnipyuwt wuipnlbpnudp: Pwpdp winpwnwnpddwt gnpdwlgny
dwhwwwphwdwdslbpp Yunpnn Gu tjuqbglby ghobpuyht dwdtinht thnnnguyht intuwiynpnipywt hwdwp wi-
hpwdtpy jwdwbiph hgnpnieyniap' bjuqbgubyng Swhuubpp (Gywpp ppwdwnpty E Upwnppp, 1986 p.):
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Figure 4. Specular vs. Spread vs. diffuse, illustration, and a few materials and surface types.

Source/Unpynipp' https://www.flickr.com/photos/mitopencourseware/4815499473, http://sciencelearn.org.nz/Contexts/Light-and-Sight/Sci-
Media/Images/Types-of-reflection, http://www.slideshare.net/MikePitcher/luminaires-module-3

Reflectance /

f Ma{;\r:;l / Uunpuwnwpadwi
| qnpéwlhg
s - I Commercial grade
2 Specular aluminum
' ro- ninnpywd  wpnwnpwlwt npwyh LR
wynihu
Aluminum with 0.8-0.9 (based on
- quality coating coating & color /
= npwljwy Swdlynypeny Yuiugws £ wwwnnwihg
= T & " = wynihu U gnyuhg)
B R ] i ] Sl T N i Glass or plastic with
aluminum coating
T s sl Dl wynhtiwdwd wguh 085089
P = i Yud wwuwnhy
i Multi coated polyester
= 2 p— film 0.95-0.98
. pwquwdwadly ’ ’
R wnlhbuintipwihu pwnwupe
r L rog g B | . Spread Brushed aluminum 0.5-06
A e ¥ -.li"-l nwpwdéynn hnyywé wynuthu T
—— o Peened aluminum
wywqugheny dwlyywd 0.7-0.8
wynwht
Diffuse White paint on steel
uyhwnwly ubpyqws ~ 0.8 (up to / uhugle)
gnunn WP
£ Glossy white plastic
e e e mars thwyinn uwhuwly ~ 0.9 (up to / dhsly)
R i rmad an wjwutnhy

Ulwn 4. <wyjbughti, Jhowblywy hud uwhdwbwihwly gnnidny, b gndwéd ud nhpniq wunpunwnpédnid, twl

up pwth yniptin b dwlbpunyph ppbuwlubn:

Lnyuph pwpfudwt Ynp

Uyuhwjwnptu, ppwlwt  dwuwwwphwdwdybpp
(wdpbpujwu nhdnignp sbu, hwnlwwbu bpp pwg b,
owolywsd Gu uwnnygny Ywd &nwund: Wn nbwpnid
thwjp 2wuwn E: Ujuintin wuhpwdtion £ hwoyh wnubi -
uwwinntubiph (nyup wulniwiht pwtugwénieniup Yud,
wyl Y&pw wuwd, |nyup pwotudwu Ynpp (LAY), Lwnp 5:

Light distribution curve

Evidently, the real pavements are not lambertian
diffusers, especially if they are wet, or covered by
ice or snow — in that case, lots of glare is observed.
Here one needs to take into consideration the
angular distribution of light (ADL) aka light
distribution curve (LDC) of the luminaries, Figure 5.

Figure 5. Light distribution curve (LDC) angular distribution of light (ADL) of a light source.

Source/Unpnipp' http://www.digikey.tw/en/articles/techzone/2012/may/decoding-luminous-intensity-distribution-data-for-led-modules,
http://www.slideshare.net/MikePitcher/luminaires-module-3
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ape - v i
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60° ! I 40 ‘ 60°
7 50 g \ {cd)
a0° 0° 300 1. C-plane angles: 0° £ C < 360°
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Outdoor Lighting

Photometric curve types and applications

LnLuwmbruthl{LuuLuU Unnbnh wnbuwyubp W npulg uhnumnul

Side emitting pattern with peak

intensity between between 6
and 70°
ynnuuwjhu wpawydwlu
wwinytn 60° W 70° uhglu

huwnGuupdnipjudp

00

Indirect, cellmg oriented lighting Spot/narrow lighting
wunwnwyh, nGwh wnwuwnwn LEUwnpnuwgywbd/utn
nunyuwd (nLuwynnnud [nLuwiynpned

Asymmetric lighting
UuhJtinphy (nuwydnpned

Diffused office space lighting Spread beam _and indirect
Qnuwubljuyuyhu tnwpwbph lighting
gnynn (nLuwdnpnud Swipwéynn Gwnwaguwjpe W

wunLnnuyh neuwynpnud

The reflector has a key role in defining the light distribution pattern of a luminaire
Wunpwnwnéahsu nluh wnwlugpwihu atp (nLuwwmnih nyuh pw2fudwb ywnlytph npnadwl Uep

Photometric distribution - polar intensity diagram
Lnwwwbfuthywwu pwaotund' plbinwihu huinbuuhynipjw gdwwwwnltip

Polar luminous intensity
graph: The diagram
illustrates the distribution of
luminous intensity, in
candelas, of the luminaire.
The photometric curve
provides a visual guide to the
type of light distribution
produced by the luminaire
e.g. wide, narrow, direct,
indirect etc.

The diagram shows the
illumination against vertical
and horizontal angles of
the luminaire. For example,
the luminous intensity at 0°
horizontal angle and 30°
vertical angle is 300cd.

Intensity values in cd/1000Im Lnwuwjht hnuph pubnwjhu

120

90 = 90
X / I8 \ wnbunnwywu ninbkignyg |ntuwwnnth
3z [ 200 \ I8 wpuwnpynn (nyuh pwtudwu
\ no/\ wnbuwyhu, wju £ wju, ubn,
/ 400 5 ninnwyh, wunipnuyph b wyu:
30 o 30 GSwwwinytipp hwdwnpnud k
huwnbuuhyniejwu wpdtiputip, (ntuwynpnudp (ntuwwnnth
yn/1000 nipnwhwjwg b hnphgnuwlwi

150 150 hunbuuhynipyu

150

géwwwwnlybkpp gnigunpnd

= (ntuwwnnth [(nwwjhtu hnuph
'ﬂ/ 120 huwnbuuhynipjwt pwatuniip
(Ywunbw): Lnuwwnbluuhluwywu

Ynpp wpwdwnpnid

walyniuubipp htwn: Opphuwy'
hnphgnuwywu 0° U ninnwhwjwg

30° wulntuubph nbwpntd

(niwjhu huwnbuuhynieiniup

30041 &:
Ulwpn 5. Lnyup puwppudwt Ynpp (LPY/LDC), inyup wnpiniphg inyup walynibughti pwppuudnygyniap (LUF/
ADL):
Next important characteristic of the street $nnngwjht (nLuwynpniejw hwonnpn uwplnp hwwn-

lighting that is regulated by norms and standards  Unteyntup, npp Ywpgwynpynud £ unpdbipny ni unw-

is the uniformity of the luminance distribution

nwpwubpny, [nuwynpnipjwu pwotujwoéntejwu hwdw-
swithnieinwut £ (LLYwp 6), npp unyuwbiu ybdwwbu wwy-

(Figure 6), that also very much depends on the Jwuwynpdwd £ [nwwnnubph LAY-ny, huswbu twl
LDC of luminaires, as well as the frequency of  |nuwujniubiph dhol inwd htnwynpnigyniuny: Puwyw-

the light posts. Naturally, to increase the distance ~ Uwpwp, [ntuwujniutiph dhol hinwdnpnugniup htwpuw-

between the light poles as much as possible,

ynphuu dtdwgubiint hwdwp ogunwgnpdynid Gu pwpdp
(nuwugntubp W wju LAY niubignn hgnp [nLuwwnniubip:

special type of luminaries with wide LDC-s are

used.
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Figure 6. Uniformity of the luminance.

Source/Unpninp' http://www.ecoworldusa.com/products_street.html, https://www.pinterest.com/drewboyd/attribute-dependency-technique/

There are several types of LDC-s of luminaires
that indicate particular pattern of the directionality
of the light spread to the pavements. Usually on the
posts with an arm, luminaires have the following
functions:

1. Provide lighting levels per norms and standards

2. Safeguard weather protection or encapsulation
to provide stability of electric and physical
parameters

3. Sustain mechanical influences — vibration, as
well as resist vandalism, etc.

4. Be friendly in integration into electric, transport
and other infrastructure

5. Provide aesthetics and
architectural environment

integration  to

6. Provide cost efficiency of installation and
operation

To provide energy efficiency, lighting levels
and the uniformity of illumination, the luminaries
have certain optical elements, such as reflectors,
diffusers or their combination in one, that allow
achieving certain LDC-s, i.e. help to direct the light
in the needed directions for uniform illumination.

In fact, some modern light sources themselves,
such as light emission diodes (LED), may already
have the optical elements that provide the required
LDC, or can easily fitted with such optical element.
In this case, the luminaries have the function of
weather protection and providing stability of electric
and physical parameters of lighting devices.

LDC-s are categorized in several ways in
several lighting systems of standards. E.g., the US
system of standards defines the light distribution
patterns (LDP), Type | to Type V as described in
Figure 7, showing various needs on various types
of the roads or crossroads.

Ulhwp 6. Lniuwynpywénipyuwt hwdwswithnypgynitip

Lnwwwnniubph LAY-Gph dh pwuh wbuwyubp Yuu'
hwiwwwwwufuwu  [nuwynpnigjwt  ninnnpnywodnt-
WU pwotudwu wnhwbphu: Unynpwpwp (ntuwujniubiph
Ypw [nuwinniubipu nwibu hnlyw| $niuyghwubipp.

1. wwwhnynd U unpdbpny uwhdwugwd [nuwynp-
quénypjwu dwlywpnwyp,

2. hwdwwwwwufuwunw U wpwnwpht  [nuwynpne-
PIwuU hwdwp Uwjuwwbujwd umwunwpwnubphu,
npnup wwwhnynid Gu fiGYunpwywu ne $hghlwyw
hwpwswihbph  Yuwntunieggnitt - wulwfu Gnwuw-
Yuwjhu wwjdwuubphg (pwdh, wudpl, &nLu, uwnnyg
U wy()

3. nhdwunwd BU dbuwuhlwlwu wgnbgnieniuubppt’
wmwwnwunwfubphu (gugnifubphu), huswtu bwb ywu-
nuwihquh npuunpnufutipht, U wy,

4. hbounnipjwdp ubpwnynid Gu EGHwnpwlwu, wpwuu-
wnpnwiht b wy| Gupwlwnnigwdpubpnid,

5. wwwhnynud Gu gbnughunwlwu uywwnwnnidubpp
W huwnbgpynid GU Swpunwpwwbnwlywu dhowyw-
pnuy,

6. wwwhnynwd GU nbinunpdwu b gwhwgnpddwu nynt-
phunteyniup U dwjuuwpryntuwybunnipyniup:
Eubipquwpnyniuwybinnyenit,  (nwuwynpyuwénipjw

dwlwpnwy b hwdwswihnipintt wwwhnybint bywwnw-

Ynd [nuwwnniubpu nwbu hwnny owywhlwlwu pw-

nunphsubin, htuswtu ophtwy’ wunpwnwnahsubn, nh-

$nignpubip Ywd npwug hwdwnpniginiup, husp eny| b

nwihu wwwhnyb] npnawyh LRY-tip, wjuhupl, ogquntd

E hwdwswih (nuwynpywdnigjwt hwdwp (nyut nunnbip

wuhpwdbion ninnnipniuutpny:

hpwlwunid, |nyuph npn2 dwdwuwlwlhg wnpnip-
ubip, ophuwy’ |nuwpdwynn nhnnubpp (LYLED), wp-
nbu huy hwdwpwsd tu wuhpwdbonm LAY wwwhnynn
owywhlywlwu nwppbpny: Uju nbwpnud (nwuwwnniubiph
hhduwlwu $niuyghwt' Gnwuwlwiht wwjdwuubphg
wwonwwunyjwu W (nwuwynpnypjwu uwppbipph EiGyun-
pwlwu nit ppghlwywu hwpwswihbph Ywjniuniejwu
wwwhnynwu k:

Swppbp Gpypubph  unwunwpunubpnd®  NUwiyn-
pnipjwu  hwdwlwpgbph LRY-Gph  nwuwywpgnudp
wwppbp £ Opptuwy' UUL unwunwpwnubph hwdw-
Ywnagp nyup pwotujwoénpjwu wnbuwlutpp (LRS/ light
distribution patterns - LDP) uwhdwunw £ Stuwl I-hg
dpusle Sbuwy V, huswbiu tywpwapywsd £ LYwp 7-nud,
Glubiny dwuwwwphubph Ywd fuwsdpniyubph Yppw-
nwlwu Ywphpubiphg:
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Figure 7. Light distribution patterns’ categorization (USA).

Source/Unpyninp’ http://onlinemanuals.txdot.gov/txdotmanuals/hwi/luminaires. htm#i1002398

e (==L I=z)
— g
Type I Type IT Type III Type IV Type W wunbuuly

Ulwp 7. Lnyuh puwppudwénipyuls inbuwliubph nwuwlywpgnd (UUL):

In the Russian standard the LDC-s are cat-
egorized as Concentrated (kOHUEHTpPMpPOBaH-
Has - K), Deep (rny6okas - I'), Cosine or Diffuse
(kocuHycHas nnu guddysHaa - [), semi-wide
(nonywwpokas - J1), wide (wwupokasa - L), sine
(cuHycHas C) and uniform (paBHoMepHasa - M),
as shown in Figure 8.

Figure 8. LDC categorization (Russia).

Uwnwunwpwubph  nnwwlwu  hwdwlwpgnwd
LPY-tpp nwuwlwpgynud GU npwbu'  Ynugbuwn-
pwgywd (KoHueHTpupoBaHHasa - K), funp (rnybokas
- 1), Ynupunwwiht Ywd gpwd (kocuHycHaa wunu
anddpysHaa - [1), Yhuwjwju (nonywmpokas - J1), jwju
(wmpokas - W), upuntuwjht (cuHycHas C) b hwywuw-
pwswith (pasHomepHasa - M), huswbiu wwuwnybpywsd k
Lwp 8-nud:

Note: American categorization is for roads and the Russian - for all cases of LDC-s. Categorized as Concentrated (koHyeHmpuposaHHas - K),
Deep (anybokas - I'), Cosine or Diffuse (kocuHycHas unu dugbgpysHaa - /1),
semi-wide (nonywupokas - /1), wide (wupokas - L1l), sine (cuHycHaa C) and uniform (pasHomepHas - M).

Source/Unpynipp’ /1. 1. Bapgponomees, 2013e. “Inemenmapras CsemomexHuka’
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Upnud" wdbiphlywt nwuwlwpgnidp Jepwpbpnid b §wbwwwphtbpht, huly nnwuwwip dapwnnd £ pinp inhugh LRY-tbpp: TFwuwlwn-
gnidp npwbiu’ Yntigbtippugyws (koHyenmpuposarHas - K), funp (eny6okas - ), Ynuptintuuyhtl Yud gndwé (kocurycraa unu dugbghysHan
- A), Yyphuwyuyli (nonywupokas - 1), juyt (wupokas - L), uhtintuuyhti (cunycraa C) b hwywuwpuwswih (pasHomepHas - M):

Lhwp 8. LRY nwuwlwnpgnid (NnLuwunwl):

Often, instead of LDC-s the luminaires are
characterised via so-called 3d LDC, however,
in many cases, due to symmetry two orthogonal
planes are enough to describe a luminaire (Figure
9).

Lnwwwniubpp Ywpnn Gu  punipwgpyb) twl
«Gnwswith» LAY-h dhongny, wjuntwdbuwjuhy, 2wwn
nbwptpnud updbinphwih 2unphhy Gpyne ninnwhw-
jwg hwppnigniuutpp pwjwlwu  Gu  (nuwwnnu
punipwgnbnt hwdwp (LHwp 9):
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Figure 9. 3d LDC.

Source/Unpyninp' www.artemide.com, https://sourceforge.net/projects/qlumedit2/

Ulwp 9. Gnwswh LPY

Luminaire efficiency

One needs to take into consideration that any
luminaire, as an optical device, has its efficiency, as
defined in Equation 1-1.

Equation 1-1
K=F

luminaire’ * source”

In other words, the luminaire efficiency is the
percentage of luminous flow produced by the lamps
that is emitted by the luminaire.

This efficiency may vary depending on a
number of characteristics of the luminaire, in the
range of 50% - 93%, or even up to 100% - for the
aforementioned LED luminaire — since it does not
need any additional optical element to form the
required LDC, Figure 10. Naturally, the luminous
efficacy in this case need to multiply by the luminaire
efficiency K to obtain the final output luminous
efficacy of the source/luminaire combination.

Lniuwwnnth wprynitwybnnieynitu

Uuhpwdbiown £ ujwunnp niubuwl, np gwulugwd |ni-
uwwnt, npwbu owywmhlwlwu uwnpp, nluh hp wprynt-
uwybwniejniup, huswybu uwhdwuyws b <wjwuwpnid
1-1-nwd:

Lwiwuwpnid 1-1
K=F

[nLuwnnt WP

Uy YEpw wuwd, [nuwwnnth wpryniuwybunngeniup,
nw [wdwbph (wnpnipph) wpnwnpwd punhwungp ne-
uwjht hnuph wju winynut &, npp wpdwyynud & [ntuw-
winth Ynnuhg:

Wu wpryniuwybnnieniup Yupnn £ nwnwuyb)
50% - 93%-h dhowlwjpnd, Ywfudwd |nuwwnth vp
owpp hwwnwuhoubiphg, Ywd unyupuly Yunpnn £ hwuub)
Udpusle 100% ybpnhhgjw LV nuwwnnih ywpwgwind,
pwuh np wuhpwdbon LAY unwuwint hwdwp |nwuw-
wntt hwybpgw] owywhlwywu wmwppbpny hwdwpbnt
wuhpwdbonnigniup sw (LYwp 10): Puwywuwpwp,
wju nbwpnud [nuwwnth - wprynitwpwp nuwpgwup-
pp unwuwint hwdwp wnpnipph [nuwpgwuppp wu-
hpwdtion £ pwqiwwwwnyb| [nuwght wpryniuwybunne-
Rjwdp (K)*:
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Figure 10. For each street use LED a complex freeform surface curvature lens is being designed and
manufactured, as a result the LED emission obtains necessary LDC. (a) Combination of a LED and a freeform
optical lens. (b) A street light employing multiple LEDs and freeform lenses. Also shown is the resulting LDC
and final street lighting in (a) Guangzhou and (b) Dalian, China.

Source/Unpyninp' http://spie.org/newsroom/3490-energy-saving-led-light-sources
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Ulwp 10. Unpniph dwlwpnwlynid” jnipwpwbispnin Lp hwdwp hwpdwplydnd, bwpiwgddnid b wwgppuug-
ynid £ pwpn dwlybiplinye nibbgnn hwdwwwipwupuwt owipnpywlwb nuwtywly, npp wpnyniipnid L'F-hg nnipu
Ghwé dwnwquypep uypwind b whhpwdbop ninnnieynit: Lntuwigpnih pninp LF-tbphg nnipu Ghwé dwnw-
quipblinh hwdwnpnyaywt wprynitipnid uypwigynid b bwywigpwiughtt LAY nibbgnn intuwigne: - (w) Lp b pw
hwdwp bwpiwgsdwsd owippuwlwi nuwtyuwlh hwdwnpniygynit, (p) pwquwphy L-ubph b hwdwwwpwu-
fuwb oyiphywlwt nuwtywluliph hwdwnpnyaywt Yppwndwdp thnnnguyht intuwiynpnyaynit: Lwl wuplbp-
Ywé Gt wprynibipnid uypwigdws LPY-p U thnnnguyhti intuwynpniypyuwtl wjwppnit inbupp 2htiwugutih (w)

Qnuwbisdne U (p) "hughwl pwnwipbibpnid:

The current trend in the world is to install
luminaires with LED-s. In addition to the higher
efficacy, LEDs also provide much better color
rendering index (CRI) and give flexibility to decide
on correlated color temperature (CCT). Infact, while
lot of research show that the visibility and related
safety on the roads increase with LEDs providing
higher CRI and CCT, one needs to remember the
circadian rhythm driven requirements to the color
temperature — at evening and night the CCT should
be lower, and should not completely represent
daylight. But during driving at evening or nighttime,
the driver must be in wakeful state, thus, exactly
following the circadian rhythm will make driver
sleepy, increasing the probability of accident.
Moreover, even using luminaries with higher color
temperatures will be more effective, as the peak of
human eye perception of light intensity at nighttime
shifts towards blue side of spectrum (with maximum
sensitivity of 1700 Im/W for scotopic vision, which
occurs at 510nm).

Lbpywynudu  wotuwphnud npinynwd £ LF-ubipny ni-
uwwnwubiph Yppwnnrgjwu dhnnd: Pwpép (nuwnpgw-
uhphg pwgh Lubpu wwywhnynd GU bwbe gwwn wybih
(wy gniuwihtu ybpwpwwnpdwu gnighs (948) b dyniu
GU Ynpbwgywsd gniuwihu oGpdwuwnhtwup (Y3L) puwn-
pniRjwu wnnwing: Ppwlwundd, bl pwqdwphy hb-
mwgnunipjniuutip gnyg Gu wwihu, np pwpép G483 L
Y32 wwwhnynn L-ubtiph 2unphhy wbuwubijhnieniup
U npw hbwn Juwyws wuyunwugniginiup wénud £, wu-
hpwdbiogun £ hwoyh wnub] bwl gniuwghtu 9bipdwuwnp-
dwuh wnnuny ghplwnjwu nhpdny wwjdwuwynpywsd
wwhwugubipp. GpGYnjwu b ghobpwjhu dwdbtpphtu Y32-u
wtinp £ |hup gudp, uwlwit wiu swhwnp £ Ytpwptiph
Swuwwwphwiht |nuwynpnigywp, pwuh np, ghpyw-
nwjhu nhpdny wnweunpnybint nGwpnid yuwpnpnh dnwn
Yuwnwowtuw puynuinieiniu b Yutdwuw Yypwnph hwjw-
uwlwunie)niup: UYbGht, wnwyb] wpryniuwybn Yihuh
unyupuy wybh pwpép gniuwihu gbipdwunphbwuny nt-
uwwntubiph Yphpwnnwdp, pwup np ghotipwhu dwdbphu
dwpnnt wgph [nyuwqquiunipjwl Ynph quiquiep 2bn-
ynud £ ntiwh uwblnph Guwnyn Ynndp (ghgtipwht,
ulynuinwhy wbunnnigjwu 1700 J/dn wnwybjwagniyu
qqwjniuntejwdp, npp hwdwwwwnwufuwunid £ 510 Uw-

undtitnp wihph Gplwpniejwun):
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Control, Monitoring and
Automation

Control and automation plays an important
role to provide energy efficient, comfortable and
reliable lighting. It actually can perform a number
of functions, such as:

1. Perform switching lighting on and off to follow
diurnal lighting patterns

2. Switch off or substantially dim lighting when no
need — this is more essential for roads in rural
areas, that do not have very high traffic

3. Perform monitoring of all electrical and physical
operational data and environment

4. Perform monitoring communication with the
lighting authority or business, to indicate and
report e.g. light source end of lifetime failure,
or vandalism, as well as damage due to force
majeure elements or weather conditions.

5. Such monitoring communication may provide
invaluable statistics on

 light source longevity;

* reasons of failure;

e time to repair;

e road conditions that effect resulting
pavement reflectance (luminance);

 statistics correlating e.g. light source failure
with traffic accidents;

» other data correlated to power supply...

etc.

Communication is usually performed via
wireless data networks, GPRS, 3G, with Internet
connection (Figure 11).

Uwnwywpnud, dnuhpnphug
(J2unmwnpnwpynud) b wynndwmnmwgnid

Ywnwywpnuwp b wywnndwwwgndp Yuwplnp nbip
nlubiu Eubipguwpryniuwybin, hwpdwpwytin W hnwwih
(ntuwynpnipintt wwwhnybint gnpdnid: Cuwn Enipjw,
wju Ywpnn £ Yuwnwpbip dh pwuh gnpdwnnyp.

1. Ywuwwpb] (nuwynpnigjuu dhwgnd b wugwwnnud’
htwnlbiny opjw pupwgpnid |nuwynpywdniejuu
thnihnfunijwip,

2. Uupwuwnb) Ywd gquihnpbu pniwgub| (nyubpp, Gpp
npwug wuhpwdbonnypniup slw. uw wnwyb) Yup-
unp £ gyninuywt puwlywywiptiph dwuwwwphubipp
hwdwp, npuintin GppUbynientup wywnhy sk,

3. Ywwwnb] owhwgnpddwu biEYwnpwlwu b $hghyw-
Ywu pninp hwpwswihbph, huswbu twl 2powlw vh-
swywyph dnuhpnphug,

4. Uwwhnyb] dnuppnphugh wnyjwijubph thnfuwugnid
(ntuwynpnipjwt hwdwp ywwnwufuwtwwnne dwpd-
uptu Ywd puybpnipjwup, nph tywwwlu b pugw-
hwjinb] b hpwabyb| (nyup wnpnipp fuwwudwu b
npw wwwdwnubph Yepwpbipjw| dwuuwynpuwbu.
owhwgnpddwu dwdlybnp wywpw, Jwunwihquh
hGwnlwupubp, huswbu twl $npu-dwdnpwjhu nbw-
pbph Ywd Gnwuwlwiht wwjdwuubpp hGwuwupny
wnwowgwd Juuuywdpubin,

5. Unuppnphugh wnyjwiubph udwu thnfuwtwynwip
Ywpnn £ wpdtipwynp L{hﬁwl{wquqw‘u nuiubin
mnwdwr}nb[ htwnlywh Jwupt'

(nyuh wnpniph Gpluipwytignigyniup,

* wluwppnipjwl wwwbwnubpp,

* (bpwunpngdwu dwdwuwyp,

* Gwuwwwphubph ypbwyp, nptu wgnnid £ dwuw-
wwnphwdwdyh wunpwnwpdunn hwwnyniejwu
(wwjdwnnipjwu) Yypw,

* |nyuh wnpniph fuwwtdwt b dwlwwwp-
hwiht wwwwhwpubph  ywwnéwnwhbunlbwu-
pwyht Yuwh  Jhbwlwgnpnieniup,

* Lubpqwdwuwnwlwpwpdwu hbn uwwd wyg
nyjwiubip:

Lwnnpnwygnypintup unynpwpwnp hpwlwuwgynid
E wdjwjubph hnjuwugdwt wujwp gwugtiph, GPRS-h,
hwdwgwugwihu Yuwwh dhongny (Lywp 11):
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Figure 11. Maven'’s street lighting solution

Source/Unpyninp" http://www.monitormymeter.com/lighting-automation. html:

YEUwnpnuwgywd
unuhwnnphlg W nLuw-
Unpnipjwil huyned
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Y] Juhw-
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« Warehouse / Parking Lot

Yhpwndwu ninpunubpp

o Pnnnguijht [nLuwynpniyniu

o Upjwpdwuutiph / hwdwjuwpwuwjhu
wnwpwdpubiph (nuwynpnigntu

o 2pnuwjghubip

o Ujwuubp / gwuwwwunywsd puwlybih
hwdwjupubip

o Ywdnipoubip nt eniubjutp

Jwuwsy |nLuw-
ynpnipjwl nLoncd

Greenlightt Solution

dwnwugwynp wnbnwuputip

Upryniuwpbipwlwt tnwpwdpubinh
[(ntuwynpnijn

@@)

Ugbgywd

Temperature  Schedule

dwdwlw-
Ywgnyg

Uhwgpwd wlpwunywd obipdwu-

wnhbwl

@@ @ |

o Lwupwywynkip
o Upwhbwnutip / fubninhubp
Muwhbuwn / UJnnjujwwnbinh

Broken
glass
unnyuws
wuwyh

Ulwpn 11. «Uwyltir pullpnipguits thnnnguiyhti intuwiydnpnigywils iniénidutinhg Jayp:

Here is a citation from Maven Systems web
site (http://www.monitormymeter.com/lighting-
automation.html):

Maven’s street lighting solution gives you the
capability to remote monitor, and control street
lights, in a fail-proof way. The solution has Internet
connectivity in order to upload data to cloud
application, to enable remote monitoring. The
data can be accessed from smart phones as well.
The solution allows you to schedule the different
operations of light, according to time of day. This
helps in minimizing human interference with daily
operations. The solution maintains historical data in
order to help you make informed business decisions
based on consumption patterns.

Ubigptipnud «Uwybtu uhupbtidg» pulybpniejw Ywiphg
(http://www.monitormymeter.com/lighting-automation.
html).

«Uwybu»-h thnnngwjht  [(ntuwynpnipjwu ndndp
pudtinnid £ thnnngwjht (nyubiph wufuwthwu htnwhwn
dnuhpnphugh UL Ywnwdjwpdwt huwpwynpnipyniu:
Ubtip |nwnudp pumbpubitnwht wwh dhongny ey
E wwihu wyjwiutipp ybpptinutp wdwwihu hwybywsé
(UhowuYywy ubipybip)' wwwhnybiny hbnwhwp dnuppen-
phugh huwpwynpnieyniu: SYjwubpp Yupnn GU hwuw-
ubih (hub] bwl vdwppdnuutiph hwdwp: Wu |nwdnwdp
peny| £ wwhu Ywpgqwynpbip nyubiph pwhwgnpdnwip
opjw dwdwuwlwhwunywsdht hwdwwwwnwufuwu: Uw
oquntd £ ujwqtigutip dwpnnt dhowdwnnientup wnonjw
wtuwwnwupht: Wu ndnudp wwhwwund £ ndjuiub-
ph dwdwuwlwgpnieintup, husp huwpwynpnyeniu k
wmwihu Ywywgub] hpwatywsd gnpduwlywu npnonid-
ubip' hpduybiny uwwndwu Ynptiph ypw:

-156 -



QLNhtu 4. Upywpht incuwaynpnisyntt

Key benefits

Control street lights at feeder level or individual
level.

Reduce your electricity bill by up to 30%.

No additional cost of wiring.

Find faulty lights.

Schedule feature for ON / OFF / DIM.

Measure the electricity consumption and
associated theft / faults.

ON / OFF control for

o Single lighting panels

o Multiple fixture panels
Centralized monitoring and control of lights.
Integration with existing SAP / ERP?! system.

Customized solutions are available as per
requirement from design to delivery for OEMs.

Features

Automated ON / OFF control of individual lights.

Single data concentrator shall support up to 300
lighting poles.

Supports mesh network and hopping of data for
large coverage of 100s of KMs.

Electricity saving modes.

o Time based scheduling and ON / OFF
control with day light harvesting,

o Pre-defined templates for one in two, one in
three or customized ON / OFF,

o Override support to ON / OFF individual
lights as required,

o Light sensors input based control (optional).
Easy to install, plug-n-play retrofit solution.

Secure cloud based graphical user interface for
collecting real time data with an ability to export
data in CSV format for further analysis.

Support for smart phone for monitor and control
and alerts.

Fault detection alarms and events using email /
SMS.

Daily / monthly / weekly reports:

o Electricity consumption.

<hduwlwtu wnwybnipyniuubkpp

Ywnwywpnud £ thnnngh |nyubipp utnigdwt Ywd wu-
hwunwlwu dwywpnwyned,
UpGwuwnnud k EiGYunpwkubpghwh dwiuup dhusl 30%,
2h wwhwuentd jwpwugdwl |pwgnighs dSwiuubin,
Quunud § wuuwnp |nyubpp,
(any| & wwihu Yuqul] «dhwgub)/wugwwnti/eniwg-
ubi» (ON/OFF/DIM) ntidhdubiph dwdwuwlwgnyg,
Qwihnd £ EiGYwpwtutpghwih uywnnudp, pwgu-
hwjnnud wwophtuh uwywndwu nbwpbpp/ufuwwup-
ubinp,
UhUSNhU/ULRUSNRU ntidhdubiph Yunwywpnid'
o Lnwwynpnipjwu Ukl Juwhwuwyh hwdwp,
o UbUhg wybtih ubplwnnigwd Jwhwuwlubiph
hwdwnp,
Lnyubiph YEunmpnuwgywsd dnuhpnphug b junwyw-
pnid,
huwnbgpnid wnyw SAP/ERP! hwdwlwpgh htw,
Luwpwynp BU wuhwwnwlwu ndnwdubp pun ww-
hwuoh' uwfuwgdnudhg Uhtsl wnwpnd' puophuwy
uwppwynpnid wpwnwnpnnutiph (OEM) hwdwp:

Cwwnlnpeyniuubp

Unwushu |nyubph UhUSNRU/ULRUSNRU nbkdhd-
ubiph wywnndwunwgywd jwnwywnpnd,

Syjwiubpp YGuwnpnuwgunn JbYy uvwppp Ywpnn &
uywuwnyb) dhusk 300 |nwuwuniu,

Uwwuwnynud § hwugnigwjht gwugbpp b wwwhn-
Ynud myjwiubph hnfuwugnidp 100-wynp Yy,
ElGyunpwkubpghwih futwnnniejwu nkdhdubp'

o dwdwiwyny wwjdwuwynpwd Spwgpwyn-
pnud bW UhUSNRU/ULRUSNRU nbdhdubpp Yuw-
nwjwpnu' gbpblwhtu  nuwynpnieyniup ow-
wnhdw| ogunwagnndtint huwpwynpniejwdp,

o uwfuwwbu uwhdwujwsd dnnbjubp’ dayp Gpyne-
unwd, dbyp Gpbpnud Ywd pun ywhwugh, UhU-
SNhU/ULRUSNRU nbdhdubiph  Yuwnwywpdwu
hwdwnp,

o0 pun wuhpwdbonnipjwl, wnwudhu |nyubiph
UhU3NhU/ULRUSNRU  nbdhdubiph  wpunwd-
pwgpwiht unwywpnid,

o |nyuh wyhsubiph dnunpwiht  wgnwuwuubph
Ypw hhdujws Yunwywnpnid (jpwgnighs, puwn
gwuynipjwu),

Lhpnnipjwdp wmbnwlwynn, oginwgnpddw wwwn-
pwuwn, wnjw hwdwlywpgp wpnhwlwuwgunn |ni-
onud,

Uhowuljw] wdw-ubipytipnud (cloud) wwwhny gnp-
&nn gpwbhywlywl hunbipdbyu’ pupwghy ndjw(ut-
npp hwywpwgptine b CSV duwswihny wpunwhwub-
Int huwpwynpniejwdp' hbtnwquw bpindniejwu hw-
dup,

Udwpp$nuubph wowlgnipjnit® dnupenphugh, Yuw-
nwywnpdwu b dwunignidubiph unwgdwu hwdwp,
Uuuwppnieiniuubiph  hwjnuwpbpdwu  wqnwtwu-
ubp b dhongwnnidubp® k. thnunp Yud SMS hwnnp-
nwannueniutitiph dhgngny,

Enterprise resource planning software developed by the German company SAP.
Stipdwuwywu SAP puybtipnipjwu Ynnuhg dowlqwsd dEnuwpynipjwi nbunipuubph wiwuwynpdwt dpwghp:
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0 ON / OFF audit reports.
o Fault and error notification.
o User activity report.

Also look at Figure 12 and Figure 13.

Figure 12. Street lighting automation.

Opwywu, wduwlwu Ywd swpwpwlywu hwoybn-
ynieynLiuutip.

o EGywpwkubpghwih uwywnnid,

o UhUSNhU/ULRUSNRU ntdhdubph uwniquw-
putnipjwt (wntnhw) hwaybinynieiniuutp,
Utuwppntejniuutiph b ufuwjubph dwuptu dw-
unwgnudutip,

Ogwnwagnpdnnh gnpdniutiniejwu wlnhyniejwu
hwoytinynipjniu:

Stiu bwl L{wp 12 b L{wp 13:

Source/Unpynipp' https://www.maximintegrated.com/en/app-notes/index.mvp/id/5347 http://www.ff-automation.com/solutions/streetlights.

shtml

GSM antenna
GSM wthwdwp

AutoLog GSM-RTU

hupuwgpwugw-
dwwunjwu GSM-RTU |
(hbnwlwnwywnpdwu I 3 stre
hwugnyg) i Pnnn
[nLuw

3x phase voltage
measurement sensors
Jwndwt swithdwu
tnwdwa ybyunputin

Actuator relays
gnpdwnlhs ntibutin
(ntuwynpygwidn
Pulse kWh meter an
bubpquuywndwu'

dimming transformer
dgtigunn thnfuwltipuhs
Door alarm
nnwu quiug

etlight group:
guyht tintip
wnwubipp fudpbip

Illumination and temperature sensors

1w U oipdwuwmnhéwuh ubuunputip

d “Master/Slave” mode switch
Ywnd, hdwyntuwiht hwpyhs b «inbp-dwnw» wnbuwyh thnfuwpyhy

3x phase current measurement transformers
hnuwuph swihdwu tnwdwq hnfuwlbpwhsubin

Network Controller
gwlgh huyhy

Lo

roller / wpunwnnwuph
wnbGnwywu huyhy

cal Product Cont-

Ulywin 12. @nnnguiyht intuwiynpnygywit wyppndwigpuignid:
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Figure 13. Street Light Automation means Remotely Monitor and Control Street Lights. Reduce power
consumption, maintenance costs and environmental impact.

Source/Unpyninp’ http://www.traxoid.com/Solutions/StreetLightAutomation.aspx

50 NODES
REMOTE TERMINAL UNIT
200 NODES
Zkm BRANCH POWER LINE VAN
ONE PLC NODE PER TWWGO LAMPS L ===
I
Sk BRANCH PLC CONCENTRATOR/MASTER
OMNE PLC NODE PER LAMP

Ulywpn 13. @nnnguyhli intuwynpnipyuwt wyipnndwiypnwgnidp tpwbwlnid £ thnnnguyht inyubiph hbnwlw dntp-
enphtiq b unwdwpnid: Lwqbigtnid £ Eiyippwttbnghugh uwwnnidp, wwhwwnysywt Swhiubipnp U ppow-
bw dpgwduyph dpw waqnbgnupyniup:

Infrastructure Gupwlywnnigjwdpp

Naturally, the functional, street lighting Puwlwuwpwn, $niuyghnuwy, hnnngwjht |ntuwyn-
infrastructure tightly relate with the road and traffic ~ NNtRIWU Gupwlwnnigwopp utipnnpbiu Yuwyws & ﬁu‘f
infrastructure. Thus: it is everywh.ere where th.ere Eﬁt}{;&ghgn&hﬂnartljghwﬁgqﬁgggjpuudnr;ﬁ*uégﬁhzmrﬂ—
are streets and various constructions. It requires pIntuutn, wwhwugynid £ dhwgnid EiGYunpwlwu pwotuhs
connection to electric grid, with related set of gwught' pwqwpwpbiny pwdwudwu wnnuhtiph W wpdwu
distribution and voltage transformer requirements. wnpwuudnpdwinnpubiph wofuwwmwuph hwdwp wuhpw-

A citation from the EU STEER project for street dtiun wuydwpp:
lighting optimization: Ubigptipnid GU-h' thnnngwyhu (nuwynpnipjut ow-
nhdwjwgdwut ninnyud STEER dpwgnphg
®$nnnguyhti intuwynpnyywit hby uwws swiu-
ubinp, wyuptipt, bGppwtibpghwt b uwwuwnplyni-

Street lighting costs, i.e. electricity and
maintenance, can be a significant expense

for municipalities, so it is important to take Up, Gwpnn b pudwlwbht Swhuwgwn hbby punuw-
advantage of opportunities for efficiency pwuwbippwpwubttinh hwdwpn, niupp, Gupbnp £ ogu-
improvements. Manufacturers are yb;  wprynibwdbippnipywt - pupdpwgdwt - pbdbnws
continually developing products that are htwpwynpnyenitiiphg: Upywnpnnbbipp pwpnitiwly

. ) pwlmd G wybih Fubpquwpnynibiwdby ni Swiu-
more en.e-rgy effICIeI?t and cost-effective. uwpnynitwyb pluwlwth: Prnp Ghpwnnyeimbbt-
New. op.tlons are being developed for all nh hwdwn duwlnd b tnp yuppbpwlbbn, wwlub
applications, but matters are complex. hpwlwiinud fjutinppliinp pwpn Go: Uglghb, bpplbyne-
Moreover, increasing traffic, demand of pywl wap, widipwbgnypyuwi bhupdwdp pbiwlhstt-
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residents for safety, many regulations
and an ever tightening budget make the
decision of how to improve on energy and
cost efficiency even more complicated.

Measures

There is a vast array of measures. The reality
will be a mixture of these measures, these include:

* Reducing operating hours

* Reducing power and/or number of lamps
operating

* Replacing inefficient light sources by efficient
ones

* Replacing lighting fixture/luminaire
* Improving control system
* Improving maintenance practices”

An interesting trend that is developing
worldwide is not only related to the replacement
by the LEDs, but also using solar and wind energy
to power the street lighting. This is especially
important for remote site cases, and depending
on the remoteness can be economically more
effective. Possibly in future most of the lighting
may be independent from the electrical grid.

This is a winning combination, also because
the LEDs consume little, but solar power has
intermittence and smaller is the storage battery,
less is the cost. Naturally the storage battery’s size
will depend on the light source power consumption.

The solar power use only is illustrated in Figure
14, wind power use only —in Figure 15, and the
combined solar and wind — in Figure 16. Note
that combined solar and wind power has an
advantage compared to only solar or only wind.
The advantage is related to the fact that combined
solar+wind is lesser intermittent than only solar or
only wind. However installing two technologies at
the same pole is more expensive, but somewhat
compensated with smaller size of the battery.

Anyway, decision to install either technology
or their combination should be made based on
the local wind and solar monitoring data. E.g. if
at a geographic location site sun prevails — then
no need in wind turbine, and vice versa. The
combination may work well with about equal
availability of the sun and wind.

nh wwhwbsbiiph fuuywgnidp, pwqiwphy Yuwintw-
bwpqbpp L pwpnibwlwpwn bdwagnn pnbt, wyb-
(h Gu pwpnwgtnid FubpquiwpnynibwyGippnysywt ni
Swiuuwpnynibwybipnypqut - pwpbjwddwt  ninhubph
nnnpdwl gnpéplipwgn:

Uhgngubip

Uhongubiph puinpwupu jwju £ U pwgdwqwu: Unwyb
wpryniuwybwn £ hGwnlyw) dhongubiph hwdwnpnieniup .
*  Uuwpryniuwybwn  nuwynpnipjwtu  dwdtph  Ypbw-

wnid,

* Lnyuh wuwpnyniuwybn wnpjnipubph thnfuwppund
wpryniuwybwnubpny, husp bwywunnud b b uwwn-
ywd EibYwnpwtubinghwh, pb whwgnpdynn jwdwb-
ph pwuwyh Ypbwwndwu,

*  Ywnwjwpdwt hwdwlwnpgh pwpbjwyntd,

o Shjutpjuwywt uywuwnpydwu gnpdtGwytpwbph pw-
pbwynid»:

Upfuwphnd dwywynd £ nipwgpwy dhwnnd, npp
Yuwwywd £ ng dhwju (nyup wnpnipubipp L-ubipny thn-
fuwphubint, wyle thnnngwjht (nuwynpnigjwt Uwwnw-
yny wplth L pwdnt Lubipghwih oguwagnpddwu hbiwn:
Uw hwwnywwbtiu Ywpunp £ hGnwnhp quptph hwdwnp
W, Ywiujwd hbnwynpnipintuhg, Ywnpnn £ nunbuwwbu
wybh wpnniuwybun hub;: <uwpwdnp B, np wwywqw-
jnw nuwynpniginiup Ukd dwuwdp (hup biGyunpwlywu
gwughg wulwtfu:

8tpbyw dwdbppu wplwjpu  Lubpghwu  thnfuw-
Yepwynwd t Eahunpwlywup b jhgpwynpnud Yninwlhs
dwpwulngp, npp uunwd k ntuwwnniu dnye dwdbiphu: Puw-
Ywuwpwn, dwpwnyngh swihp (hGinbwpwp W wpdtipp)
Ywiuyws Yihuh (nyup wnpniph fubipghugh uywnnudhg:
Lubph wwpwaquind wju hwdwnpnipiniup owhbywu
E, pwuh np npwup hwdbdwwmwpwnp phs Lubipghw bGu
uwwnntd:

Uhwju wplwihu Eubpghwjh ogunwgnpéddwu nwppb-
pwyp wwwybpyws £ Lwp 14-nd, pwdnt Eubipghwgh
ogunwgnpddwu wnwppbpwyp' Lwp 15-nd, huy wplh
U pwdnt Eubpghwubph ogunwgnpddwu hwdwnpnype)nt-
up' Lhwp 16-nd: Nwnpniginiu nwpdpbp, np wplh W
pwdnt bubpghwubph hwdwnpnyeniuu wnwybinie)niu
niup dhwju dbYy whwh Eubpghwih Yhpwndwu nwppb-
pwlubph ujwwdwdp: Unwybnieniup juwywsd £ wiu
thwuwnh hbwn, np wplwjhu+pwdnt  Eubpghwubph hw-
dunpniejwt nbwpnd hwdwlwnpqu wofuwwnniuwy Yip-
up bwl npwughg npuk by wnywniejwu nbwpnid: Uj-
untwdbuwjupy, Uty ujwu ypw Gpynt inbuuninghwubpp
wbnwnpnwfu wybh pwuly wpdh, uwlwju nw npng sw-
thny thnfuhwwnnigynwd £ dwpwnyngh thnpp swithny:

husuk, wbluuninghwubphg npub Jeyp Ywd npwug
hwdwnpniejniup Yhpwnbint dwuptu npnanwdp wbwp &

Yuywguby' hpdudbind  nyjw) mbnwupnd hnndwihu L

wnbiqwyuwjhu nGuntpup dnupenphugh wyjwiubph ypw:

Ophuwy' bt wyjw| woluwphwgpwlwu wbnwupnd

wplwhu opbipp W opdw pupwgpnd wplwihtu dwdtpp

pwwpwp U, www hnndwwnipphup wuhpwdbowunni-
pINU shw, U punhwlwnwyp: Upwug hwdwnpnieniup

Ywpnn £ jwy wofuwwb] wpbph b pwdnt wnywjnigjwu

gnbipt hwywuwp ywjdwuubph nbwpnid:
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Figure 14. Examples of solar only driven LED street lighting.

Solar PV plate beset
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wnplewhu $nunn-
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Ulwpn 14. Uhwytr wpbquybuyht Eulipnghuwyny LV thnnnguyht intuwynpnigywitr opptiwytibin:

Figure 15. Examples of wind power only driven LED street lighting.

T -

Ulwpn 15. Uhuyt hnndughti Eubpghuyny LV thnnnguyht intuwynpnigguti oppliwaylibn:
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Figure 16. Examples of combined solar and wind driven LED street lighting.

Uljwip 16. Upbqulbuyht U hnnduyht Ebipghwitnh ogywgnpddwit hwdwnpniejwdp LF thnnnguyht iniuw-

ynpnipywl ophtiwlytibin:

2. ARCHITECTURAL
LIGHTING — AESTHETICS,
LIGHT AND HEAVY COLORS,
COMPOSITION, ETC

In modern life, architectural lighting design
is rather visible, in the sense that the interesting
solutions usually are being noted and appreciated.
Since it relates to aesthetical perception of people,
all the artistic rules work here.

One can divide the architectural lighting into two
main directions:

* lighting of existing architectural construction, in
many cases historic architectural monuments,
sculptures and other artefacts;

e including the lighting as part of a new modern
architectural design project.

Another important issue here is related to the
fact that there are no strict rules, regulations, norms
and standards for aesthetical lighting — the lighting
design, just like the architecture, is obeying to the
artistic expression, with only some, vital functional
needs taken into consideration.

A few general rules here are:

e Darker colors seem heavier;

* Smoother transitions give the feeling of
lightness and need to be at the upper part of

the architectural expression, and vice versa —
contrasty transitions prefer to be at the bottom;

* Pure strong colors seem heavier — good for
the bottom, and colors that are diluted by white
seem lighter and are good for the top.

2. aUursurumesuuuL
LNkuudN/rNr&-3NRL. EUMESh-
uu, (el L TULM 9Nh3LGN,
LUNNh84UDL b4 U3LL

dwldwuwlwyhg Yuwupnd Swpunwpwwbunwywu
(nwuwynpnipjwu nwdnwfubipp pwywlwupu nmbuwubh
GU wjiu hdwuwnny, np htitnwppphp (Nnfubipp unyn-
pwpwn nwnpnyentu Bu gpwynd b guwhwwnynid Gu:
Lwup np nyjw nbwpnd wofuwwnd £ ginughwunw-
Ywu puywnudp, wyunbin gnpénwd Bu ginwpytuwnp pn-
(np Ywunuubpp:

Awpunwpwwbnwywu (nwwynpneeinitup Ywupbih £
pwdwub) Bpynt hhduwywu ninnnyeniuubph.

o Unyw dwpunwpwwbunwlwu Yunnygh, swun nbw-
pbpnud’ Wwndwbwpunwpwwbnwwu hnpwpdwu-
ubiph, pwunwyubiph W wpytGuwnh wy gnpdtiph |ntuw-
ynpnipjnil,

* Lnwwynpnigyniup npwbu  tnp, dwdwuwlwlyhg
Swpunwpwwbnwywu twiuwagdh dwu:

Ujuinbin twl Ywplnp £ bywwh nwwbuw, np gb-
nughwnwywu nuuwynpnipjwtu hwdwp slwu  fuhuwn
Ywunuubp, Ywunuwlwnpgbp, unpdbp nu unwunwpw-
ubip. [nwwjhu nhqwjup, 6hon wjuwbu, huswbu Gwn-
wmwpwwbwnnie)niup, Gupwpyynud £ ginupybunwywu
wpunwhwyndwt uunuubpht' hwodh wnubing Jhwju
npn2 Ywplinp $niuyghntiw) Ywphpubip:

Cunhwunip Ywunuubphg vh pwuhut GU'

* Unig gnyubpu wyth dwup Gu pyntd,

e Ubind wugnwiubipp pbelUntejwu qqwgnnnipniu tu
hwnnpnnid, b npwup wbwp £ wnbnuyw)jwd hubu
Swpunwpwwbwnwlywu Yuwnnygh ybpuwdwunid, L
punhwlwnwyp, Ynunpwunwiht wugndubipp tw-
fupuuinpbih GU unnpht hwwnywdnid,

e huwbuuhy dwpnip gnyubipp dwup Gu pYnid, b nb-
nhu &u ubippbuh hwwnwsdh hwdwp, huy win gnyub-
ph uwyhwnwyny wnwppwindywsd tpwuqubpp, wybh
pehipl U pYnid U gbpwnwubiih Gu ytphtu hwnyws-
ubiph hwdwnp:
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A citation from the http://www.colourlovers.com:

To paraphrase a classic riddle, which
weighs more: a pound of yellow feathers or
a pound of red lead? Color may be a weighty
subject, but the spectrum can’t be gaged in
terms of tonnage. The Swiss painter Paul Klee
observed that colour can be “neither weighed
nor measured. Neither with scales nor with
ruler can any difference be detected between
two surfaces, one a pure yellow and the other
a pure red, of similar area and similar brilliance.
And yet, an essential difference remains, which
we, in words, label yellow and red” (On Modern
Art, 1948). Klee was right—even though colors
don’t technically have weight, they can appear
quite heavy and substantial or extraordinarily
light and vaporous.

Visibility and artistic expression

There are historical, architectural monuments,
old and new buildings and sculptures that has
become the symbol or the “visit card” of that
particular dwelling. One of the important tasks
of architectural lighting is putting stress on the
building via lighting, to provide its higher visibility
and completeness on the dark background of the
night (Figure 17).

Figure 17. Increased visibility of architecture.

Ubioptinnid http://www.colourlovers.com Jw)phg.

Uy Yepw shwlybpuybtp nwuwlwt hwbbindyp'
Jtly pniin nbnpli thyppnipt b wylgh dwip, pt Jbly
bniip Yupdhp uwwpp: 9nybp swapwlphn ptdw
ywpnn L pbty, uwhuyl uwblyppp htwpuwnp sk -
nby: Cup pdbjguipwgh tlywpps ®np Lihp nhipwnl-
dwt, gnybip htwpwynp sk «ris Gonby, ris swhly»: N's
Ypbinpny, ns pwuntuny htwpwynp sk nplk puppt-
nnypyntl qupbGy bnyt dwlpGuny U unyt wuwydwnni-
pjwl Gpynt dwlbpunypubiph Jhol, npntighg Jlp'
(nhy nbinht £, dimup’ inhy Yupdhp: Wnnihwtinbipg,
bw dp twhwb pwppbpnyeynit, ptsp Jbtp pwnb-
nny uwhdwbnd Gup npwbu ntinht U Gupdhp» (On
Modern Art, 1948): Liht 6hpin En. pliwytipn gnytibpp
inGubhyuwwbu Yohn snibit, uwlyuyt npwbtp Gupnn
Gl pwdwlwt Swun b pnpwihGih, Yuwd wpypwunynp
plpl U wuppwlwl pyuw):

SGuwubjhnyejniu b ginupybunwywu
wpwnwhwjnsnyentu

LYwu wWwwndwdbwpunwpwwbnwlwu ohunieniuutp,
Ynpnnubip, hht nt unp hnpwpdwuubp W pwunwyubip
npnup nwnpdb Gu wnyjw pwnuwph funphpnwthop U
wjgbipwpup: Awpnwpwwbnwywt  nuwynpnigjw
ounphhy udniop ny dhwju nbuwubih £ nwnund opjw
dnie dwdbippht, wyl, denigjwt $nuph Ypw wnwus-
uwuwny, nwpdund pulwindu wybh wdpnnowlwu
(Lwp 17):

Uljwn 17. dwpipwpwwbypwlwb Yunnygh inbuwbbipnysiwt pupdpwgnid:
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Parks - No strict regulation 2pnuwjghubp. jupun uwunuwlwpgqdwu
pwgwljwnipyniu

In the parks the norms do not strictly regulate the
2pnuwjghubipnd wpnn tu ogunwagnnpdytii tnwpptip

LDC for the luminaires, as illustrated in Figure 18. LPY-tipny jwwunbipubn, husp wwinlbndws £ Lywn 18-
nud:

Figure 18. No strict regulation for luminaria LDC.
Source/Unpynipp" http://www.houzz.co.uk/photos/1007278/kanpazar-150cm-garden-light-contemporary-outdoor-floor-lamps

Ulwp 18. Lnwuwpniubph LPY-h fupuin ubinbwlwpgdwl wwhwbobbp sywib:

Ground luminaira QbLwnup jwuwwmbpubp

Ground luminaria, Figure 19, should have Al uyntinupp (Lwn 19) wwnp £ ndibbuit

hwybjyw] wwonmwwuntegintt, npp hwdwwwinwufuw-
extra protection corresponding to the international ~ yn.J wwonwwunieywl 1P67 dhowqquypt Ynnht'
protection code of IP67 — level 6 for dust and dirt ~ 6-pn dJwlwpnwy' thnant dwuuhyubph, W 7-pn dwluwp-

particles and level 7 for water ingress. nwy’ oph ubippwihwugdwu hwdwn:

Figure 19. Ground luminaria

-

Ulhwp 19. Yapup jwwinbipntGn:
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Low poles, including solar Swép, twl' wplwjhu Eubipghwyny w)-
powered fjuwwnnn |nLuwugniubp

Swon |nwuniutipp (LYwp 20) 2w wpwdwd

Low poles, Figure 20 are very common in the bu qpnuwjghubipnLy:

parks.

Figure 20. Low poles in a park.

Ulwp 20. Swén nuwunibin gpnuwygnid:

Variety of luminaires, Lwwwbpubph mwpptp mbuwlubp, wyn
incl vintage or retro pYnt* huwné Ywd nknpn
For architectural expression unlimited variety Swpnwpwwbnwlwi wpnwhwjndwt hwdwnp Y-

pbih £ oguwagnpdt] jwwwbpubph wuuwhdwuwhwy

of luminaria can be used — look at Figure 21. inbuwlwuh. nbu Llwp 21:

Figure 21. Triangular color shapes for the passage, irreqular, prolonged shapes...

Ulwpn 21. Gnwblynibwdél, whlwint, Gphuytwlp gnibughti 8ubp wagninhbipnh hwdwn. ..
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Figure 22. While retro, a more functional light or luminaire can be added to the pole.

Ulwp 22. Mwhwwtiing nbppn nép' inuwuyniiapp Gupbgh B hwdwpby wdbih $niblighntiwy inyup wnpynipny
ywd ntuwigpniny:

If retro style is used, or 19" century lighting MGwpn nd Ywd 19-pn nwipp [ntuwujniubip ogunwignn-

poles are operated, however, they possess modern  Stilnt nwpnud, wynnthwinting, Yhpwnynd G nuuw-

lighting technology, in many cases sodium lamps or Unpnipjwiti dwdwtiwluiyhg mbruhn[nqhu{UIJn Uwn-
phnudwjht jwdwbp yud Lubp (Lwp 22):

LEDs Figure 22.

Fountain illumination Cwwnpyuutbph jnwwynpnieyniu

Wu inhwh (nruwynpnipiniup wnwyb wpnwhwjinhs

This type of illumination is one of the most  Yapwny wwwgnignud £ dwpunwpwwbtinwlwl [nwuwyn-
prominent examples of how appreciated could PJZLMLUUU Inwdnuubinh EUthwhml:{}hmpﬂjnmn (Liwn 53):
be an architectural lighting solution (Figure 23). ljwiliwpuin, wjuinbn uwhwlgdnid £ uuginujutini

pjwu wybih pwpén' IP68 dwlwpnuwly:
Naturally a more enhanced, IP68 protection level is
required here.

Figure 23. Fountain illumination.

Llwn 23. Cwwnnpyuwuubpp inLuwynpncpynil:
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Building screens — MNMuwnlybpubph unbtinémd.
Sidney opera Uhnubjh owybpwjhu pwwpnup okup
One of the most modern type of the illumination (Fwjhu winbluuninghwubiph nwpwpowunud |ni-

uwynpnipjwtu wnwyb] dwdwuwywlhg wnbuwyub-
phg vtyp gqbnwpgtunwlywu duwynpdwtu hwdwnp
_ _ hgnp wpnjtyunnph ogunwgnpédnidu £: Uju wywwnybip-
illustrates this. Jwd £ Llwp 24-nud:

in the digital era is the use of powerful projection
equipment for artistic expression. Figure 24

Figure 24. Sidney opera house without (top) and with projection-illumination. Despite of its 3d shape engineers
achieved uniquely interesting lighting effect in a form of moving color pictures and patterns.

Ulwp 24. Uhnbbgh owybipuyht pwipppnbh pbtipp wnwbg wpypwwwipnylinnn intuwgnpnigywt (Yaplined) b wp-
ywwwiplypnn inwuwdnpnipyudp: uwywd pn bnwiswh dupt’ Guwppwpwabipnubpp hwuby G pwguwnply ht-

ywpnphp (ncuwydnpnipywt EpLLph' pupdynn gniiwynn byuwptipng ne twpupbpny:
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Vandalism protection

In general, if vandalism is an issue, IK10?
category of protection is needed in addition to
nonflammable, enforced encasement of luminaria.

3. STANDARDS AND
NORMS FOR OUTDOOR
LIGHTING, MEASUREMENT
METHODOLOGY

Documents

In Armenia the norms of the outdoor lighting
are defined by the” — Republic of Armenia
Construction norms: Artificial and Natural Lighting
(RA CN 11 8.03-2016). In Russia this is regulated
by the “CHull 23-05-95” and number of GOSTs
such as CI1 52.13330.2011 «<ECTECTBEHHOE U
NCKYCCTBEHHOE OCBELWEHWE», Axtyanusu-
poBaHHasa pepakums CHwull 23-05-95*, WU3paHue
odpuuymnansHoe”, in the USA by the Roadway
Lighting Standards, defined in a number of acts
(e.g. Energy Policy Act 2005; Energy Independence
and Security Act 2007; American Recovery and
Reinvestment Act 2009, etc.). The Armenian code
is developed based on the existing Russian norms,
that, on its turn is based on EU norms, such as ISO
standard ISO 93.080.

International Commission on lllumination (usually
abbreviated CIE for its French name, Commission
internationale de I'éclairage) is the most important
world authority in lighting science and engineering
(http://cie.co.at/).

Norms

The most important quantity that is being
standardised is the brightness or the luminance
of the pavement, please see “Luminance” section
of Chapter 1. As it has been mentioned there, the
luminance depends not only on the illumination, but
also on reflective characteristics of the pavement,
the type of the pavement, its reflective properties,
and the condition — e.g. being wet, covered by snow
or ice, etc., angle of illumination incidence.

Muanywunipyniu yuunwihquhg

Npwbu Ywunu, Gebt wnw L Jwunwihguh npuln-
pnwfubph  hwwuwlwunientu  (gnnnieyntu,  Jbfuw-
uhlwywu ubipgnpdnieiniu, hpnbhnud), wuhpwdbon |
wwwhnyb| (nuwwnnth 1K10? nwuh wwonwwuntentu,
U swjpynn ujniehg ywunpwunywd, nidbnugywd ww-
njwi:

3. ursuL£hu LNhuudN/rnire3UL
USULHUNSLENL Nk LNrUGNE,
QUPU UL UbfrNTHUAULNRG3NRLL

Pwunwpenpebp

Cwjwunwuntd wpinwpht |ntuwynpniejw unpdtipp
uwhdwuynw Gu <wjwuwnmwuh <wupwwbnnypjwu oh-
uwpwpwlwu unpdbpny’ «UphGunwywu b puwwu ni-
uwynpnud» (L GU 11 8.03-2016): Mnuwuwmwuntd wju
Ywpgwynpynwi £ CM52.13330.2011 «kECTECTBEHHOE A
NCKYCCTBEHHOE OCBELLEHME», AkTyanusmposaHHas
pepnakuma CHwull 23-05-95%, W3paHue odpuumanbHoe,
L Jdph owpp FOUS-tpny, huswbu ophuwy' «OCT P
55706-2013 Upwwpht nunhjpinwp  ntuwynpnigjniu:
Twuwlwpgnwip W unpdbipp» (FTOCT P 55706-2013
OcsellieHne HapyxHoe yTunutapHoe. Knaccudpurkauma u
Hopmbl), UUL-nud Ywpguynpynid b «Swlwwwphubipp
(nuwynpdwl  unwunwpwunubips-ny (Roadway Lighting
Standards), npp uwhdwuynud £ dh owpp opbupubipny
(op.' 2005 p. «Eubpgbwhy pwnwpwlwuniyejwu Jw-
uphu» onpbtiup, 2007 p. «Eubpgbnply wujwjunypwu L
wuywnwugniejwu dwuhu» optiup, 2009 p. «Udtphywip
ybpwywugudwu b yGpwubpnpnudutiph dwuphu» opbiup
(Energy Policy Act 2005; Energy Independence and
Security Act 2007; American Recovery and Reinvestment
Act 2009) b wyju: £<&K-nud [ntuwynpnijwu ninpuinp Yup-
gwynpdwu gnpdhpwlwqgdp dowyybp £ nnwuwlwup
hpdwu Jpw, npu, hp hbpphtu dowyyt) £t 6U-h wnjw
unputiph' Unwunwpunwgdwu  dhowqquiht  Yuqgqdw-
Ytpwniejwu ISO 93.080 unnwunwpunh hhdwu Ypw:

Lniuwynpnigjwu  dhowqgquiht  hwuduwdnnnyp
(CIE)  wdbuwhbnhuwlywynp hwdwouwphwihtu  Yuw-
nnygu & [ntuwynpnipjw ninpuninud (http://cie.co.at/):

Lnpdtp

Bwuwwwphwdwdyh wwySwnniypynitp’ Gwuwwwn-
hwihtu |nwynpniejwu, unpdwynpdwt Gupwpyynn,
hhduwlwu hwpwswihtphg dtlyu £ (nbu | gjfup Nuy-
swnnieinit pwdhup): huswbu wpnbu uoyb) b, wwjdw-
nnipnlup Ywiujws £ ng dhwju intuwynpnieyniupg, wijl
Swuwwwphwdwdyh  wunpwnwpédwu gnpdwyghg,
npu, hp hbpeht, Jwiujwsd b dwuwwywphwdwsdyh nbk-
uwlhg, yhbwyhg (op.' pwg, Guwwwwn Yud uwngw-
www, b wyu) W nyup wuldwu wuyntuhg:

2 IK-is the european code for EN 62262 standard pointing to the rate of electric devices/appliances protection against mechanical influence,

with IKOO as the lowest and IK10 highest protection level.

IK-u' Bypnwwlwu EN 62262 unwunwpuiny uwhdwuynn pdwihu Ynn k, npp gnyg £ wiwjhu flayunpwuwppwynpdwt ywonwwu-
wonigjwu wumhdwup dbfuwuhulwu ubpgnpdnipiwu ufwundwdp, npunbn 1IKOO-U wdbuwgwdp wwonwwudwdnipnut £ huy

IK10-p wnwybjwgnyup:
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The total uniformity of the luminance is also Lwl unwunwpwuwgynid £ intuwynpywénipjwt pun-
standardised usually as > 0.4, i.e. the brightness of  hwunip hwdwgwthnuyejniup” > 0.4 gnighsny, wjuhtipl,
the darkest part of the pavement should not be less ~ dWlwwwinhwdwdlh wtiwdnie hwnywap ;whugp b
than 40% (0.4) of the brightness in the brightest Lhth wdhnwu!wjéwn huinuidh wjwydwnnijuit 40%-hg

_ , (0.4) wwlywu' wju nbwpbpnud, Gpp dhoht wwjdwnnt-
area for the cases with average brightness .Of piniup whwnp £ (huh wybih pwt 0.6 Yn/o% Wb ntu-
larger than 0.6 cd/m2. However, for the cases with pbipnud, tipp (pun Gwuwwwphh Yupgh) dhoht wiwdw-
average brightness of lesser than 0.6 cd/m?the  nnupyniup 0.6 Yn/u>hg thnpp k, wuhwdwswihnipniup
non-uniformity should not be less than 35% (0.35)  swbwp b [huh wdbuwww)dwn hwinwsdh wwjdwnnipjwu
of the brightness in the brightest area. Table 1 39%-hg (0.35) wwlwu: Unjnuwl 1-nd ubiphuywgyws
U <wjwunwunwd twppbp Ywpgbph pwnwpwihtu 6w-
uwwwphutiph, huy Unnwwy 2-nd’ gjninuijuu dwuw-
wwphubph [nuwynpniejwu unpdbipp, npnup 2wwn wybih
wwnq &U, h lmwppbipnienu pwnwpwjhu unpdtiph:

shows the norms in Armenia for city roadways of
various categories and Table 2 for rural lighting —
which are much simpler compared with city norms.

Table 1. The Armenian norms for the city roadway lighting.

Total Maximum relative
uniformity density of power
. of the drive consumption
brightness,  of the road, jitumination, W/(m? Ix 100),
B~ ’ i ’ at least not more than
swolh apugowr. hh uhohti  UTPUWUgERD k1. bubpghuwyh
wwiphh hh dhght  Swdlh wwydw- ;I ) 2 inuwynpjw-  uywndwu wnwyb-
wwjéwnni-  nnipjwl pun- nmpjl:: hquljmh- [n;uuu{n[{ll[w- onipjwl pun-  jwqnyt hwpwpbpw-
PyniLup, hwunip hwdw- D LT NN, hwunip hwdw- Ywl funnipyniup

Yn/u? swihnipyniup, 2“‘““'1“':{[3&‘"(12'!’ Lunl}lr:ﬂ.;?h, swihnyayniup,  Yw/(d 2100 ynipu),

Total
Average uniformity of
brightness the pavement
The road of the road, brightness,
category?® cd/m? at least

BSwiuw- Bwiwwwp- Bwbwwwphw-

Lane uniformity Average
of the pavement illumination

wnujwqu wnujwqu ny wybih, pwu
A2 1,6 20 5,0
A3 14 0.4 0.7 20 0,35 48
A4 1,2 20 4,5
B1 1,2 20 45
B2 10 0.4 0.6 15 0,35 5.3
Gl 0,8 0,4 0,5 15 5,0
G2 0,6 0,4 0,5 10 0,25 5,0
G3 0,4 0,35 0,4 6 5,0

WUnynruwly 1. <wgwuypwih pwnwpught Swbwwwnphbbpp inuwynpnipywt Gnpdbipp:

Table 2. The Armenian norms for the rural lighting.

Average illumination, Non-uniformity,
Category at least, Ix at least

Uwpgp Uhoht nuwynpjwént- Uuhwdwswithni-
Ryntup, wnujwqu, gnipu  pyniup, wnujwqu

Main streets, public and shopping center squares
hduwywu thnnngubip, hwupwiht hpwwwpwyubp, 10,0
wnlnph YEunpnuubiph hpwwwpwyubip

0,25
Urban streets: Lwnwpwjhu thnnngutip' 6.0
- Main - <pduwlwu 4'0
- Secondary - BpYypnpnwlwu ’

Horticultural and cottage association areas village streets and drives
Wgbgnpdwlwu pulybpnipniuttiph nu pnebsubiph nwpwdpubip 2,0 0,10
gjntnulwt thnnngubip niL uppwugputip

Unynruwly 2. <wgwuypwbh gninwwb dwbwwwphbbiph iniuwynpniygguit tnpdpp:

3 Al being highest category highway and G3 - lowest category roadway.
A1 wdblwpwpap Ywpgh dwypninh, G3' wdbtwgwsdp Yunpgh dwuwwwnh:
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The norms regulate the illumination values for
pedestrian passes in the range of 1-20 Ix, depending
on the human traffic, and uniformity ranging from
0.1t00.3.

The norms also regulate architectural lighting, in
the range of 3 — 10 cd/m? for local and flood lighting
and within 8-30 cd/m? for artistic “definitive” lighting.

The norms regulate also commercial activity
related lighting, emergency lighting, etc., as well as
glare and other parameters.

The measurement methodology

The measurement methodology is standard,
on the essential working planes, via e.g. using a
however there are a number of issues
that one needs to take into consideration for the
street lighting:

luxmeter,

1. Streets have very large area, they are hundreds
of kilometers long

2. For the streets, it is more essential the
luminance of the pavement in cd/m? rather than
the illumination level in Ix.

3. Street conditions are subject to wearing, weather,
nature elements and any force majeure that can
substantially change the luminance levels.

4. Responsibility of correct lighting, hence the
measurement validity is the factor that influences
traffic accidents with human casualties.

The imaging photometers are used more and
more frequently, based on CIE 140-2000 Road
Lighting Calculations methodology. Road lighting
for main roads is normally specified using the
following parameters:

1. Average road surface luminance (L, )
2. Overall road surface luminance uniformity (U)

3. Longitudinal road surface luminance uniformity

)

4. Threshold increment (T %)
5. Surround ratio (SR)

Allthese parameters are taken into consideration
by the methodology that e.g. Konica Minolta
2D Color Analyser CA-2500 is using (http:/
sensing.konicaminolta.asia/2014/09/road-lighting-
measurement-using-imaging-photometer/, Figure
25):

A 2D imaging photometer using high resolution

Unpdbpnd Yupgwynpynwd Gu hGinhnintu wugnid-
ubph hwdwp (nuwynpjwdnipjwu wpdbipubpp' 1-20
ynipuh 2powlwypnid, Ywiujwd hbwmhnwnubph hnuph
huwnbuuhynieiniupg, b hwdwswihnieiniup' 01.-0.3 Uh-
owljwjpntd:

Unpdwynpynud £ uwlb Gwpunmwpwwybunwlwu |nuuw-
dnpnigniup’ 3-10 Yn/ud? dhowlwypnid’ mbnwihu b nnn-
nnn [nuwynpnigjwu hwdwp, b 8-30 Yn/d? dhowljwy-
pnud’ gbinwpybunwlwu «pungdnny»  [nLuwynpnipjw
hwdwp:

Unpdbpp twl Yuwpgwynpnid Gu gndugnwihu gnp-
onwubiniejwup wnusynn [ntuwynpniejniup, twl wpnw-
Ywpg hpwyphbwlyubipnid wwhwugynn [ntuwynpnip)nt-
up, 21wgunn thwyp, b wyj| hwpwswihbn:

Quithdwu bennwpwunyejniup

Qwihdwu dbpnnwpwunipniup unwunwnpn £, Yu-
wwnynud £ hpduwywt wotuwnwupwihu nwpwdpub-
pnwd, ophuwy' ynipudinph oquniejwdp, uwlwiu Ywu
npn2 fuunhpubip, npnup wuhpwdtion £ hwodh wnub)
thnnngwjht |ntuwynpniejw nbwpntd.

1. ®nnngubiph nbwpnid wnwyt| Ywplunp b dwuw-
wwphwdwdyh wwjdwnnigyniup' Yn /d2-ny, pwu ni-
uwynpnipjwt Jwlwpnwyp' ynypuny:

2. ®nnngubipp tupwyw GU Jwoqwoénypiwu, tnwuw-
Ywjht, ptwlwu wnbunubph W $npu-dwdnpwiht
hpwyhtwlubinh wantignugniutiipht, hugp Yuipnn k
qqwihnpbu thnfub] wwjdwnniejwu dwlwpnwyp:

3. Bhon |nuwynpnigjwt  hwdwp  wWwwnwuluwlwwn-
ynteyniup, nunh W swhdwtu hwjwuwnpnipinitut wju
gnpdnuu £, npu ninnuiyh wanbigniejniu niup dwh-
Jwt bpny dwuwwwphwiht wwwnwhwpubph ypw:
Muuwnybpwjhu (nuwswihtpp (imaging photometers)

wybih nt wyb] hwdwfu Bu ogunwgnpdynid’ hhduyting

LUZ-h «140-2000 Awuwwwphwihtu |nuwynpniejwu

hwoywnyh» depnnwpwunypjwu ypw: <hduwlwu bw-

Uwwwphubpp nbwpnw dwuwwwphwihtu (nuwynpnt-

pintup  unynpwpwp uwhdwuynd £ oguwgnpdting

hGunlyw| hwpwswihbpp.

1. Bwuwwwnphh dwybpunyph vhoht wwjdwnnieiniu
(L),

2. dwuwwwphh dwybpunyph punhwunp wwjdwnnt-
pjwu hwdwswthnipiniu (U,),

3. Bwuwwwnphp dwybplunyph Gpywjiuwyp wywjdwnne-
Rjwl hwdwswihnigyniu (U,),

4. Mwidwnnipjwt 26dwiht wnwppbpnieniuubph wé
(T)

5. Swjpwdwuwjhu
(SR):

Wu pninp hwpwswihtpp hwoyh Gu wnuyb) wju ub-
pnnwpwuniejwu dbg, np oguwgnpdnid k, ophuwy’
«Konica Minolta 2D Color Analyser CA-2500» uwppp
(http://sensing.konicaminolta.asia/2014/09/road-lighting-
measurement-using-imaging-photometer/, Liwpn 25):

(nuwynpyuwdnipjwu - gnpdwlhg

-170 -



QLN 4. Upywupht intuwynpniygynit

CCD sensor is able to measure Iuminance
distribution for the entire road surface area instead
of just luminance of predefined points, thus
providing more comprehensive information for the
analysis of road lighting performance in a shorter
time.

The set-up and measurement time required
for road lighting measurement with an imaging
photometer is also much shorter as compared
to conventional spot photometer as the imaging
photometer captures the luminance distribution of
the entire road surface area in just a few seconds.
Hence, the road closures can be largely reduced.

2D wwwybpwiht $nnindbinpp  (ywjdwnwswihp),
npu ogunwgnpénwd £ pwpdp (ndnnniuwyniejwdp CCD
ubUunp, Jupnnwund k£ swiht] dwuwwwphp wdpnng
dwybpunyeh Yypw wywjdwnnipjwu pwofudwdnyeniup,
u ny pE Uhwjtu twjuwwbu uwhdwudwsd Yhwmbph ww)-
ownnigjntup:  Uw pny| £ wwihu ubind dwdwuwyw-
hwwndwdnid impwdwnpb| wybih hwdwwwpthwy nbnb-
Ynipjniuubp dwuwwwphwjht [nLuwynpniejw wpnynt-
Uwybwnniejwu YybGpwpbpjw:

Muwuwnybpwihu nunindbinp - wwjdwnwswihny Gw-
wwwphwjpt [nuwynpnipjwu swihdwt hwdwp ww-
hwuoynn twuwwwwpwundwu U swihdwt dwdw-
uwyp unyuwbiu owwn wybith Ywpé £ b tnwppbpniegniu
wjwunwywu Yhwmwihtu ywjdwnwswihh, wwwunlbpwhu
wwjdwnwswihp  wdpnne Gwuwwwnphh dwybpunyphu
wwjdwnniejwu pwotujwdnieniup gpwugnd § punw-

Figure 25. Konica Minolta 2D Color Analyser CA-2500.

Source/Unpyninp’ http://www.konicaminolta.eu/en/measuring-instruments/products/light-display-measurement/display-colour-analyzer/ca-

2500/introduction. html

Uljwp 25. Konica Minolta 2D Color Analyser CA-2500:

Even a more cost effective variation of this
method is being used by Russian Lighting Research
Institute after S.I. Vavilov (OO0 «BHUCW»). It uses
a digital single lens reflex camera that photographs
the pavement of the roadway, and then a special
developed software subtracts the luminance data
Figure 26. The van cruises the street at the same
time making the photographs. The method is very
quick compared to other pointwise measurements,
yielding the maps of the roadway luminance.

daup Jdh pwuh Jwjplywunwd: <bnbwpwp, Yunpbh £
qqwihnptu ujwqbtigul] bwl Gwuwwwphubipp hwybine
nbwptinp:

Wu dtipnnh 2w wybih dwiuuwpryniuwybin nwp-
pbipwlu oqunwgnpdynid £ Nnuwuwnwuh U. b. Ywyhin-
yh wujwtu (nuwynpnigjuwu hGunwgnunniejwu huuwnh-
wintinh Ynnuhg (000 «BHUCWU»): Uju ogunwgnnpdnid k
utl nuwuywyny pqwiht hwjbijwiht' buwfughy, npp
(nwulwpnud £ Swuwwwphwoéwdyp, wjunthbinl hw-
wnty dowlyws hwdwlwpgswihu dpwgpny hwuyned
U wwjdwnnipjwu dwuhu wyjwiubpp (LYwp 26): Ub-
pGuwu wugunwd k£ thnnngny, vhlunyu dwdwuwy Yuw-
nwnpbiny (nuwuywpwhwunwfubp: b wnwppbipnegntu
Ytwwjhu swihnwubph, wju Jbpnnp 2wwn wpwg huw-
pwynpnipintu £ wwihu unbindt] wdpnne dwuwwwnphp
wwjdwnnijwl pwpwbqubipp:
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Figure 26. Mobile lighting engineering laboratory.

Source/Unpynipp" http://www.vnisi.ru/joomla/en/serviceseng/mobilelabeng
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1. BASIC CONCEPTS OF
LIGHTING DESIGN INCLUDING
USE OF DAYLIGHT —

A SIMPLIFIED CASE

Modern computer digital age have made any
design process much easier and comprehensive,
and lighting design have substantially benefited from
the incredible possibilities offered by digital software
means.

A number of general factors apply in the lighting
design. Here is a citation from Architectural Lighting
design Wikipedia article (https://en.wikipedia.org/
wiki/Architectural_lighting_design):

The design process takes account of:

* The kind of human activity for which lighting is to
be provided

e The amount of light required

* The color of the light as it may affect the views of
particular objects and the environment as a whole

* The distribution of light within the space to be
lighted, whether indoor or outdoor

* The effect of the lightened system itself on the
user

Direct line point by point method

Here the three factors must be considered
for applying this very simple “point by point”
method: luminous intensity of the source; distance
from source to surface; orientation of the surface.

Here are the assumptions:

1. The luminaire is regarded as a point source. In
reality this approximation is valid if the distance L
from the center of luminaire to the point of consi-
deration, e.g. on the table, is substantially longer
than the S dimensions of luminaire. Usually, if
D/S > 5 or 6 the approximation yields negligible
error.

2. The reflectance from the ceiling, walls and floor
are neglected, or assumed is equal to 0. This, in
general is not true, and constitutes the main error
of this method.

3. Because of the first and second assumptions, we
can also assume that the illumination drops as
the reverse of the square of the distance D, i.e. is
dependent on 1/D2

1. LARUUJN/NRE3UL LUuU-
qQoU UL, U3% ([dNhU* ALULUUL
LNk3Uh OGSUANrouvuL <hU-
LULUL <UULUSNRKE3NKLLL-
re. NuUrRE84U0 1ML

dwdwuwlwyhg hwdwlwpggwht pywjht dhong-
ubipp qquihnpbu htigiwgptp b hwdwynndwuh bGu
nwpépt] gwulwgwsd twjuwgddwu gnpdpupwg: Lnt-
uwynpnigjwt bwjuwagdndp unyuwbu gqquhnpbu 2w-
ht| £ pywjhu dpwagpwynpdwu dhongubiph pudtinwd
hujwjwlwu huwpwynpnipejniuubiphg:

Lnwwynpnipjwt twfuwgddwl pupwgpnid  wu-
hpwdtipn £ hwygh wnub] dh pwpp punhwunip gnp-
onuutin: Uhw dh dbgpbipnid Swpnwpwwbunwywu

(ntuwynpnipjwt twhuwgddwu Jwuhu Yhphwbnhwih

hnnywdhg (https://en.wikipedia.org/wiki/Architectural_

lighting_design).
Lwluwgddwu gnpdpupwgnd hwoyh Gu wnuynud'

*  Uwpnywjpu gnpénwutinigjwt wju inbuwyp, nph
hwdwp wtwnp £ wwywhnyyh (nuwynpnieyniu,

e Muwhwugynn [(nyuh pwlwynipntup,

¢ Lnyup gnyup, pwuh np wju Yupnn £ wgnbi hus-
wbu Ynuypbn wnwplwubpp, wjuwbu b punhw-
untp dhgwiyuwypp ibuph Ynw,

*  Lnwwynpnipjwt Gupwlw nwpwdnipjwu dbe (|h-
up nw ubpphu, L wpwnwphtu) (nyup pwtuwént-
[nLup,

e Lbug [nwwynpywsd hwdwlwpgh wgnbgnipniuu

wju ogwnwgnpdnnh Ypw:

Uk wn Y dbpnn

Uju 2w wwpg «Ybun wn Yew» dbpnnp Yhpwntine
hwdwp wbiwnp £ hwoyh wnub) tpbip gnpdnt’ wnpjnipp
[(nyup nidp, wnpniphg dhusl dwybplnye pulwd hb-
nwynpnipintup b dwybtiplinyeh Yynndunpnonidp:

Gupwnpniejntuutipp hGunlyw|u Gu.

1. Lnwwuwniu nhnygnd £ npwbu Yeunwihu wnpjnep:
Ppwywunud wyu dnnwpynidp dhownn Lk, Gpb |nuw-
wnth YGuwnpnuhg vhusl nhunwpydwu YtGuinp (D)
htnwynpnipniup, ophuwl' ubinwuh Jwybpunypep,
qquihnptiu Utd E (nuwwnih swihtiphg (S): Unyn-
pwpwp, beb D/S > 5-hg Ywd 6-hg, www wju dn-
wnwnpyndp Yunwowguh wutowu ufuw;:

2. Unwuwwnhg, wwwbphg L hwwnwlyhg wunpw-
nwnpénwip wuwnbudnd k, jwd Gupwnpynd £ np
hwywuwnp £ 0-h: Cunhwunip wndwdp, udwu Gu-
pwnpnieiniup thown sk, W wju Bnwuwyh hhduw-
Ywu ufuwjwuph wnpnipu k:

3. 1L 2 yawnbph hhdwu ypw Ywpbih £ Gupwnpby, np
(ntuwynpnipiniup uugnud £ D henwynpniejwu
pwnwynwuntt hwlwnwnpéd hwdbdwnwlwu opbiu-
pny, wjuhupt' Ywfuywsd k 1/D>hg:
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Figure 1 is illustrating this basic approximation
method.

Equation 1-1 / <wdwuwpned 1-1.

Lhwp T-nwd gnigunpywsd £ wju wywng dnnwpynidp:

E, =lcos(a)/D?

where E, is the illumination in lux (Ix), | is the
luminous intensity in candelas (cd), a is the angle
of the incidence to the normal of the surface
of consideration. Note that as the surface of
consideration is usually taken the workplane that is
80 cm higher from the floor plane.

E.g. if we have luminaire of 1 cd luminous
intensity, 1 m distance and normal incidence (a =
0), we will have E = 1 Ix at the center of the target
surface. If a =60°, cos(a) = 0.5, 1 m distance and
600 cd source, then E = 300 Ix. In the same setup,
with 2 m distance we will have 75 Ix.

Figure 1. Direct line point by point method.

npntin E, |nuwydnpqwdnipniut F wpnwhwjnyws
ynipuny (1p), I-u (nyup ndu £ Yuunbwng (Yn), a-u (ny-
uh wuydwu wuyniuu £ nhrnwpydwu Gupwyw dwybp-
unyphtu ninnwhwjwg gdh ujuwdwdp: Nwnpnie|nu
nwpépbp, np npwbu nhwnwpydwu Gupwlw Jdwybp-
unype unynpwpwp ybpgynid £ hwnwyhg 80 ud pwns-
pniRjwdp woluwwnwupwihu hwpenieinlun:

Oppuwy, Gebt nwbup 1 Yn [(nyup nid niubignn |ni-

uwwnt, 1 d htnwynpniegintu b unpdw) wuynud (a = 0),
www dwybpunyeh phpwjuwiht Ybnnd Yniubuwup
E, =1 gnipu: bpb a = 60°, cos(a) = 0.5, 1 d htnwynpnt-
eintu U 600 Yn |nyuh wnpynip, www E = 300 |jnipu:
Uhlunyu nwuwynpnipjwdp 2 J hbnwynpnigjwt nbw-
pnud Ynitubuwup 75 nipu:

he

Ulwp 1. Y&y wn Yy Gnwbiwlp:

In a more general case the calculation is as
follows. The luminaire height hl and workplane
height h  are measured. The h = hl - h is the
elevation of the luminaire from the workplane —
the surface of interest. From the specifications we
find the light source luminous intensity in candelas
(cd) under the luminaire, at a = 0, i.e. for the
intensity that is directed right down. The vertical ray
illuminating down is depicted as |, on the drawing.
Now we need to determine the distance D between

Ugth punhwunip nbwpnid hwodwpyp Yuwnwpynid
£ htnlyw) Yepw: Quithynud § [nLuwwinnth pwpénpnieyniup
hwwnwyhg' h - p: Uunthtnl npnggnud £ wfuwwnwu-
pwjhtu dwybtpunyeh pwpépniggniup’ h, - U: Hpwug
wwpptipnpiniup” h = h - h, hwunhuwund £ jwdwh
pwnépnyentup w2luwwnwupwihtu dwybpunyph ulwwn-
dwdp, wjuhupt wju dwytplnyeh, nph ypw punpjwsd
ybwinid (A) gwulwunwd Gup swihb| (nLuwynpniejwu Jw-
Ywpnwyp: Lnyup wnpniph wbluuhjulywu Jwutwg-
nhg gwnund Gup Upw [nyup huwnbBuupynyeniup (nidp)
wpunwhwjndwd Ywunbwing (Yn) gpnuwu wuljwu
hwdwp (a = 0), wyuhupu [nyuph wjiu pwnwnphsh hw-
dwp, npu ninnwhwjwg £ hwwnwyhu:
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A and L points. The LBA right angle triangle’s one
side is the h, and the other side r is the distance of
the point A from |- r can be easily determined by
measuring tape. Using the Pythagoras theorem we
determine D: D=y(h? + r?).

We determine cos(a)=h/D, vyielding | =
l,-cos(a), which is the component of the | at a angle
directed to the point A. We have all data to use the
E,= |, - cos(a)/D? formula. In fact it has another
representation, called cosine cube formula, derived
by replacement of D by D= h/cos(a). In that case

QSwaph Ypw wyu ubpluywgyws £ npwbu 1: Wdd
wuhpwdbiown £ npnot D-h wipdtipp, npp A YGwnh hbnw-
Unpnigniu | jwidwhg (L)' AL hwuindwdp: Ydwagnphg bp-
untd k£, np LBA ninnuiuynitu tnwuywu vh top wpnbu
npnaqwd h-u &, djnwu bop' r-p, nw A Ywnp hnwynpni-
Rt £ 1-hg Ywd, wy Ytipw wuws, jwdwhg hobignwd
ninnwhwjwghg: r-p htgwnniejwdp npnaynid £ AB hwwn-
ywsap swihbinhgny swithtiny: Oqundtiny Mnusuignpuw-
uh ptnpbuhg’ npngnud Gup D-u. D=y(h? + r?):

D-h wpdtipp unwuwinig htinn Ywpnn Gup npnot.
cos(a) = h/D, npwuny huly npngnud Gup 1-u. 1 =1, -
cos(a), npp hwunhuwund £ a wulwu wnwy I-h pw-
nwnnhst' ninnywd jwdwhg A Yewnp: Wdd niubup pninp
nyjwiubipp E = 1, - cos(a) / D* pwuwdélihg ogunyb-
(nt hwdwp: Uu pwuwdlu niup ubpyuywgdwt twbe wy|
wnbup, npp Yngynud £ Ynuptuniu funpwtwpnh pwuwdl:
Wu unwgynud k, Gipt kup D-h hnfjuwpbu wnbnwnpbup
D = h/cos(a): Ujn nbiwpnid Juinwuwup

E, =1,-cos(a)/D? = |, - cos(a)/h?/[cos(a)]* = |,.cos(a) - [cos(a)]*/ h* =1 -[cos(a)]®/ h?

E, =1,-[cos(a)]® | h?

Thus having a measuring tape and measuring
the light intensity directly under the luminaire, one
can measure illumination at any point.

If instead of illumination, the Iuminance of
the surface is targeted, then one needs to apply
Equation 1-2 (see Chapter 1, Equation 3-6):

Equation 1-2 / Cwldwuwpnd 1-2

Wuwhuny, niubuwny swihtiphq W [nuwwnnth (nyup
nidh wpdtipp 0 wulywu hwdwp, Yunpbh £ npnab ni-
uwynpnigjw wpdtipp gwulwgwsd Yhnned:

Gprt [nuwynpwonypjwi thnfuwpbu dbp phpwfup
(hup dwybpunyph wwjdwnniypntup, www hwply Yihup
Yppwnti| Cwjwuwpnid 1-2-p (nbu Snifu 1, <wdwuw-
pnud 3-6):

L =E R/m,

where L is the luminance level in cd/m?, E is the
illumination level in lux from Equation 1-1, R is the
reflectivity, ® = 3.14159....

The result of combining of Equation 1-1 and
Equation 1-2 is Equation 1-3:

Equation 1-3 / <wdwuwpnnid 1-3

npntin L-U wwjdwnnipjuwu dwhwpnwyu £ wpnw-
hwjingwd Yn/d*-ny, E-U jnwuwynpyuwdnipjwu dwlwp-
nwyu &t pnpund’ <wjwuwpnd 1-1-hg R-U wunpw-
nwpddwu gnpdwyhgu k, = 3.14159...

Lwywuwpnud 1-1-h b Cwywuwpnwd 1-2-h dhwynp-
dwt wpryntupp <wywuwpnid 1-3-u k.

L =Icos(a) R/ (nD?).

For example, if a surface has 30% reflectivity,
assumingitis totally diffuse, meansitis aLambertian
diffuser - does not have any specular, i.e. mirror
type reflective component, and light intensity is 300
kd, D = 1m, then L, = 300 x 0.3 / 3.14159 = 28.65
cd/m2. Reflectivity coefficients of various surfaces
are shown in Table 1.

Oppuwy, bGrbt Jwybpunypu nwh 30% wunpw-
nwpdwu gnpdwlhg, Gupwnpbup wju wdpnnonyhu
nhdnig b, wyuhupt, wiu jwdpbpunywu nh$nignp £ sni-
uh hwjbwiht wunpwnwpddwu pwnwnpps, W nyup
huwmbuuhynipniup (ndp) 300 Yn &, D = 1 J, www
L, = 300 x 0.3 / 3.14159 ~ 28.65 Yn/d%: Swpptin duw-
ytpunyputph wunpwnwnpédwu gnpdwlhgubipp ubip-
Yuwjwgywd Gu Unniuwy 1-nid:
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Table 1. Coefficients of reflectivity of surfaces,
percent

Coefficients of
Surface color

reflectivity (%)
White 70-80
Light 50
Grey 30
Dark grey 20
Dark 10

Here, one needs to make sure that the luminaire
has a lightbulb that provides the required luminaire
luminous intensity, i.e. take into consideration the
efficiency of the luminaire.

Thus, if we have data about mutual coordinates
of the luminaire and the surfaces, as well as the
luminaire luminous intensity and the coefficients of
reflectivity of the surfaces, we can easily generate
respective luminance maps on that surfaces, with
aforementioned approximations.

The method of the coefficient of
light flow utilization

This is another relatively simple method, which
also takes into consideration the indirect luminous
fluxes from reflections in addition to the direct
luminous intensity; distance from source to surface;
orientation of the surface!:

E =E,+E
E, — total illumination on the workplane,

E, — direct line illumination on the workplane,

E, — total illumination on the workplane that is
coming from reflections from other surfaces.

Definition:

Coefficient of [Light Flow - AH] Utilization
(C.U. or m): best expressed as the percentage
of light that reaches the workplane or “usable
light”. Technically, it is the number of lumens that

reach the workplane divided by the total lumens
generated by the lamp(s).

CU.=F,In-F,

F,, - number of lumens reaching workplane,
F_ - number of lumens generated by one lamp,
n - total number of lamps in a luminaire.

This metric accounts for room geometry,
lighting fixture efficiency and ceiling, wall, and floor
reflectance.

' JI. 1. Bapcponomees, «InemeHTapHas cBeToTexHuKa», 2013r.

Unynwuwly 1. Uwlbplnypbbnh winpwnwpddwb

gnpdwlihgllbip, pnlnu

Uwybtplunypeh Uunpwnwpédw
qnyup qnpéwlhg (%)
Uwhwunwy 70-80

Puwg 50

Unfupwaniju 30

Unwg dnfupwgniu 20

Unig 10

Ujunbtin wuhpwdbipwn E, np (nuwwnniu niubuw wu-
hpwdtion |nyuh nid wwwhnynn jwdw:

Wuwhuny, bpbt niubup nyjwiubp (nuuwwnnth b dw-
ybpunypubph thnfuwnwnéd Ynnpnhuwwnubph, huswtu
Uwl (nuwwinnth nyup ndh b dwybiplinypubph wunpw-
nwpddwu gnpdwlhgutiph Jwuht, www ybpnhhojw
dnwnwpynidubipny hbpnniejwdp Yupbih £ unwtw] win
dwybpunypeubph Yypw wwjdwnnipjwu hwdwwwwnwu-
fuwu pwafuwédnipniuutipp:

Lnyuh hnuph oquugnpédwtu gnpéwlgh
Ubkpenn

Uw vty wy hwdbdwwnwpwp wwnpq dbenn k, npp,
wluwwnwupwiht dwybipbinyeh ypw puwd ninphn ny-
uh hnuphg pwgh, hwayh £ wnunid bwb wunpwnwpént-
Uhg unwgynn |nyuh wunipnuyh hnupbipp'.

EV = Em+ Eul

E,’ woluwwnwupwiht dwytipnyeh ypw punhwunip
(ntuwynpywdnijniut k,

E ' |nuwuwniubphg wudhgwwbu (ninhn) wgfuw-
wnwupwjht dwybplnyeh Yypw wnwowgwsd nuwynp-
quwénip)niuu L,

E, woluwwnwupwiht dwybpbunyeh Ypw ubujwyh
dwybplunypubph wunpwnwpéndhg wnwowgwd [nt-
uwynpywdnipiniu k:

Uwhdwuntd?. [Lnyup hnuph - UL] oqunwugnpddwt
gnpséwlyhg (0.9. Ywd n). hwpdwp b wpnwhwjnb
npwbu woluwwnwupwihtu dwybiplnyphtu hwuunn [nyup
dwup' winynuny, Ywd «ogunwgnpdtifh (nyu»: 0.9.-u w-
fuwwnwupwjhtu dwybpunyehtu puywd nyup hnuph hw-
pwpbpnyentut & nuwwnth pninp jwdwbph wnwowg-
pwd punhwuntp nyuh hnupht:

0.9.=®,/n.®

@ " Inyuh hnupt b watuwnwupwiht dwybpbnyeh ypw,
dbl‘ (ntuwiinnth ybY jwdwh (nyup hnupu t,
n' [ntuwwnnth (wdwbph punhwuny pwuwyu k:

Uju gnigwuhp hwayh b wnund ubujwyh Gpypwswihne-
pntup, [ntuwwnnth wpryniwwybunnyeniup bW wnwuwnw-
nh, ywuwnbph, hwunwyh wunpunwpdnnuywunte)niup:

2 http://www.acuitybrands.com/resources/customer-services/lighting-definitions
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C.U. depends on the light distribution curve
(LDC) aka angular distribution of light (ADL) of a
light luminaire, the geometry of the room, as well as
the reflection coefficients of the walls, ceiling and

the floor.
To take into account the geometry of the room,
with a goal of taking into account the reflection/

absorption on the walls vs ceiling and floor, the
room geometry index i is defined as (Equation 1-4):

Equation 1-4 / <wdwuwpnid 1-4

0.9.-u Ywfujws & |nuwwnnth nyup pwotudwu Yn-
phg (LAY) Ywd, wy Ybpwy wuwd, (nyup wuYyntuwhu
pwofujwénipiniupg, |nuwynpnn uwppbph 099-pg,
ubtiyjwyp Gpypwswihwywu Yunnigywdphg, wwwbph,
wnwuwwnh nt hwwnwyh wunpunuwpddwu gnpdwlhg-
ubiphg, phuswbiu twl w2luwwnwupwihu dwybpunyeh
Uwwndwdp (nuwwnnth pwpépnieniupg’ h-hg:

Unwuwmwnh U hwwnwyh hwdbdwn ywwnbph wu-
npwnupdnup/Yuwundp hwogh wnubint uywwnwyny
ubtiyjwyp Gpypwswihwywu Yunnigqwdpp nhnwpybnt
hwdwp uwhdwuynw k ubtyjwyh Gpypwswhwlywu Yu-
nnigywdph gnighsp, i npwbu (Cwjwuwnpnid 1-4).

i=ab/(a+b)h,

where a — room length, b — room width, h — distance
of the luminaire plane from the workplane (not just
the height of the room). Thus this index takes into
account both the surface of the floor, ab, and its
half-perimeter (a + b), and h - height. E.g. ifa=6
m,b=6m,h=15m,i=36/(12-1.5)=2. Butfora
room with the same floor surface area and height,
buta=2.7m,b=13.3m,i=36/(16-1.5)=1.5. le.
more prolonged is the room - more smaller is the
room geometry index - lesser is the contribution of
the walls. Similarly, smaller is the h higher is the
index, thus larger is the contribution of the walls.

The number of the luminaires N to provide the
required illumination E_in a room with length a and
width b is being defined by Equation 1-5:

Equation 1-5
N=E abkz/CUnF

where k is the rate of light source degradation, z
— illumination non-uniformity coefficient (usually is
1,15), F,_is the luminous flow of one lightbulb in
lumens, n is the number of lightbulbs in a luminaire.
The k rate of degradation is a multiplication factor
to the lightbulb luminous flow, making sure that by
the end of the lifetime the lightbulb provides the
lumens needed to secure the resulting illumination
per standards.

To determine the C.U. the procedure is following,
as shown in Table 2:

a. select the type of the LDC-s of luminaria to be
used. Type of luminaria LDC defines the portion
of the light directed from luminaria to the walls.

b. select the row with the calculated room geo-
metry index. The i of Equation 1-4 decides how
the room configuration helps to use the wall
reflections.

npwnbin a-u ubuywyh BpYwpnyeyniu £, b-u' ubtywyh wy-
untpyniup, h-U' (nLuwwnnth pwpdpnigyntut £ woluwnwu-
pwihu dwybtiplinyeh ujwwndwdp (ns G unuy ubujwyh
pwpapnieiniup): Wuwhund, wyu gnighsp hwayh £ wn-
unw pb hwwnwyh Jwybpbup (ab) LW upw Yhuwwwpw-
ghdp (a + b), pb h pwpdpnieyniup: Ophuwy, bt a = 6
d,b=64, h=1.54, wyw 36/12-1.5 = 2.0: Uwlwju Gk
ubtiyjwlu ntup unyu Jwybpbut nL pwpdpniegniup, pwg
a=2.74,b=13.3 4, www i=36/(16-1.5) = 1.5: Ujuhupu,
nppwu ubbjwyu wybih Gplwpwyniu £ wjupwu thnpp
Eublywyh Gpypwgwthwlwu unnigywdph gnighsp,
wiu ' thnpp £ dwybipunypubphg wunpwnwpénuip:
Unyu Ybpw, nppwt thnpp £ h -p wjupwt Jtd E gnighsp
htnbwpwp, d6é £ dwybpunyputiphg wunpuwnwpéwsd
[nyuh pwdhup:

Lnwwwwnnwutiph phyp (N), np wuhpwdtion | a Gplw-
pniintu U b jwjunteiniu niubignn ubtjwynid wwhwyg-
ynn nwwynpywsdnipniu (E) wwwhnybiint  hwdwn,

v

uwhdwuynw £ <wywuwpnid 1-5-ny.

Lwywuwpnd 1-5
N=E abkz/0.9.nd

npwntin k-U nbgpwnwgdwu wpwgngniuu k, z-p' ni-

uwynpywonipjwl  wuhwdwswihnijwt  gnpdwyhgp

(unynpwpwp 1,15 £), @ -p dby jwdwh |nyuh hnupt t

ynwikuutipny, n-p' Uk [nuwwnih db jwdwbph phyp:

THgpwnwgdwu k wpwgnyeiniup’ jwdwh (nyup hnuph

uyuwndwdp pugqiuwwwnydwu gnpdwyhg k, npp hwy-

yp £ wnunid  ogquwgnpdynn jwdwbtiph wuhpwdbwn

[nuwwnynieiniup npwug dwnwjnipjwu dwdybinh nno

pupwgpnwd b wwwhnynud |ntuwynpniejwt hweywpyh

hwlwwwwnwufuwuntentup unwunwpuhu:
0.9.-u npnatnt pupwgwlwngp ptipdwd £ unnpl,

ogwnwagnndtiiny Unyniuwy 2-p.

w. puwinpb| oquwgnnpdytifhp [nuwwnth LAY-Gph wnb-
uwyp: Lnwwwwnnth LRY-h inbuwyny npnaynid £ ny-
up wju dwutwpwdhup, npu ninnynid £ (ntuwwnnihg
wwwnbiphu:

p. punpb] ubbywyh Gpypwswihwlywu Yunnigjwdph
hwodquwpyywsd gnighsh hwdwwwwnwufuwu  wnnp:
Cwywuwnpnud 1-4-h i - ny npnaynud Lk, b huswbu £
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c. select the column that is closest to the
reflectivities’ triad of the ceiling, walls and
the floor. The reflectivity triad defines the g.

contributions of the reflections.

The resulting number is the optimal C.U., in this

case = 50% (0.5).

nphg wunpwnwpénidp:

ubitywyh Yunnigywdpt oquntd ogqunwgnndtip ywwnb-

puwnpb] wju yniwyp, Nnpu wdkuwdnnu £ wnwu-

nwn, wwunbp nt hwwnwy ywyh wunpunwpddwu

Table 2. To the definition of the coefficient of light flow utilization (C.U.), in percent.

Luminaire with semi-wide LDC

Uhuwjwyu LAY-ny [ntuwwnnt

hwuniejniuutippu: Uunpwnwnpddwu gnpdwyhgub-
ph Gywyny uwhdwuynid £ wunpwnwnpddwu swihp:

LlnCu?L”L?]?uq 80 | 80 | 80 [/70\ 50 | 50 | 30 | ©
Reflection coefficient, %

U panunadit qnmdulhg, % mVLVuaL:Ep 80 | 50 | 30| 50 || 50 | 30 | 30 | ©
<E&‘:Lu 30 | 30 | 10 W 10|10 | 10| 0
0.6 55 | 37 | 29 | 35 | 34 | 29 | 29 | 24
0.8 63 | 46 | 33 | 44 | 41 | 37 | 36 | 32
1 68 | 52 | 43 | 49 | 47 | 42 | 42 | 37
1.25 74 | 59 | 50 | 56 | 53 | 49 | 48 | 44
Room geometry index 15 77 | 64 | 54 | 60 | 56 | 53 | 52 | 48
Hg?ﬁgﬂj ggﬁ L;‘ﬁ‘:;ﬁ“‘“u‘h 2 g1 | 70 [ 59 | 65 | 60 | 58 | 57 | 53
25 84 | 75 | 63 | 69 | 64 | 61 | 60 | 57
86 | 78 | 66 | 72 | 66 | 64 | 63 | 60
88 | 81 | 68 | 74 | 68 | 66 | 65 | 62
80 | 84 | 70 | 76 | 70 | 68 | 67 | 64

Luminaire with deep LDC

tunp LPY-nY [pruwwmnnt

0.6 47 | 35 | 30 | 33 | 32| 29 | 29 | 26
0.8 52 | 41 | 35 | 39 | 38 | 35 | 35 | 32
1 56 | 46 | 39 | 43 | 41 | 39 | 38 | 36
125 60 | 51 | 44 | 48 | 45 | 43 | 43 | 40
Room geometry index ) 62 | 54 | 46 ({50 47 | 46 | 45 | 43

Utujwyh Gpypwswthwlwu
Gunmiguwdph gnighs 2 64 | 57 | 49 | 53 | 50 | 48 | 48 | 46
25 66 | 60 | 52 | 56 | 52 | 50 | 50 | 48
3 67 | 63 | 53 | 57 | 53 | 52 | 51 | 49
4 68 | 64 | 55 | 59 | 54 | 53 | 52 | 50
5 69 | 66 | 56 | 60 | 55 | 54 | 53 | 51

Unynwuwly 2. Lnyuh hnuph oqipugnpddwt gnpdwygh (0.9.) uwhdwnidp, yppnlnuny:

The resulting case for the 2.7x13.3m room, with
E, = 100 Ix, deep LDC, 2 lightbulbs in each, each
500 Im will be: N = (100Ix » 35.91m2? « 1.5« 1.15) /
(0.5« 2+ 500 Im) = 12.39, and with rounding = 12
or 13 luminaria. For 50 Ix requirement, it will yield

6 luminaria.

wju ntwpnid = 50% (0.5):

Upryniupnud unnwgywd phyp owwpdw| 0.9.-u k,

2.7x13.3 d ubywyh nGwpnid, npntin E, = 100 |p, 2
|wdw wwpniuwynn (nuwnnt' funp LRY-ny, jnipupwt-
ginep (widwyp 500 |4, Yunwgyh' N = (100 |p « 35.91 4% »

1.5 1.15) /(0.5 « 2 « 500 |U) = 12.39, huy Yinpwgnriny
=12 Ywd 13 [nwwwnt: 50 nipu ywhwuoh nbwpntd

wuhpwdbown Yhuh 6 [nLuwwnne:
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Mixed daylight and artificial lighting StptYwyhtu nyup b wphBunwlwu
intuwynpnipjwu hwdwwnbnnd

When considering a mixed case with both
StpblYwjhu b wphbunwlw fuwnp (nuwynpniejwu

daylighti d artificial lighting, iti f
ay.lg |.ng a,n .a ||c.|a 'ghting. a superP03| on o hwdwwnbndwu nbwpnwd wbnph £ niubund |nyuh nwsy-
the illumination light fields takes place (Figure 2). wbiph gnuiwpnd (Lywn 2):

Figure 2. Superposition of daylight and artificial light illuminations.
Source/Unpynipp" https://www.educate-sustainability.eu/kb/content/lighting-design

Ulywp 2. StptLuyht inyup b wphbuypwlwt inyuny intuwgnpnipyuwt hwdwiippbnned:

Since the illumination level from the sun is Lwup np wplp nyupg [Nuwynpywdniejwu dw-

intermittent, it is reasonable to use automatic Yupnwyp thnihnfuwlw £, nnowdhwn £ ogunwgnpdt

. . e wywmndwwn pniywgunn uwppbp (dimmer), npnup wd-
dimmers that completely switch off the artificial pnnonipjwdp wigwund kU wphbunwlut ppuwdn-

electrical lighting if the daylight either from the pipnup, bRl gbpblwiht nyut wwwhnynd £ ww-
windows or the skylines or their combination are  hwuoutiphtt hwdwwwwwufuwu |Nwynpniejnly |-
providing enough illumination per requirements,  uwudnunubiphg, Gpnhly-inluiwnwptiphg, Ywd npuwtg
hwdwnpnipiniihg: Gpp gbiptiluwiht |nyup pudwpun sk
o i . penLwgunn uwppp wwwhnynud £ wphGunmwywu nwuw-
the daylight is not enough, or provide full capacity Ynpywsdnipjwu thoht dwlwpnwl: Hpw pugwljwnt-
lighting otherwise. pjwu ntwpnd wju wwywhnynwd £ wdpnnowlwu wp-
hGunwywu |ntuwynpnip)niu:

or provide intermediate illumination levels when
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2. OVERVIEW OF METHODS
UNDERLYING LIGHTING
DESIGN SOFTWARE -
CAPABILITIES AND
LIMITATIONS

The task of the lighting design software is
to calculate the illumination levels over given
surface(s) — at certain precision to model the
illuminance or luminance levels at certain points,
surfaces or everywhere in the spaces of interest,
i.e. rooms, construction, buildings, including interior
and exterior.

The software helps to design the lighting system
to comply with standards and norms’ or special
requirements, by:

e Selection of luminaria type, size and placement
* model ceiling, floor and walls materials

* make optimization for energy efficiency

e provide comfort, ergonomics and safety

* modelling dimming of groups of luminaria

* achieve aesthetical impact

Other important functions of software for lighting
calculation are:

* Integration to the space modelling software
such as Autodesk AutoCAD, Autodesk Revit,
3D studio, ArchiCAD, etc.;

* Ability to use high dynamic range (HDR) format
photographic pictures to input the high contrast
daylight illuminance distributions from windows.

Methods for lllumination Modeling

Terminology

Before presenting the light simulation methods,
we should be acquainted with some basic
terminology in this realm.

Computer graphics (CG): Verne Hudson and
William Fetter were credited with coining the term
computer graphics in 1961 to describe their work
at Boeing.

2. LARUUYN/NRE3UL LUuU-
QOU UL <uvuuurgu3nhu
oruarsrr <puLNhU LLUUD
UtNILerMh uutury. <uUuru-
JdNrnke-3NkLLENL N UUKU U-
LuPuunruLEre

Lniuwynpnipjwtu  hwdwlwpgswihu  dpwagpph  fuu-
nhnu £ npnawijh agnunniggwidp hwayty ngjwy dwlbip-
unyp(utn)h (ntuwynpywontpjut dwywpnwyp: <wdw-
Ywngswihu Spwaghptu oqunwd E unwunwpwnubphtu nt
unpdtipht hwdwwywwwufuwt twjuwgdt) |nuwynpnt-
pjwu hwdwlwnpgp htnlyw) Yepw'

e [nwwuwinth nbuwyh, swihh b nbnunpdwu Jwjph
puwnpnipjwdp,

* dnnbjwynptip wnwuwnwnhp, hwwwlh nt wywwnbph
ujniebiph hwunynipniuutinp,

e Ywuwpb) owyunhdwjwgnid' Eubpgquwpryniuwytunne-
WU Uwwwnwyny,

*  wwwhnyti| hwpdwpwybwnieinu, Epgnundphlu b
wuyinwugnipntu,

e Uh fjunudp [nwwwnniubph (nyup nidh Yupgquynpdwu
dnnbijwynpntd,

* hwyh wnub| gbnwghwwywu gnpédnup:
Lnwwynpnipjwtu hwodwpyph hwdwp hwdwywpg-

swihu dpwaph wy Ywplnp gnpdwnnypubpu Gu'

* huwmbigpnud gnjnieyntt niutignn  Gnwswith  dnnbijw-
Yynpdwu wjuwhuh hwdwlwngswihu dpwgpbph htwn,
npwhuhp tu ophuwl' Autodesk AutoCAD-p, Autodesk
Revit-pn, ArchiCAD-p b wy|u,

* pwpdp nhuwdhy dhowluwp (HDR) dluwgwihny ni-
uwulwpubip oguwagnndtiint Ywpnnnipjniu:

Lnwwynpnypju dnnbjuwynpdw
Gnwuwlyubp

SEpdhuwpwunie)niu

Lwlupwu dnpbwuynpdwu  dbpnnubpp ubiplujwg-
ubp, Swunpwuwup wju ninpuinud ognwgnpdynn npn2
hpduwlwu wnbpdhuubiph hbwn:

Lwdwlwpqsughti gpupplyu. wyu Ggpnyep 1961p-
hu hbtnhuwyb Gu «Pnhug» puybpnyewu dwutwgbin-
utip dbpu <wnunup b Yhihwd dbppbpp:
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Figure 3. William Fetter was the first to create a human figure as a 3D model. The First Man was a pilot in a
short 1964 computer animation, also known as Boeing Man or as Boeman.

Source/Unpyninp’ http://www.boeingimages.com/archive/William-Fetter%27s-Boeing-Man-Pilots-a-Jet-2F3XC54BF_Q. html.

Ulwp 3. dpjhwd Dbppbph upbnéwéd dwpnnt wnweht Gnwswith dnnbyp: Uit onwsnih dnnby En' 1964p-ht
utpbindywé Yupdwipl hwdwlwngswiht pupdwbljuwpnd (wapdwghuwynid) b hwyippup £ npwtiu Pnptig UG

Ywd Prputit:

Computer graphics - is a vast and recent area
in computer science. The term refers to computer-
generated image data, created with help of
specialized graphical hardware and software. It is
also used for processing image data received from
the physical world. Such images may be stored for
viewing later.

3D graphics or three-dimensional graphics
is a sphere of computer graphics. It is a set of
techniques and tools allowing creating three-
dimensional objects in a space. It differs from
the two-dimensional images by the creation of
a geometrical projection of a three-dimensional
model of the scene.

3D modeling or three-dimensional modeling
is the process of developing a mathematical
representation of any surface of an object in three
dimensions via specialized software.

The product is called a 3D model either
inanimate or living, existent or abstract. A 3D
model is the mathematical representation of any
three-dimensional object. The model can also be
physically created using 3D printing devices.

3D Rendering is the final process of creating
the actual 2D image or animation from the prepared
scene (for example - on a display).

This can be compared to taking a photo. Just
like a camera needs film onto which the scene is
projected and recorded.

Cwdwlwpgswht - gpwdhlut’  hwdwlwpgswihu
ghnnigjwtu punwpdwly W unp ninpwn £ <wdwlwngh-
sp W hwwnnty dpwgpwjhtu wwwhnynwdp ogunwagnndtiny
npwbu gnpdhpubin, wju' uhupbiqnid U dawynid £ ywwn-
ytipubip, huswbu twl, EYwjuwgund £ hpwywu wo-
fuwphhg ytipgpwé nbuwwwunybpubipp, upwug wwh-
wwudwu U hwnwgw ogunwgnpddwu hwdwp:

3D gpuwdplywts fud Enwswih gpuphyuwt’ hwdw-
bwpqsuwyhtr gpudhlwgh pudhu £: Wu nwppbp dbpnn-
ubiph W gnpdhpubiph hwywpwdnt £, npp eny| b wmwihu
wmwpwdniejwu Ube Ywnnigl) dwywjwipu dwpdhuubp:
b wwpptipnieiniu Gplswih gpwdhlugh, wyu nbupnud
wwwnybipp hwunhuwunud £ wnbuwpwuh Gnwswih dnnb-
lh Gpypwswihwlwu wpnjtlghwu hwpeniejw Ypw:

3D dnnbjwynpnudp uwd Gnwswih dnnpbpuydnpnudp’
nw, hwdwlwnpgswihu hwwnty dpwagptph dhongndy,
Gnwswih nmwpwdnigjwu by, dwpduh dwybplnypeub-
pp dwpebdwwnphynpbu  ubipyujwgubint wpngbu (gnp-
opupwg) k:

Upryntupnd  uwnwgynd & 3D dnnpby (Gnwswth
dnnkp): Uu Yuwpnn b (hub] owpdwywu wd wupwnpd,
hpwywtu Ywd Jbpwgwywu (wpunpwyw): 3D dnnb-
(p' Gnwswih wnwplwih dwebdwwnhlwywu ubplwjw-
gnwfu t: Wu Yuwpbh £ $hghywwbu Yunnigh Gnwswih
wnwhsh oguntejwdp (3D printer):

Gnwiswih i(pGuwytiuugmdp (3D rendering)’ tinwswih
dnnbp Ywd  wbuwpwup yGpwdénd £ wywnybpp Yud
gundwuyuwph’ Bplswih hwpenuejwy Ypw (ophuwly’
nhuthih gpw):

Wu wpngbiup udwu £ wbuwfughyny |nuwuywpt-
[ntu, Gpp ywpynn Gnwswih nbuwpwup wpnwwwn-
ytpynid b gpwugynwd £ pninndwwywytup Yypw:
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Shading is used in drawing for depicting levels
of darkness on paper by applying media more
densely for darker areas, and less densely for
lighter areas. Helps when creating the illusion of
depth on paper.

In computer graphics, shading refers to the
process of altering the color of an object/surface/
polygon in the 3D scene, based on things like
(but not limited to) the surface’s angle to lights, its
distance from lights, its angle to the camera and
material properties (e.g. bidirectional reflectance
distribution function) to create a photorealistic
effect. Shading is performed during the rendering
process by a program called shader (Figure 4).

Uippydbpwpymd (shading, wugintu shadow' uinytin)
wtipdhtp thnfuwnyt £ ufuipgwywt gpwphlyuwihg, tipp
wwwybph ypw fupwin b unup gdbip uywpbiny, ywunybp-
Ynud GU wnbuwpwup dnie U (nwuwynp dwubpp, uuphu
hwnnpnbny tnwpwdwwuniypjwl wywwnpwup:

Cwdwlwpgswihu  gpwdbhywynd  unybpwpynwdp
oginwgnpdynud £ 3D wnbuwpwup wnwplywubpp/dw-
Ytipunypubph pwqdwuynituubiph gnyuh Gpwugp U hw-
gligwonipiniup  dhoin bipwpwnwnpbiine hwdwp: Wn
uwwwnwyny, dpwaghpp hweyh £ wnund dwybiplnyeh
hGnwynpnipyntup LW wulyniup |nyuh wnpnipp W nb-
uwfughyph uywuwndwdp, dwybpunyeh uneh hwwnyne-
pInluubpp [(nyuph wunpwnwpédwu wnniny: Ybpouw-
Ywu uwwwwlp' wwwnybphu nuwulwpswlywu  hw-
qwuwpnipniu hwnnpnbiu £ Undbpwpyndp wpygned
E wbuwjuwgdwu pupwgpnud® otynbp (shader) Ynsynn
opwanh dhongny (Llwn 4):

Figure 4. Rendering example - without shading (a, b) and with shading applied (c).

a. Faces of the box rendered, but all in the same color. Edge lines have been rendered here as well which makes the image easier to see.
b. The second image is the same model rendered without edge lines. It is difficult to tell where one face of the box ends and the next begins.

c. The third image has shading enabled, which makes the image more realistic and makes it easier to see which face is which.

Source/Unpynipp’ https://en.wikipedia.org/wiki/Shading

w. Snuph dwlbpbunyptubnp ptuwbwgyws Gu unyt gnytiny: SGuwjtwgduwé Gu bwl Ynnuaqdbpp, husp htppwgtnd £ wuwplylinh

pblywynidp:

p. Unyl yinupp inbuwybiwgyws b wnwtg Ynnwgostinh: Wuiptin ndywp £ dwlbpbnyptbnp quipnty dhdjwighg:
g. Wuwpbin ogynugnnddty £ updbpwplndp, npp ippuihu E wuplyappt wtih ppwlwi pbup U dwibpliingpbph nynipht uppbpwlnd:

Ulwp 4. Sbuwjtiwgdwt opptiwly' wnwtig upndbpwpldwt (w, p) b uipdbpupydwt Yppwndwdp (q):

The image plane is that plane in the world
which is identified with the plane of the monitor. It
is also referred to as screen space. Following this
camera analogy, the surface of the film is the image
plane.

A rectangular region of this plane, called the
viewing window or viewport, maps to the monitor.

This establishes the mapping between pixels on
the monitor and points (or rather, rays) in the 3D
world.

MNunpybiph hwppnyaymbp (image plane)' nw wju
hwppenienlutu £ nwpwdnieinu b, npp unyuwgynud
E nhuthibih hwppenyejwu htw: Wu, uwl, Ynsynud & EY-
pwih hwpenyaynit (screen space): Gpb owpniuwytup
hwdbdwwnieintup wbuwfughyh hbw, wwyw $nnndw-
wwybup wunplybph hwppnyaynit k:

Un hwppenijwt ypw nipnuiayntu mwpwénieiniup
Ynsynud b ephuwugpnihwty, npp «fuwynid £» nhuth-
(Gjh htwn:

Upwuny hwdwwwwwufuwunteiniu £ hwuwnwwnynid
nhuthtgh thhputiubiph U hpwlwt Gnwswih nwpwdph
Ybwntnph (Yud dwnwquw)putiph) dholi:
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In real life, after a light source emits photons,
they travel, and eventually reach a surface.
Following geometrical optics and other physical
phenomena can occur with a photon (Figure 5), see
also Chapter 1.

1. Absorption — surface absorb part of the initial
radiant energy — some percentage of photons
are absorbed.

2. Reflection — reflection of the photons in a
direction:

 diffuse - if the reflection is the same at all
directions (in general non-uniform)

o specular (mirror) - if the reflection is in
one direction

o glossy — if the reflection is in all directions,
but is not uniform.

3. Refraction — if the surface is transparent or
translucent, it refracts some portion of photons
into the bulk in a different direction, can also
scatter inside, if the surface is irregular.

4. Fluorescence — a surface may absorb
some portion of the photons and re-emit less
energetic (longer wavelength color) in certain,
mostly scatter type directions. This is a rare
phenomenon; it is relatively weak and can be
a subject for special software. Usually it is not
included in the main course design software.

Necessary to mention that any interaction
includes both absorption and reflection, intensity
depending on the absorption and
coefficients of the materials making the surface
interface.

reflection

Figure 5. Types of reflection from different surfaces.

Ppwlwt Yywupntd, Gpp (nyup wnpjnipu wpdwyned §
dnunnuutiph hnup (bwnwquw)pE), npwup wpwsdyntd Gu
wjupwtu dwdwuwl, dhusl hwunhwntd Gu nplut wpgbi-
ph (dwytipunyeh): Gphpwswihwlwl owwhlwih b wyy
$hghywlwt plnypubph hwdwdwju' $nnnuubph htin
ywpnn £ wbnph niwbuw] (LYwp 5), nbu twl Snifu 1.
1. Yuuumd® dwybpunypep Ywund £ twjutwlyw w-

nwquwjpwihu tubpghwih Jh dwup, wuhupt $n-

wnuubtiph npn2 nnlynu Yiwuynud k,

2. wunpwnwpénd®
dwybiplinyehg.

e nhdnq' bpp wunpwnwpdnwp pninp nunne-
pintuutpny hwywuwpwswih £

o huwybjwyht® tpp wunpwnwnund £ dGY nupnne-
Rjwdp

o thwymt' bpp wunpwnwpdndp pninp nunn-
pintuutipny £, pwjg wuhwywuwpwswtih

$nnuubph  wunpwnwpénid

3. pymd’ bt Jwybpunypp |nuwpwhwug k, $n-
winuubph npn dwup pwihwugnd £ unph dby'
thnfubiiny phpbug pupwgph ninnnigjniup, Yuwipnn &
gnybip ntiwh utipu, Geb dwytplunyep funpnnipnpn £,

4. $mnplugbughw’ dwybpunypep Ywpnn b Yuwub)
dninnuutiph npn2 dwup U Ypyphtu wpdwyb| ywlwu
tubipghwyny (wdbih Gplwpwihp qnyt)’ npnawlh,
wnwybjwwbiu gnwd ninnnipniuubipny: dninptiu-
gbughwt' hwgqwgnun Gplunye k, hwdbdwnwpwn
pnyl £ U nwnifuwuhpynud £ hwwnnty dpwagpbpny:
Wu sh pungpyynud nuwynpnigjwu dnnbjwynp-
dwt nwpwdjwd wignphedbpnid:
wply b Uk, np gwulwgwd thnfuwgnbgniejwu

dwdwuwl dhoun wnlw bu U Yjwunwp, U wunpwnwn-

anwdp, npnug swithp npnaynid £ indyuig upnieh wunpw-
nwpddwu b Ylwudwu gnpdwyhgubpny:

N

pure diffuse (Lambertian)
Inhy nh$niq (Lwdpbipunjuit)

pure specular
hwtijw)hu

glossy
thwjntu

translucent
rwhwughl

Ulywp 5. Ubnpwnwpénudp ppuppbn dwlbplinyptbinhg:
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Reflected/transmitted light then goes on boun-
cing around the scene until it eventually gets entirely
absorbed. At any given moment, most of the light
you’re seeing is the result of a single bounce.

That's why we can get away with using single
bounce models and still get decent images.
However, additional bounces add lots of detail.
There’s a bunch of techniques that try to
approximate them.

The following are the algorithms or their
combination that are most commonly used in the
illumination modeling software:

e raytracing algorithms,
e radiosity (luminance) algorithms,
e photon mapping.
An illustration of the basic principles of three
main algorithms is given in Figure 6.

Uunpwnwpdwd/pwthwugwd |nyup swpniuwynid
E wwpwdyb) ghnfuwgnbing wy dwybplnyputiph hbwn
dpusl ybpotwywuwwbu Ywuybp: Swulwgwsd ww-
hhu, (nyup hhduwlwu dwup, npp dbup pulwnd Gup'
nw Uty thnfuwqgnbignipjwu wpnyniup k:

Un wwwbdwnny, dtup Ywpnn Gup uwhdwuwhwy-
Jb| unyupuy by thnfuwgnbignipjwt dnnbinyd’ unwuw-
(Y pwywpwp npwyh ywwnybinutip: husuhgt, hGunwqw
thnfuwgnbgnieniuutipp pwagnwd dwupwdwubp Gu wyb-
[wgunwd ywwnybppu:

Uju wypngbiutubpp dnunwpytine (hwewpyp hbounwg-
ubnt ghwnwywu dbenn, npp Yuwjwunw £ uygpuwlwu
opjtywnubpp wybh wwpq udwuwlyubpny hnfuwphub-
[Nt Uti9) hwdwp dowlyyb) Gu vh owpp dbennubip (wign-
nheubin):

Lniuwynpnigjwt dnnbjuynpdwt hwdwlwpgswh
opwapbpnud (wyu Yhpwnnwd Gu unwgtip hbunbyw) wign-
nheutinp Ywd npwtg hwdwnpniejniup’

e Gwnwaquwjph htitnwgdntd,
*  Gwnbwnwguwjend jwd dwnwqwjpnnulywuntypntu,
*  dnunuubiph pwpunbiquagpnid:

Llwp 6-p upuidwwnpy ywwnybipnd £ wju tipbip wi-

gnppheutinh hhdndipubipp:

Figure 6. Principles of three commonly used lighting simulation algorithms: (a) raytracing, (b) radiosity, (c)

photon map.
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Ulwpn 6. Gptip wignpppulinh hhdnitipbtph upubdwiphly wwippylipnidp. (a) dwnwquiyph hbGywagdnid,

(b) yndwnwquypenid, (c) pnipntitbinh pwnipbiq:

This three algorithms are part of more entire
group of algorithms called “Global Illumination,
GI".

Such algorithms are meant to add more realistic
lighting to 3D scenes, as they take into account
not only the light that comes directly from a light
source (direct illumination), but also subsequent
cases in which light rays from the same source are
reflected by other surfaces in the scene (indirect
illumination), Figure 7.

Wu bpbp wignppedtipp ywwwund U «gnpwy
[(ntuwynpnejwu» (Global lllumination, Gl) wignphpUtnh
puinwupphu:

Uu inhuh wignpheubint wytiih hpwlwu bu gepwn-
nwnpnd Bnwswith mbuwpwuh (nuwynpgwodnye)niup,
pwuh np hwyyh Gu wnunwd ng dhwju |nyup wnpjniphg
wudhowwbiu wnwplywih ypw pulwd (nyuh dwnwaqwe-
ubpp (mpnwyp muwynpnypymty), wyl, unyu wnpni-
nhg GYwd dwnwqujpubph wunpwnwpdnwdubipp wnb-
uwpwup wy] wnwpywubph dwybpunypubphg (wunw-
nuiyh jmuwynpnyynitr), Ljwn 7:
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Reflections, refractions and shadows are all Uunpwnwnpanwiubpp, pbynwdubpp W undbpubipp’

examples of global illumination, because when ginpuwy (nwynpnipjwl - ophuwlubn G, npnyhtinl

simulated, one object affects the rendering of Udwbwydwt pupwgpnud wnwphw‘ubn‘u wannul G up-
Jjwug wnbuwjuwgdwu Yypw (LYwp 8):

another (Figure 8).

Figure 7. Difference between standard direct illumination without shadow umbra, and radiosity with shadow
umbra.

a. Direct Lighting. The image on the left was rendered with a typical direct illumination renderer. Here are three types of lighting in this scene
which have been specifically chosen and placed in an attempt to create realistic lighting: spot lighting with shadows (placed outside the
window to create the light shining on the floor), ambient lighting (without which any part of the room not lit directly by a light source would
be totally dark), and omnidirectional lighting without shadows (to reduce the flatness of the ambient lighting)

b. Indirect Lighting. The image on the right was rendered using a radiosity algorithm. There is only one source of light: an image of the sky
placed outside the window. The difference is marked. The room glows with light. Soft shadows are visible on the floor, and subtle lighting
effects are noticeable around the room. Furthermore, the red color from the carpet has bled onto the grey walls, giving them a slightly

warm appearance.

Source/Unpynipp" https://en.wikipedia.org/wiki/Radiosity_(computer_graphics)

Direct illumination Radiosity

Ninnwyh |nuwynpniejnt Gunbwnwaquw)penid

a ninulh nwuwynpnygynit. dwpu Ynnuh wwiplbpp ipbuwgbwgyus Eoungnpuwlwt ninnuihh ineuwynpnygguitt dennny: Ujuipntin
oqipwagnpéyly bl bplip pnhwh inyup wnpyiptibn' hwpniy pagppdwé b gpnunpdwé witiybu, npybugh pbuwpwbh iniuwynpnagnibp
bdwli jhtup ppwlwibht. YGwpughl nyup wnpinip (nbinwinpyuwé £ wwippnithwihg nnipu, hwigwalh Ypw ptlyann wuydwn inyup Yunnigbne
hwdwp). ypwpwowlywt (gndwd) (nyup wnpynip (wnwbg nph, ubitywlyp «ninnuiih»  sinuwynpyws gubwguws dwu Yipth wdpnnonyhl
dnie), b hwdwlynndwip nyup wnpynip (pwpwdwlwl iniuwynpnieniip wybih «Swywnia» nwpdubine bwwynulny)

b wuninpnwlp niuwynpnipynit. we Ynnuh wwinlybinp inbuwybwgyly £ Gindwnwquypdwl wignphpedh ogywgnpddwdp: Wubtin dhuyt
Ul (nyuh wnpynip £ Gplph wwplpp, npp gbnunpdws b owunpnithwbihg nnipu: Swppbpniginip bywiptyh £ Ubtywlh nyup
onnnud £ Swnpwilhpti Gplnid G dtind uipdtintpp, huly pningpninpp byuipnymid G iniuwghte tnipp EpGhintilin: 9npgh Gunpdhp gnytip
bpwtquynpnid £ dnfupwanyt wwigpbipp' hwnnpnbyny tpwbg wybih sbpd pnbup:

Ulwp 7. Swppbpnygyniip' Yipnpniy uipdbpny ninnuihp intuwdnpnipgwt b dnd uindbpny tiyn§wnwquypdwt
upoli:
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Figure 8. Rendering a) without global and b) with global illumination.

a

b

Rendering without global illumination. Areas that lie outside of the ceiling lamp’s direct light lack definition. For example, the lamp’s
housing appears completely uniform. Without the ambient light added into the render, it would appear uniformly black.

Rendering with global illumination. Light is reflected by surfaces, and colored light transfers from one surface to another. Notice how color
from the red wall and green wall (not visible) reflects onto other surfaces in the scene. Also notable is the caustic projected onto the red
wall from light passing through the glass sphere.

Source/Unpyninp' https://en.wikipedia.org/wiki/Global_illumination .

a b

dbpwpuwnpned® ny ginpwy (ncnnwiih) incuwdnpnepywl dhgngny: Wb tnwipwéplbnp, npnlp s6U incuwynpduwé wldhpwwbu inyup
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wnwnwéphl swybpugybn punhwuncp inLuwynpnipywl Wu UGy wnpynep, www wyb Yeplewn wdpnngnyhl ule:

dbpwpuwnpned® qinpwy (wuncnnwlyp) incuwynpnceywl dhgngny: Lhwintp, e huswybu GU Yunpdpp W uwlws (nhunnp Ynndhg E W sh
tGnlened) wwiinbphg wunpwnwnpdwdé nyup dwnwaquyrLubnp gniliwynpnid inbuwnwlp Uincu dwlGplenypUbnp: RGydwl Eplinyeh jwy
ophuwly GU swnuyncd hwwnwyh W Yundphn wwwnh ynw Gnlewgnn incuwydnn wwiinytnubnp, nnnlp wnwewgb) G wwwlw qunh dpgny
[nyup pGhywé-wugwé swnwaquiyputnh punnhhy: Wu Gnlunypep Ynsynid £ «quncunhbuw» W dGUp ntn Guwunpwnwnlwlp nhwl:

Ulwp 8. Skuwybiugnid” a) ns qinpwy b b) qinpuwiy intuwynpnipywts Uhongny:

Ray Tracing Algorithm

First ray tracing algorithm used for rendering
was presented by Arthur Appel in 1968.

This algorithm consider light as rays and
implement the laws of geometrical optics.

Propagation of light in nature is just a countless
number of rays emitted from light sources that
bounce around until they hit the surface of our eye.

Ray tracing is, therefore. elegant in the way that
it is based directly on what actually happens around
us, apart from the fact that it follows the path of light
in the reverse order. That's why this technique is
called backwards ray tracing (Figure 9-a).

If we trace the ray from light source towards the
eye (or camera), many more will probably never hit
the eye at all (Figure 9-b). For all the rays that never
reach the eye, the effort tracing them was wasted.

Bwnwquwjph htnwgsdwu wignphpd

1968e-hu Uppenip Uwwbp ubipywjwgptg dwnwaquy-
leh htiypwagddwt wnweohu wignphedp, npu ognwgnnd-
ytig nbuwpwup YyGpwpwnwnpbint (rendering) hwdwp:

Uu wignphpdp nhunwpynid k£ nyup npwbiu wnw-
quyputin W Yppwnnud £ Gpypwgwhwlwl owunhlwih
opbupubinp:

Punigjwtu  dby, |nwh  wnpniphg  nwpwdynn
dwnwqguwjpubpp  Jdphusk  wspht hwuubiu  wugqwd
wunpwnwnund Gu opowyw dhowywjphg:

Dwnwquyph hbGypwqdsdwl wignphedp swhbtlwu
wju wnnwiny, np Gagpwinpbu Ypyunid £ Gpunyph ptw-
Ywu pupwgpp: Uhwly wwppbpnieniup Yuywund §
upwunid, np Gwnwqwjeh htnwgdnwip Yuwwwpynw k
hwlwnwl hbppwlwuntejwdp' wsphg nbwh nyup wn-
pjnipp: Wn wwiwnbwnny wju dbpnnp Yngynd b dwnw-
quyph htypwnupdé htypwqgdmd (Ljwp 9-w):

Gt dwnwquw)pubpp htitnwagdbup |nyuh wnpjniphg
nbwh wspp (Ywd nbuwtughlp), www Yhubu puqdw-
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Figure 9. a) Backwards ray tracing; b) Forward ray tracing

Source/Unpynipp" «Ray Tracing: Graphics for the Masses» by Paul Rademacher
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Ulhwp 9. w) swnwquyph hGunwnwnd hGunwaqdnid; p) dwnwquyph ninhn haunwqdnid

Algorithm overview

Consider already modeled and illuminated 3D
scene. First of all, we must decide the view point
towards the scene (the reason, why the ray tracing
algorithm is called view dependant). After that,
algorithm locate a virtual camera in the view point.
The display will be our image plane.

If you want to create an image at the resolution
of 640x400, then the view window would break up
into a grid of 640 squares across and 400 square
down.

Each square in image plane corresponds to one
pixel in the final image.

The ray-tracing algorithm takes an image made
of pixels.

The pixels on the image plane are represented
by squares (Figure 10).

For each pixel in the image, it shoots a primary
ray into the scene. The direction of that primary ray
is obtained by tracing a line from the camera to the
center of that pixel (the red ray in Figure 10).

Figure 10. Operation principle of ray-tracing algorithm.

Uignphpuh hwdiwnnn tfupwgpnip)niu

Yhunwpytup dnnbGuynpdwsd b nuwynpwd bnw-
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wignphpdp Yngynid £ npypwlbphg jupidwd): <w-
onpn pwylht wignphedp nhuwltinnd nbnunpnw £
Ytpwguwlywt inbuwfughl, huy npwbu wwipnliph hup-
enyeynit hwunbiu £ quihu nhuthibjp:

et gwulwunwW bp uwnwuw] ulwp' 640x400
(nwnnniuwynipjwdp, www wwwybph wwwnnthwup
yniubuw 400 winn b wdbu winnnud' 640 Juunwl:

Muwplylinh hwpenipywi jnipwpwusinyp Juwunwy hw-
dwwwuwnwuluwun Eyepouwlwu uyuph dby thhpubhu:

Awnwgquwjeh hbinwgddwu wignphedp Yunnignd
thhpubiutinhg Yuquywsd wwwnlbn:

Muwiplyliph hwppnipywi Jnw thhpubiutipp ubipluw-
Jjugywd U npwtiu pwnwynwhubp (L{wp 10):

Muwwytiph jnipwpwuginip thhpubiih hwdwp nunwipy-
Yynw £ hhduwlwt 6wnwaqw)e: Gpp hhduwlwl Guwnw-
qwjep ulyhqp wnubiny nbuwfughyhg, wugunwd £ thhp-
ubih yGuwnpnuny, www npwuny huy npnaynid £ upw
ninnnipgniup: (Lwp 10-nd hpdbwlwé dwnwagwyep
wwwnybingws £ yunpdhp gnyund):

Source/Unpynipp’ https://www.scratchapixel.com/lessons/3d-basic-rendering
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Once we have that primary ray’s direction set,
we check every object of the scene to see if it
intersects with any of them.

If ray intersect object, the algorithm will estimate
the color of the object at these intersection point
and assign this color to the corresponding pixel
(Figure 11. a,b,c,d).

Nwbuwiny hpdbwlwl Swnwquyeh nuinnueniup’
hwonpn pwjiny unnigynid GU inbuwpwuh pninp wnwip-
Ywubpp, wwpgbnt hwdwn, wprynp wnwaqw)ep hww-
ybi| £ npuwtighg npuk dyp hbun:

Gt dwnwaqwjep hwwnynw £ npul wnwplwih htw,
www wighphpdp npnanud £ hwwndwu Yewh gnyup b
ybpwgpnd wyn gnyup hwdwwwwnwutuwt thhpubihu
(Lhwp 1. w,p,q,n):

Figure 11. The first stage of backward ray-tracing: a) image plane, b) a pixel, c) tracing ray is sent from the
camera through the center of the given pixel towards the scene, d) the ray intersects with an object from the
scene: the color of the pixel the ray is passing through is set with the color of the object at this intersection

point.

Source/Unpyninp" https://www.scratchapixel.com/lessons/3d-basic-rendering

Ulwpn 11, dwnwquyph hbypwqddwl wignpphpuh wnwohl thny. w) wwiplibpnh hwppenipnit, p) ptipppdws
thhputy, q) (pGuwfughlihg ninwplyws hhduwlwt dwnwaquyp, npt wagtnid £ uyn thhpubih Ytpppnuny b
ownnibwlynid nbwh pwbuwpwbp, n) dwnwaquyep hwpynid £ ipbuwpwuh wnwplugh hby. wnwpljugh b dw-
nwaquwyph hwwndwt Lawph gnytp Jepwagnpdnid £ wyl thhpubiiht, npp YGbppnany wgby £ Gwnwquiypn:

In some cases, the primary ray will intersect
more than one object.

When that happens, we select the object whose
intersection point is the closest to the camera. We
then shoot a shadow ray from the intersection point
to the light (Figure 10).

If this particular ray does not intersect an object
on its way to the light, the algorithm will estimate the
incoming light at the point of intersection (Figure
10).

If it does intersect with another object, that
object casts a shadow on it (Figure 12).

Figure 12. Casting of the shadow.

Npn2 nbwptpnud, hhduwlwi dwnwgqw)pep Ywpnn &
hwuwnyb) dtyhg wybih wnwplwubph hbwn:

Gpp nw wbnph Lt nubund, www punpynd £ owju
wnwplwu, nph hbwn dwnwquwjpeh hwwndwu Yhwnp wdb-
Uwdnunu £ wnbuwfughypht, b wjn Ytnhg nbwh (nyuph wn-
pjnipu ninwipyynid £ ugpnytinh dwnwquypp (LYwnp 10):

Greb upytph Swnwqwjep' nbwh Nyup wpwdyb-
(nt Swuwwwphht wjjlu sh hwwndnwd nput wnwpyuwih
htwn, www wignphedp hwojwpynd £ hwndwu Ybwnp
(ntuwynpywdnigyniup (Ljwnp 10):

Gebt wju hwwynw £ npul wnwplywih hbw, wwyw
wyn wnwplwu unybp £ wnwowgund wnwoht hwwn-
dwu Ybwnnd (Llwnp 12):

Source/Unpynipp" https://www.scratchapixel.com/lessons/3d-basic-rendering

Ulywin 12. Uippdliph Guinnignidp:
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If the algorithm repeat this operation for every
pixel, we obtain a two-dimensional representation
of our three-dimensional scene (no shadow in
Figure 13).

Bt wignphedp YnYuh wju gnpdnnnieiniup duw-
gwd pninp thhpubijubph hwdwp, www Yunwuwup
Gnwswih nbuwpwuh GpYyswih wwwytpp (LHwnp 13-nud
unytinp gnyg sh npywd):

Figure 13. The two-dimensional representation of a three-dimensional scene

Source/Unpyninp" https://www.scratchapixel.com/lessons/3d-basic-rendering
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Ulwpn 13. Gnwswih inbuwpwuh wpypwwwipybpnidp Gplswith hwppnigywi Ypw:

We can make the distinction between primary
rays (the first rays cast into the scene which have for
origin the camera) and secondary rays originating
from primary rays at the ray’s intersection point (the
secondary ray is drawn red in Figure 12).

Secondary rays (shadow, diffuse, specular,
transmission, etc. rays) are used in shading.

The direction of these secondary rays depends
on their type: shadow (we cast a ray in the direction
of the light), reflection (we cast a ray in the reflection
direction), refraction (we cast a ray in the refraction
direction which can be computed using Snell’s law),
etc.

To summarize, it is important to remember
that the rendering routine can be looked at as two
separate processes.

One step determines if a point is visible at a
particular pixel (an intersection point between
primary ray and scene object), the second shades
that point.

Unfortunately, both of the two steps require
expensive and time consuming ray-geometry
intersection tests.

Rendering time reducing outlook

Since Appel published his paper a lot of research
has been done to accelerate the ray-object
intersection routines.

The computational independence of each ray
makes ray tracing amenable to parallelization,
which noticeably reduce calculation time.

Ubtup wbwp E mwppbipbup hpduwlwt 6wnwgqw)e-
ubipp (npnup uyhgqp Gu wnund nbuwfughypg) b Gny-
npnpnwlwt  Gwnwquw)pubipp, npnug  uygpuwybinp
hhduwlwt dwnwqw)ph U wnwplwih hwwndwu Yhwnu
t (Gppnpnwlwi Swnwquyep wwwnlytndws £ Ywnpdhp
gnyuny’ L{wp 12):

Eplypnpnwlwt twnwqwjpubpp (unytiph, nthpnigh-
wjh, hwGwihu, pwithwughynigjwu b wy Gwnwqw)e-
ubipp) ogqunwagnpdynid Gu uyybipwnlbipu:

Wu Gpypnpnwlwt dwnwquwjplbph ninnnyeniup
Ywiujwd £ npwug mbuwyhg. unybphup (Gwnwaqwyep
wpdwyynid E nyup ninnnipjwdp), wunpwnwpddwup
(wnwquwjep wpdwlynwd £ wunpwnwpddwu ninnnt-
pjwdp), pEldwup (Gwnwquwjep wpdwyynud £ pEldwu
ninniRjwdp, npp npnaynd £ pun Uubhnwph optuph)
U wypu:

Cunhwupwgubiny' Yupunp & hhoby, np mbuwjuwg-
dwu pupwgwlwnpgp Yupbih £ nhntp npubu Gpyn
wnwudhu thnyj:

Unwoht thni. npnaynid £ indjwy thhpubiih hwdwp Yuw
wprynp hpduwlywi 6wnwquwjpeh U wbuwpwuh wnwp-
uwih pnfuhwndwu Ybw, wyupupu' Gpund £ wprynp
wyn Ytinp iyjuwy thhpubijhg:

Epynnpn dhny. Yunwipynad £ wyn Yonh uyfbpuwn-
Ynudp:

Swynp, tpynt pw)jbpu | wwhwuond Gu pwuly b
dwldwuwwwwp dwnwquyp-bGpypwswihnipinit (k-
uwpwb) hnfuhwwinnwfubiph unnignifubin:

Skuwjtwgdwu dwdwuwyh Ypéwwnmdw
hGnwulwpubpp

Uwwbiph hnndwdh (nyu wbuubing h ybp pwgnid
hGunwgnunnipniuutp Gu wpyb] dwnwqw)e-wnwplw
thnfuhwwnnidubiph  hwoywplubpp wpwgugubnt nin-
nntjwdp:

Awnwquwjpubph  hwoqupydwtu  wulwfunieiniup
eny| & wmwihu gnigwhbnwpwn hbunwagdt| uh pwuh dw-
nwqguwjp, npp gqwhnptu Ypdwwnid £ hwodwpyp dw-
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Apart of that, the implementation of Monte Carlo
various methods are under research.

Rendering time depends heavily on the speed
of computers.

As Kajiya (one of the mostinfluential researchers
of all computer graphics) - once said: “ray tracing is
not slow - computers are”.

However, today, with fast computers, we can
compute a frame that used to take one hour in a
few minutes or less.

Implementation outlook of ray
tracing algorithm

Due to it's high quality rendering ability and
simple code, real-time and interactive ray-tracers
are a hot topic.

dwuwlp:

Pwgh wjn, htunnwgnuynid Gu Unupeb Ywninjh twp-
ptip ybennutiph Yhpwnnieiniup:

Stuwjuwgdwu dwdwuwyp twwbu Ywiujwsd £ hw-
dwhwnghsutinh wpwgnipniuphg:

huswbu, Uh wnhpny, b2t & Lwohjwt (hwdwywpg-
swihu gpwbhlwih wdbuwhtnhuwlwynp hGunnwgnunnn-
ubiphg dbyp)' «ns el Gwnwquypeh htnwgdnidu & nuu-
nwn-wj| hwdwlwnghsubpp»:

husupgt’ uwfuypunwd, dbi dwd wlinn wwwlbph

hwoqwnlp, wjuop, wpwg hwdwlwpghsubipp Yuwnw-
pnud GU hwoqwd pnwtiubiph pupwgpntd:

Bwnwquwjph htnwgsdwu wignphpuvh

oguuwgnpédwu htnwulwpubpp

Stuwjuwgdwu pwpép npwyh b wwpg dpwagpwihu
Ynnh 2unphhy uté htwwppppnieiniu £ wnweowguntd
hunbpwywhy b hpwlwu dwdwuwynd w2tuwwnnn dw-
nwqujph htippwqgsdwt wignphpuh Yhpwndwu huwpw-
Unpnipyniup:

Figure 14. An example of visualisation made by backwards ray tracing. Recreated scene contains specular (the
mirror), glossy and transparent surfaces (the vase) and shadows. Notice the sharpness of shadows on the wall

typical to ray tracing algorithm.

Source/Unpynipp' “Digital Lighting and Rendering” by Jeremy Birn (2000)

Ulwp 14. dwnwquyph htipwnwnd htippwqgsdwt wignphedny pnbuwwwinyindwt opptiwly: dGpwpyw-
npywé ipbuwpwup wwpniawynid £ huybughte (hwybh), thuygni b pwchwbghly (dwnywdwt) dwhbplnyptbn
b pnnpbip: Npwnpniginit nwnpdpbp dwnwaquypeh hGywqddwl Jbpnnht ptnpny wwpph Ypuwyh fipppndy

uyppubpht:

References / {nnifubip
1. https://en.wikipedia.org/wiki

2. «Ray Tracing: Graphics for the Masses» by Paul Rademacher
3. “Global lllumination. Shading 6:” Christian Miller, CS 354 - UT Computer Science: https://www.cs.utexas.

edu/~ckm/teaching/cs354_f11/lectures/Lecturel8.pdf

4. https://www.scratchapixel.com/

5. https://www.khanacademy.org/partner-content/pixar
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Radiosity Algorithm

Radiosity methods were first developed (in
about 1950) in the engineering field of heat transfer.

They were later refined specifically for the
problem of rendering computer graphics and were
presented in 1984 by Cornell and Hiroshima
Universities.

Overview of the radiosity
algorithm

Imagine a closed 3D world, perhaps the interior of
a room with furniture and other objects, illuminated
by several light panels.

The surfaces of the scene to be rendered are
each divided into smaller surfaces (patches). The
algorithm considers every element of the room
as an emitter (if it is a light source), absorber and
reflector.

In order to simplify the radiosity computation for
a given scene, the following assumptions are made:

e The surfaces of patches are pure diffuse
(Lambertian) - the light is scattering uniformly in
all directions.

e The 3D scene is in a state of energy equilibrium
in the sense that for any surface (other than the
light sources) the amount of energy reaching it is
equal to the amount absorbed plus the amount
re-radiated.

Definition: the light energy leaving per time and
per area is called its radiosity.

A given surface i is potentially illuminated by
every other surface in the scene.

This re-radiated light becomes a fraction of the
light reaching the other surfaces in the scene.

It is made up of two components: the light
reaching it from other surfaces and scattered by it;
the light which it generates direcily, if it is a light
source.

The reflectivity of the surface tells us what
proportion of the first component it scatters.

In order to understand, how to calculate the
radiosity at any point on the surface of the modeled
scene, we will need the following terminology
(Figure 15):

* A and A, - are areas of the patches i and |
respectively

Gunbwnwqujpdwu
(6wnwqujpnnuyuunpjuu) wignphpd

b ulqpwubt dwnwquypnnwlwunysjwt Jbpnnub-
pp nwunwuwuhpytp b dowlydb) Gu (dnunwydnpwwbu
1950p.) dwybpunypubph dholt obpdwihnfuwuwynt-
Ewu hwoywplubiph hwdwp:

Lbnwguwynid, npwup hwwnty jpwdawyytght hw-
dwlwpgswhts gpwdhlwh inbuwjwgdwt fuunph hw-
duwp, b ubplwjwgytghu Lnpubh W <ppnohdwih hw-
dwjuwpwuubph Jwutwgbwnubph Ynnuhg 1984p.:

Gwmbwnwqujpdwu wignphpvh
hwdwnnwn uuwpwgpnyeyniup

Muuwnybpwgpbp veyniuwgywd tinwswith mbuwpw,
ophtwy' Ywhwynpyws ubujwly nuwydnpdwsd dh pwuh
Ywupbnubpny:

Stuwjuwgdwup tupwlw wnbuwpwuh dJwybplnyp-
ubiphg jnipwpwuginipp pwdwuynid £ wybih thnpp np-
pnypubiph' thbipskiph (patches), npnughg jnipwpwusni-
nhu ybpwagpynid k nyup dwnwquptint (Geb nw nyup
wnpjntp k), Yjuubnt b wunpwnwpdubine hwunynieyniu:

SYyjw| wnbuwpwuph Gpdwnwquypdwt hwaywnyp
wwpqbgubiint uywwwyny wpynd Gu hbnlyw) Gu-
pwnpnLentuttinp.

* Pnpnp hbpstiph dwytipuinyplitinp |phy. nhniq U
(Lwdpbpujwu &u) ' jnyup dwybpunypubphg gpynid
E pninp ninnnieniuuipny hwjwuwpwswih:

*  Bnwswip mbuwpwup guuynud | Eubpgbinpy hw-
Juwuwpwynnigjwu dbg, wju hdwuwnny, np gwulw-
gws dwlbiplinyeh dnw (pwgh nyuh wnpjniputinhg)
puywsd nuwghu fubpghwu hwwuwnp £ upw Ynn-
uhg Yluwuyws b ybpwbwnwqwjpwd (wunpwnwp-
&dwod) Lubipghwubiph gnudwphu:

Uwhdwtmd. Jdhwynp dwdwuwlyh pupwgpnid vh-
wynp dwybipbuhg wpdwyyjwd |nuwhu Eubpghwu Yng-
ynw t Gipbwnwquyenid (radiosity):

Gupwnpynwd &, np wnyjwy i thtpsh dwytplinyep Yw-
pnn & (nuwynpybip mbuwpwup Juwgwd pninp dwybip-
unyputinh Ynnuhg:

i thbpsh yepwbwnwaqwjpwd nyup gpynid £ Yuqub-
(nYy wbuwpwuh duwgwd dwybpunypubpht hwutnn
(nyuh vh dwup:

Ut pwnluigwd £ tipynt punwnphgutiphg. wnwigh-
up' nw wju nyuu k, npp hwub) £ wn dwybplnyehu
duwgwdubphg U Jbpwbwnwquypyt) (gnyby), djntup’
nw (nyuu L, npp dwnwquwjenwd £ htug hupp dwybip-
unypep, tipt wju (nyuh wnpnip k:

Jdbpwéwnwquwjpwsd [nyup swihp Ywiuwsd § dw-
ytpunyph wunpwnwnpébhnieniupg (punyewgpynwd k
wunpwnwpaddwu gnpdwlgny):

Npwbtiugh hwulwuwup, b huswbu hwoywnybi tiwn-
dwnwagwjendp dnnbjwynpywd nbuwpwuh dwytp-
unyph gwulwgwsd Yhnnd' wwpgbup hbnlyw; tyw-
uwynwfubph hdwuwnp (LYwp 15).

* A UA - hwlwwwwnwufuwbwpwn i b j thbpsbph
dwybipbuubipu Gu
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* B, and B, -are radiosities of the patches i and |
respectively (informally, the radiosity of a patch
is a measure for its brightness, so B stands for
brightness)

* E, -is the generated energy per unit area per
unit time from patch i (light source only)

* R, -is the reflection coefficient: determines the
fraction of the incident energy that is reflected
from patch i

* F, -aunitless coefficient. it is the fraction of the
energy which leaves patch j and reaches patch
i, called the form factor.

We first ask, how much energy do the other
patches radiate towards patch i?

Let's consider some other patchj, in particular an
infinitesimal dA, areaonit's A, surface (Figure 15).

Then the emitted energy from dA, will be equal
to Bj-dAj.

F- determines the fraction of the energy which
reaches patchi - Fij-Bj-dAj.

This is the amount arriving from a single

infinitesimal dAj area of patch j, so the total
reaching patch i from all patches j :

fF,BdA

Some proportion of this energy is absorbed and
the rest is scattered, so the amount scattered from
patchi is:

R-JF, B-dA

Patch i might be a light source, in which case it
will also be generating light, so in general then the
energy leaving patch i is:

Equation 2-1
B, -dA =E.dA + Ri-_[F”.-Bj-dAj

This is the radiosity equation (Equation 2-1).

It expresses the complete light interchange
between every surface in the model.

The non-zero values of E are the lights putting
energy into the scene.

The reflection coefficients R say what is
scattered, so 7-R is the amount absorbed at each
scattering.

B, u B; - hwdwwwwnwufuwlwpwn i U j thbpstph

bmﬁuuanwjpmd‘uhp‘u Gu (Pnpdw| thbpsh Gunbw-

nwagwjenip nw upw wwjdwnnipniuu £ wugtptu

- Brightness, U tpwuwyyntd £ wjn pwnh uygpuwwmnw-

nny)

* E - i tbpsh dwnwquipwsd ubthwlwl |nwwhu
Fubpghwu £ dhwynp dwybipbuhg dhwynp dwdwuw-
Ynud (Uphwju nyuh wnpjnipubph hwdwn)

* R, - i thbpsh wunpwnwnpddwu gnpdwlhgu E. npn-
onud £ dwybplnypht pulwd [nyup wju pwuwyp, npp
Yulnpwnwntw i thbeghg

* F; - $npd $wlwnnp (form factor' dup qnpénl) - sw-
Lhnrlwl.{uJ‘Unch}Jm‘u sniutignn gnpdwyhg. npnonud Lk j
thbreshg gpywd |nyuh wju pwuwyp, npp hwuunwd £ i
thtipghu:

Lwlu b wnwy, thnpdbup wwwnwufuwubip wju hwp-
ghu, b nppuiu bubpghw £ hwuunwd npuk i hbpsht duw-
gws pnnp thtpstinhg:

Yhuwpybup UBY wy| thbps j, dwutwynpuwbu' upw
A, dwlbipbuh Ypw wnwuduwgyws wuybpy thnpp dA,
whpnye (Liwn 15):

Ujn nbwpnw dA. inhpnyphg inbwnwaqw)jewsd Lubp-
qhum hwiwuwin YAt B-dA,

-ny wwjdwbwt{nnt{wé E Eubpghwjh wju pwuwyp,
npp thuuh: htiesht’ F,-B-dA.

Uw Lubipghwjh wju pLu‘Uwq'u l: npp hwutntd l:jthhp—
sh wudting thnpp dA; inhpnyphg, wjuwhuny pninn j thtie-
siphg 7 thbesht hiiuwd puwtiwlyp Yihh.

JF,-BdA

Uy Eubinghwih Jh dwup Yywudh, puf duwgw-
op Ygpdh, wyuwhuny i thbipshg tndwnwgqw)eqwsdh
(gnqwsdh) pwuwyp yihuh.

R.-{F.B.dA
1 Nl J

i hbpsp Ywpnn £ twl dwnwqwypt| |nyu, Geb wju
Inyup wnpynip £, U punhwnip ntiwph hwdwn i thbpshg
htinwgnn futinghwjh pwuwlp Yihuh.

Lwywuwpnid 2-1

B.dA = E.dA + R.[FB-dA

Lwywuwnntd 2-1 Yngynid & Gipdwnwquypdwt hw-
Ywuwpmd:

Wu wpnwhwjnnid £ nno (nwuwihu Eubipghwip thn-
fuwtwynidp dnnbih pninp dwytiplinyubiph dholi:

E -ph ny qpnjuwt wpdtipubipp, nw (nyuh wnpnipub-
phg mbuwpwu utipdndynn Eubpghwu t:

Uunpwnwpddwu R gnpdwyhgp npnond £ gpjwd
[Inyuh pwuwyp, huy 7-R —p* pb pulwsd (nyup np Jwuu
E yuuyb:
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The only items not known in radiosity equation
are the values of the form factors which are
calculated from following equation

Equation 2-2 / <wiwuwpnid 2-2

Fij = HIIJ-AL IA,-

Gunbwnwquwjpdwt hwjwuwpdwu (<wyjwuwnpnid
Equation 2-1) dtg dhwy wuhwynp' $npd Swlnnph wp-
dtiputipu Gu, npnup npnaynid Gu hbnlyw| hwjwuwnpnt-
uhg’

Figure 15. The form factors depend on the geometry of the scene, including the distance r between surfaces i
and j , and their relative orientation - the angles 6i and 6 .

Source/Unpynipp' Global Illumination and Radiosity, Daniel G. Aliaga, Department of Computer Science, Purdue University, CS535

Ulwp 15. Snpd pwlipnnpbbpp Yupdws G vhuyt inbuwpwh bpypwswihnipniahg' i b j thlpstph dhol r
htnwynpnipinithg U (pwpwénipwt ke upwtg thnfuwnwnd nhppnpnpnidhg' 6i L 6] wulyniatbiphg:

As dA, and dA]. in Equation 2-2 are infinitesimal
serfaces tending to a point, the solution of Equation
2-1 means calculation of light energy interchange
between each point and every other point in the
scene.

It won’t be practical to calculate it at every
mathematical point.

For a practical solution, we will make two

approximations to the geometry.

The first is that we treat the receiving patch as
energetically uniform.

This means that we can reduce the double
integral to a single one.

Then we assume that we will work with finite-
size patches instead of infinitesimals (this means,
that value calculated for one point can be assigned
to all points of the patch).

So, we can approximate the radiosity equation
integral with the more tractable summation:

Equation 2-3 / <wwuwpmd 2-3

B =E+R

Lwuh np <wjwuwpnud 2-2 dA;, U dA; -u wuyting
thnpp dwybpbuutip Gu, npnup éqmmd Gu l{bmh www
Lwylwuwpnd 2-1 nwdnwdp Gupwnpnd £ hwowpybg
[nuwjhu Eubpghwih thnfuwuwynwip wmbuwpwup jnipw-
pwugnip Yewnh b duwgwd pninp Yeinbiph dhol:

Yhpwnwlwu nbuwytinhg huwpwynp s& hwodwnp-
Up Ywwnwpb jnipwpwtgnep dwpbdwwnpywlwu Yenp
hwdwnp:

Cwywuwndwu gnpduwywu Yhpwnnigjwt hwdwn,
hwpywynp £ Yuwnwpby Gpynt dninwpynud (Bupwnpnt-

Intl), yuwwywd tipypwswihniejwu htiwn:

Lwfu' hwdwpnd Gup, np tubpghwt hwdwubn k
pwofugwd punniunn thbpsh dwybpunyeny:

Uw tpwuwynud £, np Ypyuwyh hunbgpwip thnfuw-
phuynud £ dtyny:

WunthGwnl hwdwpnud Gup, np gnpd niubup ny eb
wuybing thnpp dwlbpbuubph, wy Jepgwynp swihbip
ntubignn hbpstph htw: Yw tpwuwynud £, np by Y-
wh hwdwp Ywuwwpwsd hwodqupyp ndjwiubpp yb-
pwgpynud Gu thbpsh Juwgwsd Yhnbnppu:

Wuwhuny, dbup Ywpnn Gup dninwnpybip Gnbwnw-
gwjrIwU hwywuwnpdwu hunbigpwp wybh wwng gnt-
dwpny:

ZB‘ Fy;
j=1
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Figure 16. The interchange of light energy on patch surface.

Source/Unpynipp" https://www.siggraph.org/education/materials/HyperGraph/radiosity/overview_I.htm; G. Scott Owen

wiljbples ypbibphg wg ey dadgbipiam, jphl usad EuEgghwb

[eanrgy smilind by this mirecni

' g ey gl pla i e bog 6 e i gy Elilspg ks

R ¥ B F  {esuwsie relluciod by ihis sudees)

| i Lpiisy aliasd jhopd ik smilinpmasryinip e & b oy

Ulwpn 16. Lnwuuwypt tubpghuwgh thnpuwbwynidp thbpsh dwlbnlinypht:

The major problem of the standard approach in
solving Equation 2-3 is the O(n?) computation time
and cost of calculating all the form factors, and
indeed the O(n?) 2 cost storing them, where n is the
number of patches. This means that if the number
of patches doubles, the computation time and costs
will increase by four times.

Complex environments typically have tens
of thousands of patches, and environments with
one million surfaces are not uncommon.

In practice, this is too expensive, and we have
to resort to approximation methods.

Discussion of all of this methods is out of the
goal of this book. Let’s consider the one that is the
most frequently used.

Adaptive Radiosity

As we already know, in order to visualise the
exact light distribution on the surfaces of the scene,
the individual surfaces are divided up into patches.

The finer the patches, the more accurate the
image.

On the other hand, a uniform subdivision into
very small patches leads to very long computation
times.

The method of adaptive radiosity was created
to give a solution to this problem. It is an iterative
process too:

¢ Make an initial (coarse) subdivision of surfaces
into patches, and compute the radiosities.

Lwywuwpnid 2-3 —h (NWJwl unwunwpun Gnwuw-
Yh hpduwlwt wpnpiidp Yuwwdws £ upw pninp $npd
$wlwnnpubipp hwowpybint hwn, npnug el hwodwnpyh
Jpw Sdwiuujwd dwdwuwyp, el hwojwpyh unwgdwsd
nwiutpp wwhwwubnt dwfuubipp  hwdbdwwnwywu
Gu O(n?) 2 - hu, npinbin n - p hbpstpp pwuwyu E: Uw
Uowuwynwd k, np htpestpp pwuwyh Ypyuwwywmydwu
nbwpnd' hwodwpydwu dwdwuwlyp b dwiuubipp wyb-
[wunwd U snpu wugwd:

Pwpn wmbuwpwuubpnud thbpstiph pwuwyp hwutnd
E vmwutjwly hwqupubph, W unyuhuly Jdby dhihnu thbps
ntubignn nbuwpwuubpp wpunwnng tiplinye s6u:

Qnpsuwlywund nw swihwqwug Swiuuwwnwp b, W
uinhwywsd Gup nhdt] dnunwpydwu Jbennubphu:

Tpwug pninph putwpynwip nntpu Eodund gpph
Guwswihhg: Ljwpwgpbup dhwju wnwyb] wwpwdnd
gunwd «wnuwwwuhy Gunbwnwaquw)enid» dbpnnp:

Unwuwwhy Gnbwnwgwjpntd

huswbu wpnbu ghnbup, wbuwpwuh dwybplnye-
ubph Jpw [nyup Ghon pwofudwdnieniup nbuwwwun-
ybpLint bywwnwyny wnwushu dwybpunypubpp pw-
dwuynud Gu hbipstiph:

Nppwt thnpp Gu  thbpgtipp, winpwu npwluwy £
unwgynid wwwinlbpp:

Ujnwu Ynnudhg, gwwn thnpp thtipgtinh puwdwubip qqu-
thnptu Gpywpwgunad £ hwodwnyh dwdwuwyp:

Wu fuunhpp [nwdbint uywwmwyny drwyybg wnww-
ihy Gippdwnwquyedwt dbennp: Uu unyuwbu Yplu-
Ynn pwyitinh gnpdptpwg k.

* Luwfu Yuwwwpynid £ dwybpunypubph uygqpuwywu
(Ynwhwn) pwdwunid thbesbtph W hwodwnpyynid G-
dwnwguwjpenwfutpp:

*  Wunthtwnl unnigynd Gu hwplwu thbpstpp: Geb

2 Big O notation - In computer science, O(x), is used to classify algorithms according to how their running time or space requirements grow

as the input parameter (x) grows.

Ut 0 upwuwgpnud® hwdwlwpgswihtu ghwnigjwt dbg O(x), oginwgnpdynid £ wignphpdtpp nwuwlwnpgbnt hwdwp pun upw, ph
nppwt Yuwah hwoqupyh dwdwuwyp Ywd wywhwugynn hhpnnnigjwt dwywip Ywiugws dninpwiht (x) wywpwdtnph wéhg:
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» Check neighboring patches. If their radiosities npwug tunbwnwguwenifubiph nwppbipnieginiup Utié
differ more than a threshold, subdivide the E 2tdwjhtu wpdtiphg, www wjn thbpstpp pwdwu-
patches into sub-patches. Ynud U Gupwithbipstinh:

* Qnpdpupwgp Ypyuynd b wjupwu, dhush hwplwu
tches differs less th threshold | . thbestiph  Gunbwnwaquw)enudubph  wwppbpnyeniup
patches differs less than a threshold, or elemen thnpp (huh 2bdwht wpdtiphg, Ywd Gupwihbestnp
sizes have reached a pre-determined minimum. ujwqgbiny hwutbt Ywutunpnodws dhupdwy swihh:

* Repeat until the radiosities of neighboring

Figure 17. lllustration of adative subdivision.

Source/Unpynipp' “Global lllumination. Shading 6:” Christian Miller, CS 354 - UT Computer Science; https.//www.cs.utexas.edu/~ckm/
teaching/cs354_fl11/lectures/Lecturel8.pdf

Ulwpn 17. Unwuyiphy bindwnwquiypdwt thnybph wpwapnienibp:

Figure 18. An example of visualization made by radiosity algorithm.
Source/Unpynipnp' SIGGRAPH 1988 proceedings cover.

1
1y

:r& M

Ulwpn 18. Ginbdwnwquypdwt wignphpdny pnbuwwwiplbpndwt ophtiwly:
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Photon mapping algorithm

In 1989, Andrew Glassner wrote about ray
tracing that it is one of the most popular and powerful
techniques in the image synthesis repertoire for it's
simpleness, elegance and easy implementation.

However, there are some aspects of the
real world such as color bleeding (diffuse inter-
reflections) and soft shadows (Figure 7b, Figure 21)
and caustics (see Figure 8b, Figure 20), that ray
tracing doesn’t handle very well (or at all).

The photon mapping method offers a solution
to all problems.

Specifically, it is capable of simulating
the refraction of light through a transparent
substance such as glass or water - caustics,
diffuse interreflection between illuminated objects,
the subsurface scattering of light in translucent
materials.

Furthermore, the photon map method can
handle participating media - effects caused by
particulate matter such as smoke, dust, water vapor
etc (Figure 23).

Extending ray tracing with photon mapping
yields a method capable of efficiently simulating all
types of direct and indirect illumination (Figure 19).

It was developed by Henrik Wann Jensen and
the first papers on the method were published in
1995.

. Radiosity Rendering, http://www.cs.bath.ac.uk/~pjw/NOTES/75-ACG/ch5-radiosity.pdf

Snnnuubph pwpnbqugpdw

wignphped

1989-hu, gpbiny dwnwquwjeh htnwgddwu dwuhl,
Eunpnt SGuubipp vty &, np hp wwpgnipjwu, dyntunt-
pjwu U nynipht Yhpwnbihniejwu 2unphhy, wju hwunh-
uwund b wdbtwwnmwpwdywsd U hgnp dbennutinhg Jb-
Yp ywuwnybiph unbnddwu gnpdhpwowpnid:

Wunthwunbipd, hpwywu Ywupnd Ywu wjuwhup
Gpunypubin, huswhupp tu Gwnwqu)eh gniuwynpnidp
nh$niq thnfuwunpwnwpénudubph gunphpd, dtind, ng
Yupnwy unytpubipp (Lwp 7p, LHwp 21) b Yunwunp-
Ywt (Lwp 8p, Lwn 20), npnup ndywn, Ywd unyuhuly
wuhtuwp & hwoywpyb) wnwaqwyeh hbunwgddwdp:

Snpnuubph pwpipbqugpdwt Gnuinulp hwnew-
hwpnud £ wyn pninp nddwpnipjniuutipp:

Uwutwynpwwbu, wju niuwy b vdwuwyb uniu-
iphlwt’ pahdwsd |nyuh wugnudp pwihwughy dhowuy-
nh dhony hugwhuhp BU wwwyht Ywd onipp, nhdpnig
thnfuwbnpwnwnpdnidubpp (nuuwynpqwd wnwplywubpp
upol, Glpwdwlbplunypuihti gnnidp  (nuwewthwug
uyniebinnud:

Udtihu, $nunnuwihu pwpwuntgh dbennp nwwy b
hwoJwplyby dwubhlyuln wwpniiwlynn dhowdwyn’ (nyup
gpnudp dhowywjpnid wnyw dfuh, thnont, oph gninpone b
w)| bwuuhyutpp ypw (LYwp 23):

Cunywjubiny dwnwaquw)eh htnnwgdndp $nnntwhu
pwpunbquagpdwdp, nwihu £ dh dbpnn, npu niiwy k
wpryniwwybin yGpwpunwnpt] ninnuwyh b wuninqwyp
[ntuwynpnijwu pninp wbuwlubpp:

<buppy dwu 3Guubup Ynnuhg uwnbndjwsd wju
dtpnnh  Ybpwpbpw|  wnwoht  wgfuwwnmwupubinp
wnwwgnybtight 1995-hu:
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Figure 19. Example of extending ray tracing with photon mapping. a) ray tracing only, b) ray tracing with using
information from photon maps (30 minutes) and the same image can be obtained with ray tracing + photon
mapping (30 seconds).

Source/Unpynipp' Henrik Jenson, “Global Illumination using Photon Maps” http://graphics.ucsd.edu/~henrik

a, w b’p

Ulwp 19. Bwnwquyph htypwgsdwh htwpwynpnuyaynitiiph pbnquybdwt opptwly' pnigpnbiuyght pupyb-
quigndwl hiyn hwdwiipptin ogywgnpddwit dhongny. w) dpuwyl dwnwquiyph htipwagdnid, p) dwnwaquyph hb-
ipuwgdmd oqipuwgnpdtiny pnipntiuyhti pwpipbgh pdjuntibipp (30 pnwk), b tnytr wunpybpp Yupbih £ ugpubiug
dwnuwquijph htypwagddwt b pnipntiughti pwnipbquigndwt hwdwintin oqynwgnpsdwdp (30 Juyplywi):

Caustics, diffuse interreflections, Uwnwunhlw, nhpniq hnfjuwtnpunwp-
subsurface scattering, medium amwfubipp, Gupwdwybpunypwhu gpnd,
with suspended particles dwuthyubip wwpnivwlnn dhgwidwyp

_ PEYYwd Ywd wunpwnwpdwsd nyup wnwowgunid

Light refracted or reflected causes patterns Yuwnwuyplw Ynsynn wuwnybptibn, npntp dnuwlw dw-
called caustics, usually visible as concentrated Yepunypubph Ypw wpuwhwjnynud Gu Ynugbuinpwg-
patches of light on nearby surfaces. ywd nyuh whpnyputinh® onnptinh duny:

Oppuwy, Gpp |nyuph GwnwquwjeUbPU wugund Gu
| i table. th fracted and  “Enuwuh dnw nnjud ghtnt wuwlh quwrph dhend,
glass sitting on a table, they are refractea an U[’IUJUQ pbl{l{ml} tu' wnwgwg‘uh[m{znqphn ubqwbh Llﬂw
patterns of light are visible on the table (Figure 20).  (Lywp 20):

For example, as light rays pass through a wine

Figure 20. Models of a mug and wine glass traced with photon mapping to show caustics.

Source/Unpynipp' “Global lllumination. Shading 6:” Christian Miller, CS 354 - UT Computer Science; https://www.cs.utexas.edu/~ckm/
teaching/cs354_fl1/lectures/Lecturel8.pdf

Ulwp 20. Ywnwuphlyugh Gplnypp gnigunpbine bwwpwynyg' nipntiuwhti pwpipbquigndwidp inbuwwwig-
bbpdwd puwdwly U ghtint quidwye:
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Figure 21. Only diffuse inter-reflection.See the color bleeding from objects onto table surface.
Source/Unpynipp' “Global Illumination and Radiosity”, CS535, Daniel G. Aliaga

Ulwp 21. Uhwyt nhpniq thnpuwbnpwnwnpdnwdubip: Mipwnpnienit nwinpdpbip ubnwup dwlGplnyeh
gnibwdnpdwp' wnwplywbbphg winpwnwnpdws inyuny:

Photon mapping can trace the paths of individual
photons to model where these concentrated
patches of light will appear.

Subsurface scattering is a mechanism of light
transport in which light penetrates the surface of a
translucent object, is scattered by interacting with
the material, and exits the surface at a different
point.

Figure 22. Subsurface scattering.

bnunnuubiph pwpnbqugpndp niwwy £ hbGnwagdh)
wnwudhu dnnnuubp L dnnbjwynpb onnptiph wnw-
owgdwl wnbinp:

Gupwdwybpuniypwihu gpnudp' (nyup wpwddwu
htitn uwwwsd tplnye k, nph nbiwypnud [nuwpwihwug
wnwpywyh dbe ubppwihwugwsd (nyup gpynid £ unieh
htwn thnfjuwgnbnt hGwnlwupnd, h ytipgn nnipu quiny
dwybipunyeh dbYy w)| wbinhg:

Source/Unpynipp" https://en.wikipedia.org/wiki/Subsurface_scattering

Ulwpn 22. Bupwdwlybpunipuiht gnnid:

In  photon mapping algorithm radiometric
terminology is used (to brush up the relation
between radiometric and photometric parameters
see Table 3, or Chapter 1, Table 2).

bnunnuubiph pwpunbiqugpdwu wignphpUntd ogunw-
gnpdynwd GU nwnhndbwnppy dbéniyeyniuutp (nwnhn-
dtwnphy b $ninndtinphy dtdnigyniuubph vholt Yuwwp
ytiphpotiint hwdwp wbu Unnuwy 3 Ywd Synifu 1-p
Unjnwuwy 2-p):
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Figure 23. Scattering of light on water vapor particles.

Source/Unpynipp’ http://www.mitsuba-renderer.org/devblog/2011/06/mitsuba-0-2-1-released/cars-bre-final

Ulywn 23. Lnyup gnnidp 9pp gninpont dwutihiainh Jpw:

Table 3. The relationship between radiometric and photometric quantities.

Energy ngntity Assigned Unit Luminous Quantity Assigned

(Radiometric) (Photometric) as

Radiant Flux @ (0} w Luminous Flux >, Im

Radiant Intensity ® le W/sr Luminous Intensity Iy Im/sr = cd
Radiance (Radiant Brightness)®© | |, W/sr-m? | Luminance (Brightness) | L, Im/sr-m?=cd/m?
Irradiance, Flux density® Ee W/m? llluminance Ev Im/m? = Ix

2, flux: the rate at which light energy is emitted; measured in watts, J/s = W.

b radiant intensity: flux radiated into a unit solid angle, i.e., 1sr, measured in W/sr = intensity from a point source.

¢, radiance: radiant intensity per unit of projected surface area, measured in W/sr-m? = intensity from a surface.

¢, irradiance (flux density) E: incident flux per unit surface area, measured in W/m>.

Unyniuwly 3. Mwnpndtipnpply U pnipndtiinpply dtdnipyniatinh dholi fuwyp:
Lowuw- Uhwynp

EubpgbwnhYy dhwynpubp

Lniuwghu dhwynp-

Lowuw- Uhwynp

(nwnhndtwnphl) Yl ubip (pnnindtnphly)  ynyg

Awnwgwjpwjhu hnup &b, dwn Lnuwht hnup &b, U
Awnwgw)jRrJwl le Yw/umtin  [Lnyup Iy [/uintin = Yn
huwnbuuhyniejniu ¢ huwntuuhynipjniu

Eubpgbiwnpy Le dwn/unbin-i? | Nwydwnnipintu L, [J/uinbin-d?=Yn/J?
wwjdwnnijnLu

Eutpgbwhy (nuwynpgwoéne- | Ee Yun/u? Lniuwynpywénientu | E, [U/d? = |p

[INLU (6wnwqwjeywdnipniu) *

“ Awnwquwjpwjhu hnup. twnwgqwjpwd Nuwjhu fubpghwih pwuwyu £ dhwynp dwdwuwynid® &/ypy=4wn:
P. Bwnwqujpdwlu humbGuupyniypyniu. 6wnwqw)ew)htu hnupt £ dhwynp dwpduwiht wuljwu, wiu £ Tunbn-h
dbe' Ywn/uinbin. ujwpwagpnud b hunbuuhynieniup Yawmwhu wnpyniphg:
¢, Eubpqbwnhly ywybwnnipyniu. Swnwqwjpdwu hunbuuhynieiniuu  wypnjtlundws dhwynp dwybpbup 4pw’
dwn/untin-v2 ujwpwagpnud £ huntuupynip)niup dwybptiuhg:
", Eubpgbuhpy nuwynpqwényeyniu (hnuph funnyeynmi). dhwynp dwybptup dpw puyunn dwnwgwjpdwu

hnupu ' Ywn/u*
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Figure 24. Flux measures the amount of light that hits a surface over a finite area from all directions, irradiance
integrates the light arriving at a single point over the whole hemisphere (measures the illuminance at a given
point) and radiance expresses the amount of light leaving a single point within a differential solid angle.

Source/Unpnipp" http://www.cs.dartmouth.edu/~wjarosz/publications/dissertation/chapter2. pdf

I.I:..-I-J‘;

[ \Ii P
Uy /ey o Wy
huup lnlum;::;i:l;t:quuLﬁ uqm_!;:::fr:.:nﬂ.l

Uljwp 24. <nupp' Ypowynp dwlbpbup Jpw, pninp Ynndinhg puljws inyup pwbwl £, Eubpgliphly intuw-
Ynpdwénipyniup htpbgpnid E pug Yhuwagtnp' pndyjwy Yty hwuwé inyup (npnpncd £ gndywy Ytaph incuwdnp-
ywonipynitip), huly tulinglipphly wwydwnnipnitp wppwhwyipnd £ dwpduwht walywi Jbo wwpthwlyws
(nyup pwtiwlp, npp wnwpynid £ gdjwy Yliphg:

Photon mapping is a two-pass global illumination
algorithm that approximately solves the rendering
equation.

Snunnuwjhu pwpnbqugpnudp' gnpwy (nuwynpnt-
pIwu tpYthnywihu wignpphed t, npp nwnud £ wnbuw)-
Uwgdwu hwywuwnpnidp dninwpldwtu dhongny:

Unwoht thnynwd wignpppedp Ywnnignd £ pnyin-
bughti pwpigp’ |nyuh - wnpyniputinhg wipdwtiny
dnunnuubip nbwh wbuwpwu W gpwugbinyd nyjwiubpp
dInunnuwjht pwpuinbignid, tpp $nuinup hwpydwoénid E ng

The first pass. algorithm builds the photon map
by emitting photons from the light sources into the
scene and storing them in a photon map when they

hit non-specular surfaces.

The second - rendering pass, uses statistical
techniques on the photon map to extract information
about incoming flux and reflected radiance at any
point in the scene.

Photon mapping algorithm
overview

Construction of the photon map (first pass)
Photon Emission

As we know, in the real world, light is emitted
from light sources as packets of light energy called
photons.

hwjtijwhu dwytpunyphtu:

Gpypnpn' pbuwybiwgdwt hnyp, Yppwnbing yhbw-
Yugpwywu dbpnnubp, $ninnuwiht pwpwnbghg nyjwi-
ubip £ unwund wmbuwpwup gwulwgwsd Yewnnw puyunn
hnuph U wunpwnwpdwsd ywjdwnnipjwu Yyspwpbpjw:

Ddnnnuwjhu pupnbqugpiwt wignphp-
dh hwdwnnwn uupwuqgpnieyniup

Snnnuwghu pwpnbqh Yunnignd (wnwehts thny)
Dnunnuubpph wpswlynd

huswbiu ghwbup, |nyuh wnpnipubphg wpdwlyyws
(nyup hpbuhg ubpywjwgund b nwuwihu fubpghwip
thwpebipltp, npnup Ynsynid Gu nuinnuubn:

Figure 25. Light is emitted from light sources according to the appropriate light distribution function.

Source/Unpyninp’ Jensen, Henrik W., Realistic Image Synthesis Using Photon Mapping, A K Peters, Ltd., Massachusetts, 2001

ANZA
/I

Diffuse Point Light

Spherical Light

F oy

Square Light Complex Light

Ulywp 25. Lnyup dwnwquypynid £ inyuh wnpnipntiphg puyn hwdwwwipwupawb inyup pwppudwt Ynph:
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For each light source in the scene we create a
set of photons and divide the overall power of the
light source amongst them.

Finding the number of photons to create at each
light depends largely on whether decent radiance
estimates can be made during the rendering pass.

Emitted photons from light sources are scattered
through a scene and are eventually absorbed or
lost.

Photon tracing

Once a photon has been emitted, it is traced
through the scene using photon tracing.

Photon tracing works in exactly the same way
as ray tracing except for the fact that the interaction
of a photon with a material can be different than the
interaction of a ray.

A notable example is refraction where radiance
(the reflected light) is changed based on the
relative index of refraction - this does not happen
to photons.

When a photon hits an object, as it is an
indivisible particle, it can either be reflected,
transmitted, or absorbed.

Whether it is reflected, transmitted or absorbed
is decided probabilistically based on the material
parameters of the surface.

The technique used to decide the probability is
a Monte Carlo method known as Russian roulette:
basically we roll a dice and decide whether
the photon should be reflected, transmitted or
absorbed.

Why Russian roulette?

Suppose we have a translucent surface with
reflectance R=0.6 (60%) and absorbtion A=0.4
(40%).

Then 60% of incident light will be reflected and
40% will be absobed.

Figure 26. Reflectance and absorbtion for light ray
Source/Unpynipp" Global Illumination (3), Photon Mapping (1)

Incident kght  100%

pliljlenry pregu

Stuwpwup jnipwpwugnip (nyuh wnpnph hwdwp
unbindynud £ dnuinuubiph fundp’ pwyfubing nyup wn-
pjnipp punhwunip hgnpnyeniup upwug dholi:

3nipwpwugnip [nyuh wnpniph hwdwp uwnbindynn
$nunuubiph pwuwyp dEdwwbu Ywiujws £ nbuwjuwg-
dwt thnynd ywjdwnnipjwu hwodwnpyh wpryniupub-
nhg:

Lnyup wnpniphg wpdwyywsd $ninnuubipp gnyned tu
wbuwpwuny dby b p Ybpon Ywuynd Gu Ywd Ynpu-
ynud:

Snunnuubtiph hEnwgdnd

Snnnuph wpdwldwu wywhhg ufuwd wju hbnwgd-
ynuwd | wmbuwpwuh nwpwsépnd nnntuh hbinwagddwu
dhongny:

bnnnup htirmwagdnudp wofuwwnnid £ Ghon wjuwbu,
huswbu U Swnwquweh hGunwgdnip pwgwnniejwdp
wju thwuwnp, np $nnnup b dwnwquw)eh thnfuwqgntignt-
pINtuutinp Unyeh htin Ywpnn Gu tnwppbpyb):

Lwwnwuowlwu ophuwy £ pbYynudp, Gpp wwjdw-
nnipjnlup (wunpwnwnpdwd |nyup) thnfuynd £ Yuju-
qwd ptiydwu gnighshg, husp inbinh sh niubuntd $ninnup
nbwpnu:

Gpp dninnup hwpdwsdnd £ npuk wnwpluwyh, |hubiinyg
wupwdwubh dwuuhy, wju Yupnn £ wd wunpwnwn-
Uwy, Ywd pwihwugb], Ywd b Ywuybi:

(¢t npwughg np dbyp wbinh Ynibuw' npnpynid |
hwjwuwywunipjwdp' Glubing Ynyeh hwwnynieiniuub-
nhg:

Wn hwjwuwywunteniup npnaynud £ Unupt Ywn-
(njh dbennny, npp hwjnup £ npwbiv «nniuww wywnnt-
wnwfuwn». puin Eniejwu, ytup qun Gup ubunwd U npn-
ontd, b dninnup Ywunpwnwnuw, Yrwihwugh rb Yy-
wiy:

bugnt” nnuuww wunnunwjuwn

Gupwnptup nwubup |nuwpwihwug dwybpunye,
nph wunpwnwnpddwu gnpdwlhgp' R=0.6 (60%), huy
Ylwudwu gnpdwyhgp' A=0.4 (40%):

Wn nbwpnid pulwsd (nyup 60% -p Yuwunpwnwnuw,
hulj 40% -p Yyjuiugh:

Bs  Reflected light
LRy P LA LS e

40% Absorbed lght
Ljjuaebicfuds poaequ

Ulwp 26. Utnpwnwnénidp b fuutinidp inyup dwnwquyph nbupnid
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In case of photon-surface interaction, we will be
reluctant to generate a virtual photon (as it is an
indivisible particle), and distribute the overall power
of the incident photon amongst them.

It is easy to see that after each photon-surface
interaction the number of photons will double.

For example, after 8 interactions we will have 28
photons.

This means 256 photons after 8 interactions
compared to 1 photon coming directly from the light
source!

Tracing such amount of photons is very costly in
terms of computation and storage.

Moreover, after several reflections, we will be
obliged to spend a lot of time keeping track of very
little flux.

Using Russian roulette technique we reduce
both the computational and storage costs while still
obtaining the correct result.

To see how this technique works let us consider
a surface that reflects 50% of incoming light.

With Russian roulette only half of the incoming
photons will be reflected, but with full power.

For example, if you shoot 1000 photons at the
surface, you can either reflect 1000 photons with
half the power or 500 photons (less computation)
with full power (more efficient contribution in
radiance).

Intypical environments there are more probability
events we need to consider.

Figure 27. Instead of keeping track of 10 photons with
absorb 4 photons and completely reflect 6 at full power.

bnwnnu-dwlybipunye hnjuwgnbignipjw wwpwqw-
jnud, Jtup unhwywsd Yhubiup gbiubipwgub) ytpwgw-
Ywu $nnint (pwuh np wju wupwdwubih dwuupy k)
U pwotut pulunn $nuinuph punhwunip hgnpniejniup
upwug dhol:

Uyuhwjn E, np jnipwpwtginip ninnu-dwytplnye
thnfuwgnbgnigjwu  wpryniupnd - $ninnuubph  ehyp
Yupluwwwnyyh:

Oppuwy, 8 thnfuwqgnbignieniuiphg htiwnn  Jdtup
Yniubuwup 28 $nunnt:

Uw bpwuwyntd k, np (nyup wnpyniphg tiynn 1 $nunn-
up thnfuwpbu' 8 hnfuwgnbgnieiniuubiphg htinn Yniub-
Uwup 256 dnwnnu:

Wu pwuwynipjwdp $nnntiubph hbunwagdnidp sw-
thwqutg pwul £ hwpdwnpyh b wpnyniupubiph wwh-
wwudwu wnnwiny:

Ugtithu, dh pwuh wunpwnwpdtinhg hbwn, Jtup
unhwywd Yhubup qqwih dwdwuwy Jwwnub] owwn
eny| hnupbiphu htwnubiny:

YUphpwnbiny nnwwlwt  wpnipwpiwnh - dGennp,
Utup Ypdwwnid Gup ybpp updwd Swiuubpp, wywhww-
ubiiny hwoqwpyh wpryniupubiph 62gpwninieyniun:

Mupgbint hwdwp, G huswbu £ gnpdnid wyu Ubpn-
np, nhnwpytup dwybpunype, npp wunpwnwpdunid k
puyunn [nyuh 50% -p:

Mnuwlywu  wunnwnwfuwnh Yhpwndwu nbwpnid,
dwybtiplnyphg Ywunpwnwnuwu pulunn dnnntutipp
dhwyu Ytup, uwluyu phy hgnpnijudp:

Oppuwy, Gebt nbwh wn dwybpbup wpswybup
1000 $nunnu, www Ywpnn Gup wunpwnwpsut; 1000
$nunu, pwig Ybu hgnpnipjwdp, Ywd 500 $nnnt (ww-

Yuwu hwajwinyuwiht wtuutin) inhy hgnpnuejwdp (wiytih
wpryntuwybin ubpnpnd wywjdwnniypjwu dby):

Unynpwywt dhowywpnud hwpy yihtuh nhunwnlyti
wybih 2wwn Gplnypubtiph (Wwwwhwpubiph) hwjwuw-

60% of incident power, Russian roulette completely

Note. The probability of reflectance p is value of reflectance coefficient P. Probability of absorption is 1 — p.
Source/Unpynipp" Global Illumination (3), Photon Mapping (1) http://slideplayer.com/slide/9934631

A®incident — power of incident photon
pulwsd $nuinup hgnpnieyntu

A®refiected- power of reflected photon
wunpwnwpdwsd pninnup hgnpnieyntu

Prefiectance - reflectance coefficient
wunpwnwnddwu gnpdwyhg

Poabsorbtion— absorbtion coefficient
Ylwudwu gnpdwlyhg

ACpincident = 100%

Preﬂectance = 60%

Acbreﬂected = 100%

Pabsorbtion = 40%
Acbabsorbed = O%

Upnud. Ubnpwnwpddwt hwywbwwunygyniup p-b winpwnwnpddwt gnpéwlphg P-h wpdbpl £ Ywbdwt hwdwbwlwbnyeiniup hwyw-

uwpkl-p:

Uljwip 27. Luljws hgnpnipywt 60% -h swithny 10 $nipnti hbywqstne thnpuwnbl nnwuwlwt wypnugpwipuwnp
wdpnnonipywdp Ypubnid £ 4 pnipnt, U wunpuwnwnpdunid 6 -p inhy hgnpnipywdp:
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To handle these events we must divide our
probability distribution domain according to the
material properties of a surface (Figure 28).

Consider a surface with following properties:

o diffuse reflection coefficient - POI = 36% (pCI =
0.36 - this means, that probability of diffuse
reflection is equal to 36%)

» specular reflection coefficient — PS =24% (/os =
0.24)

e transmition coefficient — Pt =15% (/ot =0.15)

* absorbtion coefficient — Pa =25% (pa =0.25)
Pyt P, + P, +P_=Incident light (100%); this

means - conservation of energy.

PytP *tp +p = 1; this means that one of the
events will take place without fail.

The appropriate distribution domain for this
surface is shown in Figure 26.

Figure 28. Probability distribution domain.

Ywunipniuutin:
Uju Bpunypubpp hwodwpytint hwdwp, hwplwuynp
b hwywbwlwunysnitibph wpdbpbbph (pwpwdpp pw-
dwub| pun Jwybpunyph Uniyeh hwwnynieniuubpp (L-
Ywn 28):
Yhwwplbup dwybiplinye, npu niup hbGnlyw) hwwn-
unuajm'u'ubpn
nh$niq wunpwnwpddwu gnpdwlhg' - P, = 36% (p,
= 0.36 - uw Upwuwyntd k, np nhdnig whqnwr}wné—
dwt hwjwuwlwunyeniup 36% -k )
* hwjbwht wunpunwpsdwt gnpdwlhg' - P, = 24%
(p, =0.24)
* pwthwugbhnipjwu gnpdwyhg' - P, =15% (p, =
¢ wudwu gnpdwlhg’ - P, =25% (p, = 0.25)
Py * P, + P+ P_ = Culunn |nyu (100%); pfunud £
I:'ubnqhwjh U.{Luhu.{u.l'ULIUJU opbuphg:
PytP *tP tp, uw tpwuwynid k, np Gplinye-
‘ubnhg qnab uhqn whwwjdw‘u wnbnp Yniubuw:
Yhwwplynn dwybiplnyeh hwdwwywwnwuluwu hw-
Ywbwhwbnpniatbph wpdbpbtinh ynwpwdépp ubplyw-
Jjugywd £ Lwp 28-nwu:

0.15)

0 0,36 06 075 1
pd = 0.36 ps=024  |pe=0.15| pa=025

\ )\ J\ i Y J

0<E<036 036<£<06 06<E<075 0,75<E<1

Ulwp 28. <wdwbwlwbnygyniiibph wndtpubph ynuwpwop:

For each photon, after its interaction with
surface, a subprogram — called “random-number
generator” (analogous to dice) generates a uniform
random value ¢ (“gsi”) from O to 1 (i.e. within the
domain).

After that, the algorithm compares § with
probabilities p and makes a decision (Figure 28):

¢€f0,1]

(0 = ¢ <0,36) then reflect diffuse;
(0,36 < ¢ < 0,6) then reflect

if $<py
if py<§<py*pg
specular;
if Pyt P <§<pd +p, tp, (0,6 < &<=0,75) then
transmit;
if Py tp tp < §<1 (0,75<¢<1) then absorb.

It is important to note that the power of the
reflected photon is not modified.

Snipwpwuginip nnnup hwdwp, dwybpunyeh htwn
upw thnfuwgnbnig htwnn, «ywwnwhwlwu rybph gqb-
ubpwwnnp» Ynsynn Gupwdpwahpp (qunh udwuwyp)
gbiubipwgunud £ wwwnwhwywu ehy € («puh»), nph wp-
dtipu puwd £ 0 -p L 1 -h dhowwypnid (wyuhupu' wp-
dtipubiph nwpwdpnid):

Ujunthtwnl, wignphpdp hwdbdwwnd £ € -u p hw-

qwuwYwuniejnwuutph  htn b Yuwjwgund  npnonud
(Lywn 28).

€€ef0,1]
et {<p,; (0<¢€<0,36), wuww wunpwnwnapnt nh-
$niq,
bt py,<&<py+p, (0,36 <&<0,6), wyw wunnw-

r}wnépm thwaJh‘u

beb py+ po<E<py+p, +p, (0,6 <{<0,75), wuuw
puithuiugh,

et p, + o, + p <& <1 (0,75<€<1), wwyw Ywthp:
Ywplunp k£ ugk], np wunpwnwpdwd $nnnup hgnpnt-
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The more is the number of interacting photons,
the higher is correctness of the overall result, better
is the quality of the resulting image.

It can be seen that Russian roulette is a
powerful technique for reducing the computational
requirements as it removes “unimportant” photons
so computation focuses on “important” ones.

For each photon-surface interaction, the position
(three-dimensional coordinates), incoming photon
power and incident direction are stored.

This data is stored in a spatial data structure
called photon map.

Note that each emitted photon can be stored
several times along its path (Figure 29).

Also, information about a photon is stored at
the surface where it is absorbed if that surface is
diffuse.

RINLUp sh thnfuynud:

Nppwt UG [hup hnfuwgnnn $ninnuubph pwuwyp,
wynpw pwindn Yhtp Ytipgwlw wpryniuph tagpunt-
pintup, htinbwpwp b yGpouwlwu wywwnybiph npwynp:

Uyuhwjwn £, np nniuwwt yunnwnwfuwnp hwywn-
Up hbionwgunn hgnp vhong &, pwuh np wju ytipwgund
£ «ng Yuplnp» $nuinuubpp’ enyp wwing hwoqwpyp
yGuwnpnuwgub| «fuplnpubiph» Yypw:

3nipwpwugnip pnnnu-dwlybipunype thnfuwqgntignt-
pjwu hwdwp gpwugynd b wwhwwuynwd Gu pnynup
nhppp (Gnwgwth Ynnpnhtwnbipp), hgnpnieynitip L
wblydwb ninnnigynip:

Wu wndjwiubpp ywhwywuynd U nwpwswlywu
wnyjwiubpp Ywunnigwdpnid, npp Ynsynd £ pnpn-
buyhtt pwpipliq:

Llwwbp, np jnipwpwugnip wpdwywsd dninu hp
wugwd dwuwwwphhu Ywpnn § ywhwwuyb| dh pwup
wugqwd (Lywnp 29):

Geb nhdniq dwybpunyph htwn hnfuwgnbint wp-
ryntupnid pnuinup Ywuynid k, wwyw wyn nhpph nyjwi-

Figure 29. Emitted photon can be stored several times along its path.

Source/Unpynipp' ”"Photon maping (PM), Progressive PM, Stochastic PPM” Jiri Vorba http://ms.mff.cuni.cz/~vorbj4am/pm_ppm_sppm.pptx
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Uhwp 29. Updwldws pnipntip hp wigwé dwhwwwphpt upnn b wywhwwbyl) vh pwbh whqud:

Figure 30. Building (a) the caustics photon map and (b) the global photon map.

Source/Unpynipp' “Global Illumination using Photon Maps’, Henrik Jenson;http://sites.fas.harvard.edu/~cs278/papers/pmap.pdf

D = direct illamination
5 = shadow photon
I = indirect illumination

D = mgmualjh (muuonmpoipgnh
8 = wnifkph Jninnt
I = whnnnuyh nowesn poepgad

a) b)

Ulwp 30. w) unwuphly pnipntiughti pwpipbigh U p) ginpw nipntiwghte puwipipnligh fuinnignidp:
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For efficiency reasons, it pays off to divide the
stored photons into three photon maps:

Caustic photon map: contains photons that
have been through at least one specular reflection/
refraction before hitting a diffuse surface.

Global photon map: an approximate
representation of the global illumination solution for
the scene for all diffuse surfaces.

Volume photon map: indirect illumination of
a participating medium: when a photon travels
through a participating medium, it has a certain
probability of being scattered or absorped in the
medium.

Photons are stored at the positions where a
scattering event happens.

The primary goal of this pass is to populate the
photon maps that are used in the rendering pass
to calculate the reflected radiance at surfaces and
out-scattered radiance in participating media.

It is important to note, that photon map is not
an image. It is a three-dimensional spatial data
structure and it is view-independent. This means,
that the photon map can be decoupled from the
geometric representation of the scene, so we have
the flexibility to solve different parts of the rendering
equation by using multiple photon maps.

This is a key feature of the algorithm, making it
capable of simulating global illumination in complex
scenes. This is also another reason why photon
mapping can easily be incorporated into existing
renderers.

ubipp unyuwbiu Wwhwwuynid tu:

Upryntuwybinnipjw inbiuwlbivnhg, dtntuwnnt £ wwh-
wwuywd dnuinuubipp pwsolub Gpbip $nninuwjhu pwp-
wnbqubiph vhol:

bwmuphly npnbiuyghtt pwpiplq. wwpniuwynwd £
wju pnuinuubipp, npnup twlupwu nhdnig Jwybplny-
prhu hwpqwsdtip, gbip by wuqwd ptlyt; Ywd hwb-
[wjhUu wunpwnwné Gu niubigb:

Xnpwy pnipntughti pupiplq. nbuwpwund tnwd
pninp nhdnig dwytiplinyubtiph gnpwi [ntuwynpnipjw
dnwnwynp ubpywjwgnidu k:

Owyuwih $npnbuypti pwpiplq. dwuupyubp ww-
pniuwynn  dhowywyph  wunipnwyh ntuwynpnigintu.
Gpp $nunintl pupwund £ Jwutplubp wywpniuwynn
dhowiuyph dhond, wuyw wy, npnowlih huuibwluw-
Umlr;uwdp Ywpnn £ gpyby Yud Yrutgty win dhowdw-
pnLd:

Mwhwwuynwd £ pnuinup wiu nhppp, npwntin inbinh
niubigh| gpdw Gplnypep:

Wu thnih hhduwlwu uwywwnwyu £ «puwlbgubp» $n-
wnuwjhu pwpwbqubipp, npnup oguwgnpdynid Gu nb-
uwjuwgdwu thnynd' Jwybpunypubphg wunpwnwp-
éwd W dpowywyph dwuuhlubph Yypw gpjwd wwjdw-
nniintup  hwoybint hwdwn:

Ywplinp £ gk, np $nnntiwht pwpunbiqp wywwnybp
sk: WUt Bnwswih tnyjwijubph Yunnigwsdp £ b Yuiudws
sE nhunwybinhg: <Gwnbwpwp, Ininnuwiht pwnpwntigp
Yuwpnn £ nhinwpldt) nyjw) wbuwpwuh Gpypugwgine-
pInNtUhg wulwlu, husp huwpwynpnipntu £ pudbinnud
wbuwjuwgdwu  hwjwuwpdwu  wwppbp  pwnwnphs-
ubipp hwoybint' oguwgnpdtiny wwppbp $ninnuwyhu
pwpunbqubp:

Uw' wignphpuh guwynp wnwuduwhwwnynyeniu
E, npp huwpwynpnigyntt £ wwihu bdwuwybp ginpw
(ntuwynpnipntup pwnn nbuwpwuubpnd, huswbiu bwb
hGownijwdp ubpywnnigyb gnniejnu niutignn k-
uwjuwgdwu dpwagnptiph Jbe:

Figure 31. Photon map represents illumination stored as points in a spatial data structure.

Source/Unpynipp" ”Image Synthesis”.pptx, Dr. Jens Kruger-Computer Graphics and Visualization Group; http://slideplayer.com/slide/9934631

Uljwp 31. Snipnbuypli pwpiplign bbpyuywgunid £ Yaippbph dund wwhwwidws inwuwynpdwénipyniup' yw-

pwéwlwt pndjugbph wnnigywdpnid:
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Photon Storing

Photons are only generated during the photon
tracing (first pass).

In the rendering pass the photon map is used
to compute estimates of the incoming flux and the
reflected radiance at many points in the scene.

To do this it is necessary to locate the k nearest
photons around any x point in the photon map.

During photon tracing, the data is stored in a
point list (Figure 32-a).

We also want the photon map to be compact and
to support fast three-dimensional spatial searches
(remember, that coordinates of k nearest photons
we have to locate are three-dimensional) as the
algorithm will need to query the photon map millions
of times during the rendering phase.

When tracing is finished, the points list is
converted to kd-tree (Figure 32, b) and then is
balanced (Figure 32, c). It reads as k-dimensional
tree and represent the photons grouped and
rearranged by their locations in the scene that
are registered in the points list, constructing a
hierarchical spatial structure.

This process is similar to sorting a randomly
recorded list of names. Naturally after sorting
alphabetically, it would be much easier to find a
name that starts with a particular letter.

Figure 32. a) Point list, b) kd-tree, c) balanced kd-tree.

Snunnuubiph ywwhwywundip

bnunnuubpp gbubpwgynd Gu Jhwju $ninnuubph
htnwagddwu pupwgpnid (wnwehu thny)):

Stuwjuwgdwu thnynd, $nuninuwjhu pwpwnbqu og-
nwgnpdynid £ mbuwpwup pwqdwphy Yenbpnd' $n-
wnuubiph puyunn hnupp b wunpunwpéws wywjdwnnt-
pintup hweywpytiint hwdwp:

Wn hwoywpyp Yuwwpbine hwdwp, hwpluynp |
Pnuinuwjht pwpnbigh gwuugwd x Ytwnh opowlwy-
pnud gunubip kK hwwn dninwlw nnnuubpp:

Lbinwgddwu pupwgpnid nuinnuubiph nyjwiutipp
wwhwwuyntd Gu gnigwyh duny, npp Ynsynid £ Yl k-
nh gniguly (L{wn 32-w):

SYjwiubph wwhwwudwu Swfuubpp ujwqbigubnt
hwdwp, hwpywynp £, np Ininntwjpu pwpwinbigp [hup
Yndwywywn b wwywhngph wpwag npnunwfubph huwpw-
Ynpnipynit Bnwswith nyjwiubph vwpwdpnid (hhobup,
np npnuynn k dninwlw dninnuubiph Ynnpnhuwwnubipp
Gnwswih Gu), pwuh np wbuwjuwgdwu thnynd wign-
pphredp dhihnuwynp hwpgnudubip £ Yuwnwnpbint $nnn-
Uwjhu pwpwnbighg:

Wn uwwwwyny, hbunwgdnip wywpwbing hb-
win, Yliptph gnigulp thnfuwytpunud £ §n-dwnh (kd-
tree, Lwp 32, p) b wjunthbinb hwjwuwpwypnynud k
(Lywp 32, q): Uju Ywpnwgynwd £ npwbu k swhnnuily-
umpywdp Swn U hpGuhg ubpywyjwgunid b Yaippbph gni-
gwlynid gpwugwd Sninnuubpp’ Ypwnwuwydnpywsd L
fudpwynpywd puin wmbuwpwund niubgwsd hpbiug nhp-
pbph, Ywgubiny unnpwywpqwiht nmwpwdwlwu Yuw-
nnigyuwdp:

Wu gnpdpupwgp Ywpbh § udwubgub] wwwnwhw-
Ywunptu gpwd wgqwunwuutph gnigwyh, npp wjune-
htinl yepwnwuwynpynid £ pun wyppbuwywu Yunpgh:
Wn nbwpnwd npuk wwnny ufuynn waguuntup hwpy
sh (hup thuwnpb nne gnigwynid, wy|' hwdwwwunwu-
fuwt wwnh ubippn:

Source/Unpyninp' “Image Synthesis”.pptx, Dr. Jens Kruger http://player.slideplayer.com/25/8032784/#
Point List = [(2,3), (5,4), (9,6), (4,7), (8,1), (7,2)] = Y&wbph gnigwy

b) kd-tree ) balanced kd-tree

. A N T T AN G 7.3
¥
L]

C B
» i

B e Q O 5, 8
E ] 'E| -F-',:l} [ e
o | e
i . — — F ...... 2, % {4, T) {8, 1)

P! 4n-twun

q) hujwuupwljpmjwd Yn-#non
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After all photons are stored in the map we
want to make sure it is balanced (see below for
explanation).

A simplified example of kd-tree balancing

Let us suppose that the sample on Figure 32,
b is a small area on a wall, and the set of dots on
coordinate plane are the points where photons hit
the surface.

At first step the data set is split by median
A (7, 2): it will be the parent node.

Then left data set will form the left child tree and
right data set — the right child tree.

At second step the right and left datas are
splitted by blue medians B (blue medians become
nodes for right and left child trees), at third step -
with medians C, and so on (Figure 32-c).

The choice of a splitting dimension is based on
the distribution of points within the set.
One might use either the approximate equality

between splitted subsets, or the maximum distance
between the points as a criterion.

Lwpwbignd pninp nnntlutipnp glivmtintiinig  htiwnn,
wbwp E hwdnqytiup, np wt hwjwuwpwyonjwsd §
(pwgwwnnywéd £ unnply):

Yn-6wnh hwyjwuwpwlndwu wwpqbgjwé ophuwly

Gupwnptup Ljwp 32, p-h ypw ywwnlybpywsd udni-
o0 wuinh dh thnpn hundws b, huy Ynnpnhtwnwht
hwpeniejwu ypw wywunlybepdwsd Yanbph pwgdngeniup’
wju wmbinkpu Gu, npwnbn $nuinuubipp hwpywsdt) Gu Jw-
ybplnyehu:

Unwoht pwjny wnyjwiubph pwgdnipniup pwdwunn
A hwwnywdp hwunbiu Ygw npwbiu gluwynp hwugnyg.
wju wugunwd £ A (7, 2) Ytwnny:

Unwgywé nyjwijubpp dwju pwqdnipiniup Yywqgdh
Gwifu §ntnuiynpnudp, huYy wy pwqdnipiniup’ we Gyntnw-
Ynpnidp:

Epypnpn pwyiny, ndjwiutiph we U Gwfu pwqdni-
pintuubpp Yphuynud Gu Yuwnyw B hwndwdubpny (Yw-
wnywn hwwndwdubpp hwunbu Yqwu npwbu we U dwfu
§ninwynpnwdubiph  hwugnygubip), Gppnpn pwypt® C
hwwndwdubpny, b wjuwbu 2wpniuwy (Ljwp 32-g):
Pwgdnyeniup Yhunn hwuindwdh Ynnpnhuwwnp puwnpne-
pINtUp Yutugws £ pwqdnipjwt dtig Yawnbtiph pwpfudw-
onipjniupg U wwpynud £ wjuwbu, np Yphujwd Gupw-
pwqgunipniuubpnd Ynbph pwuwyp dnunwynpwwtiu
hwywuwp [huh, Ywd, hpwphg wnwyb| htnnt guinuynn
Gpynt Yeinbph dhouwybinny:

Figure 33. In the three dimensional space - planes intersecting medians are added.

Source/Unpynipp" Global Illumination (3), Photon Mapping (1) http://slideplayer.com/slide/9934631.
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Ulwp 33. Gnwiswith qnwpwénygywt Ube Yhunn hwipduwdstbnp thnpuwphbynid &4 Yhunn hwppenipiniatbpny:

After the photon map is created it is stored
(cached) on disk or in memory for later usage.

It is one of the few data structures that is ideal
for handling non-uniform distributions of photons.

The worst-case complexity of locating k photons
in a kd-tree is O(n) where as if it is balanced it is
O(log n). When n >>1, then O(log n) << O(n) where
n is the number of photons.

bnnnuwjhtu pwpnbigp Ywnnigtiinig htivin wju wwh-
wwuynud £ (pGowynpynid £) Ynon ujuwywnwyh Jpw
Ywd hponnnipjwu by, htnwaqw ogunwagnpddwu hw-
dwp:

Uw nduubph wjiu vwwlqwehy Yunnigywudpub-
nhg &, np Yuwwnywy § hwadwpyh hwdwp' $nnnuubpp
ns hwdwubin pwotujwoénipjwt ywpwguwntd:

Unyupuy wdbuwpwpn Yunnigwdph nbwpnud Yn-
dwnh k hwwn $nwnnuubiph npnudwt dwdwuwyp hw-
dadwunwwu £ O(n) -pu, dphugntin hwjwuwpwyonjwd
nbwpntd’ O(log n) -hu (tpp n >>1 -hg, wwyw O(log n) <<
O(n) -hg ), npuintin n-p ninntiutiph pwuwlyu k:
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Figure 34. Find nearest photons in the neighborhood of intersection point x in the photon map.

Source/Unpynipp' ”"Photon maping (PM), Progressive PM, Stochastic PPM’, - Jiri Vorba
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Uljwp 34. Snipnbiuyghti pwpiplignid” dnypwlywn npntiitph npnuncdp thnfuhwpndwit x Yaph hwpliwbnieywdp:

Rendering (second pass)

In this step of the algorithm, the cached photon
maps (created in the first pass) are used to estimate
the radiance of every pixel of the output image.

For each pixel, the scene is ray traced until the
closest surface of intersection is found (Figure 34).

For each point, an approximation of the rendering
equation (Equation 2-4) is used to calculate the
surface radiance Lr leaving the point of intersection
x in the direction of the ray that struck it (the red ray
in Figure 34). This radiance is assigned to the pixel,
through which the ray was traced (the blue ray in
Figure 34).

At each point, outgoing (reflected) light in one
direction is the integral (sum) of incoming light from
all directions multiplied by reflectance property
(Equation 2-4, Figure 34).

Equation 2-4 / <wdwuwpnid 2-4

Skuwjuwgnud (Gpypnpn thney)

Uignpheuh wju pwjinid® jwnnigynn wwwnybiph jni-
pwpwsnip thhpubilh wwjdwnniejnitup npnabnt hwdwp
ogwagnpdynd U wwhwwuqwd pnuninuwjpu pwp-
wbqubipp (npnup Ywnnigyty Ehu bwtunpn thnyned):

Snipwpwugnip thhpubifh hwdwp, Upw YEunpnuny
nbwh wbuwpwu ninuplywsd dwnwguwjpep hbinwagd-
ynud £ dhusl Ygnugh wnwoht thnfuhwundwt dwybip-
unypep (Lywn 34):

Snipwpwugnip hnfuhwndwu Yewnh hwdwp' nb-
uwjuwgdwtu dnunwpywsd hwlwuwpnidp (wjwuw-
pnd 2-5) hwodwpynd £ x Ytwnpg' hbnwgddwsd dw-
nwqwjeh ninnniejwdp htnwgnn Lr wwjdwnniejntup
(Lywp 34-h ypw wwnytipgws £ yupdhp gnyuny): Uju
wwjdwnniejntup Yyepwagnynwd £ wju thhpubjphu, nph up-
ony wughk| Ep htivnwgdwd dwnwgwjep (Uywp 34-h
Ypw wwwnybpywsd £ Yuwnyw gnyuny):

Snipwpwugnip Yanhg' npnowyh ninnnugjwdp hb-
nwgnn (wunpwnwpdws) (nyup hwjwuwp & pninp Ynn-
udtphg GBYwsd [nyup hunbgpwihu (gndwppt) pwqdw-
wwwnws wunpunwpddwt hwnynypjudp (Kwjwuw-
pnud 2-4, Ljwp 34):

L: (X,(OI) =ffr (X, @ i, (Ul.) %*: dEi(X, (Ui)

Here L (x, w)) is the reflected radiance (from
point x), dE,— is the illumination of the surface from
a particular direction w, with incident flux within a
differential solid angle dw, (Figure 35).

The reflectance property of a surface at a point
x is described by f - bi-directional reflectance
distribution function (BRDF)3.

Ujuwntin Lr(x, w ) x YGwnhg wunpunwndwsd wwjdw-
nnieiniut £, dE; -u" dwlbiplnypeh |nwuwynpywdnieiniul
E npnawlh w, ninnnigniuhg puljwsé dwnwqwjpwihu
hnupny, npp wwpthwlyws £ dw, dwpduwiht wuljwu
utio (Lywp 35):

f Uywpwgpnud £ dwybplunyph wunpuwnwpadwu
hwuwnynipiniup npuk x Yhwnnd b Yngynwd £ Gpyynndwup
wunpwnwpddwu pwotujwdnipjwu niuyghw (BULD):

3 BRDEF takes an incoming light direction wj; (Figure 35), and outgoing direction w, (taken in a coordinate system where the surface normal

n lies along the z-axis), and returns the ratio of reflected radiance exiting along w, to the irradiance incident on the surface at a point x

from direction w;. Each direction w is itself parameterized by azimuth angle ¢ and zenith angle 8. The BRDF measurement unit is sr-'.
GURD —p npnonwd £ pulunn nyup ;i (LYwp 35) b wunpwnwpdwsd |nyuh @, ninnnieintuubpp (Gnwswih Ynnpnhuwwnwlwu hwdw-
Ywpgnid, npunbin dwybiplnyeht twwpwsé ninnwhwjwgp hwdpulunud £ z wnwugph htwn) U hwaynid w_ ninnnigjwdp wunpunundws
wwjdwnnigjwu b w; ninnnieintupg dwlybplnyph x Yewhu pulwsd (nuwynpnipjwt hwpwpbpnigintup: bp hbpeht, jnippupwugnip w
ninnieintu npnaynid £ wghdnunh @ U gbupph fwwndwdp niubgusd 8 wuyniutpny: GURD -h swihdwu dhwynpu £ unbin:
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BRDF is the most general expression of
reflectance of a material.

At a high level, the BRDF describes how “bright”
a surface will look from a particular direction w,
when being illuminated by a light from another
direction w.

To account for the light coming from all directions
we need to integrate that (Equation 2-5) by spacial
angle Q involving x (Figure 35).

GUPSD ujnieh wunpwnwpdunn hwwnynipniup punt-
pwagnnn wdtiwpunhwupwlwu wpunwhwjnnienut

Cunhwunyp wndwdp' GURPS —p uwpwgpnud L, b
nppw «wuwjdwn» Yapuw dwybplunypep npnpwlyh w,
nuinniRntuhg, tpp wiu nuwynpynud b Uty wy|’ @, nin-
nniEjntupg pulunn |nyuny:

Pninp Ynndtiphg GYwsd |nyup hwayh wnubijnt hwdwn
hwpywynp £ wju punbgpl) (Cwjwuwpnd 2-5)° x-u
pungnynn Q dwpduwiphu wuyniuny (Lwp 35):

Figure 35. f_is the bi-directional reflectance distribution function (BRDF).

dilr (%60}

el

fefancan) =

A B (3,0

dr (%, i
# {1.!'5]-‘]

dE: (x.c0)

Ulwp 35. . tphynndwih wbnpwnuwnpddwb pwppiduénipyub pnibyghw £ (GURLSD):

Equation 2-5 / <wdwuwpnmd 2-5
Le (x00r) = [ £ (x,
Q

We can use photons density estimation to
estimate the illumination (dE) from the created
photon map by locating the k photons that has the
shortest distance to x (Figure 34).

This density estimate gives us the incoming flux
density or irradiance.

Each photon p has the power A® and by
assuming that the photons intersect the surface at
X we obtain:

Equation 2-6 / <wdwuwpnid 2-6

In other words, irradiance E,, is the sum of the
number of photons d>p, arriving per unit area.

We can substitute for E, in Equation 2-6
rendering:

Equation 2-7 / <wwuwpnid 2-7

k
Lr(x @) = ) fr(60p,0p) +
p=1

wj, wy) * dE;(x, ;)

Lnwwynpywénipginiup (dE) hwaybint hwdwp dtup
Ywpnn Gup ogwunyb Ywnnigwsd Ininntwjhtu pwpunb-
qhg' x Yawnh dnnwlw k Snnnuubipp gunubinyg b upwug
funnieintup hwaybiny (Ljwnp 34):

Funnipjwu hwodwnyp wwihu b dbq puywsd hnuph
funniejniup Ywd (ntuwynpdwdnieiniup:

Snipwpwugnip p nunt nwh npnawlih AP, hgn-
pniejniu b Beb upwup hwpdwdénd Bu dwybplynyehu
x Ybwnnud, junwuwup.

Wuwhuny, Yupbih £ wub), np E; (nuuwynpwsnt-
pyntup’ dhwynp dwlybpbupu puywd pninp @, pnunnu-
ubiph gnudwpu k:

Stuwjuwgdwt hwywuwpdwu by (Cwjwuwpnid
Equation 2-6) thnfuwphubiny E; -ht' Juinwuwup .

AD, (x, ;)
AA
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The procedure can be imagined as expanding
a hemisphere around x until it contains k photons
(Figure 35) and then using these k photons to
estimate the radiance.

Equation 2-7 still contains area AA, which is
related to the density of the photons around x.

By assuming that the surface is locally flat
around x we can compute this area by projecting
the hemisphere onto the surface and use the area
of the resulting circle.

This area is indicated in Figure 36 and equals:
AA = mr?, where r is the radius of the hemisphere —
ie. the largest distance between x and each of the
photons.

Wu gnpdpupwgp Yunbih £ wwwnybpugut) npubu
X —p 2pswwwinnn Yhuwgunh punwpdwynid, wjupwu,
udhusle wyu Ypungpyh k hwwn pnunnu:

Lwywuwpnud 2-7-p ywpniuwynud £ AA dwlybpbup,
npp YyGpwpbpnud £ x YGwnh onipop ginudnn pninnuuph
funnipjwup:

Cwdwnbny, np dwybplunyep x Yenp 2nowluwpnid
hwpp k, dkup Ywpnn Gup wpnjtyunt Yhuwgniunp dw-
ytpunyph ypw U hwoyb unwgywsd opowuh dwytipbup:

Llwp 36 -nud wyn dwybpbup wnwuduwgyws £ U
hwdwuwp £ AA = 712, npinbin r -p' Yhuwqunp ownw-
yphnu &, wd x Ytwnh b wdbuwhbnwynp $nuinnup vhole
tnwd htinwynpnipniup:

Figure 36. Finding k nearest photons from the created photon map

Source/Unpynipp" Global Illumination (3), Photon Mapping (1); http://slideplayer.com/slide/9934631

AA = !

Uljwpn 36. Ywnnmigyws pnipntiughti pupiplgnid k dnipwljw Snipntiiph npnpnidp:

This results in the following equation for
computing reflected radiance at a surface using the
photon map:

Equation 2-8 / <wlwuwpnid 2-8

Upryntupnud® $nuinntwghu pwpwnbigh dhongny  dw-
ytplnypehg wunpuwnwndwd wwjdwnnintup hwaybnt
hwdwp, Juunwuwup hGwnlyw] hwywuwpnidp.

k
1
Lr(x,0,) % —3 > fr(x,0p,00) * A (x, )
i=1

This estimate is based on many assumptions
and the accuracy depends on the number of
photons used in the photon map and in the formula.

As more photons are used in the estimate and
in the photon map, Equation 2-8 becomes more
accurate.

The number of photons used for a radiance
estimate k is usually between 50 and 500 (Figure
37).

Uju hwoywpyh hphdpnd puywsé Gu pwqdwehy dn-
wmwpynidubip, nwuwnp degpunneniup Ywiujws £ dnunn-
Uwjhu pwpunbignud b pwuwdlbpnid ogunwgnpdywd n-
wmnuubiph pwuwyhg:

Nppwu Utd |hup hwodwpynd ogunwgnpdywd dn-
wnuubph pwuwyp, wjupwu d6d Yhuh hwywuwpnud
2-8 Gogpunipniup:

Muwydwnnipjwl hwoqwnpyh hwdwp oguwgnpdynn
$nuinnuubiph pwuwyp k, unynpwpwp gunuynd £ 50 L
500 dhol (Lwp 37):
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Figure 37. Results for radiance estimate using a) 50 photons and b) 500 photons

Source/Unpynipp' Images from Henrik Wann Jensen

a

Ulywip 37. MuySwnnipyuwt hwpduplyh wpnynitpp w) 50 $nipnth U p) 500 dnipntih ogypwgnpddwti nbuypnid:

To facilitate efficiency, Equation 2-8 is decom-
posed into four separate factors: direct illumination,
specular reflection, caustics and indirect illumina-
tion.

I‘r = Ldirect indirect

specular caustics

For an accurate estimate of direct illumination,
aray is traced from the point of intersection to each
light source.

As long as a ray does not intersect another
object, the light source is used to calculate the
direct illumination.

Specular reflections are calculated using ray
tracing procedures.

The contribution to the surface radiance from
caustics and indirect illumination is calculated
using the appropriate photon map directly.

Photon mapping is about the power of
statistics: you don’t need to inquiry the behaviour
of every possible path in the scene in the same
way you don’t have to ask every citizen about their
political views to anticipate a poll result.

With photon mapping you basically take statistic
samples in every area of the scene to form an
accurate map of incoming lighting.

The result is less than perfect - yet a very good
approximation is achieved in much less time.

A summary on lighting simulation algorithms is
given in Table 4.

Upryntuwybinnipyniup pwpdpwgubint tywwnwyny,
Lwywuwpnd 2-8 -p wnipnhynwd £ snpu wnwudhu pw-
nwnphsubiph' nuinnuiyh (nuwynpniywiu, hwybijwhu wu-
npwnwnddwu, Ywnwwhluwih b wunipquyh [nuwyn-
pnRjwu:

L=L o+ L+ L o+ L

r

My (nuuwynpnigjuis dagphn hwayuiplp Yuw-
nwpynd £ thnfjuhwndwt Yanhg nbwh jnipwpwugnip
(nyup  wnpnipp Lwpwd  dwnwqw)ubph  hbnwags-
dwdp:

Grb twnwaqw)ep sh thnfuhwunynid w)| wnwplywub-
ph hGw, www ninnuyh nuwynpnieiniup hwoqwny-
ynud £ oqunwgnndtiny [nyup wnpniph wyjwijutipp:

Cwjbiwiht wunpwnwpdnwip unyuwbu hwodwpy-
ynud £ dwnwqwjph htitnwgddwu oqunipjwdp:

Uwytipunyeh wwjdwnnigjwu dte Jwunwwmhuih L
wuninnwyh nuwynpnigjwu niubigwsd ubipnpnuwdubipp
hwoywpyynid U wudhowwbu hwdwwwwnwufuwu $n-
nnUwjhu pwpuntiqubiphg:

Snnnuwjhu pwpnbqugpnuip’ YJpdwywgpniejwu
hgnpniejwu Yywjnieyntut k. dbgq hwplwynp sk hbGnw-
gnunb| wbuwpwund pninp huwpwynp  hGnwgdtiph
Juppwghdp, wjuwbu, huswbu puwnpnieniuutpph wp-
ryntupubipp 6hown Ywufuwwnbubine hwdwp, hwpy sh (p-
unid wwpgbi jnipwpwuginip pwnwpwgnt pwnuwpwywu
hwjwgputipp:

Snnnuwjhu pwpinbiqugpnidu, puwn Enpjwu, Yp-
Swlwagpwlwu udnpubp  ytpgund inbuwpwuh jnipw-
pwlignip wipwdphg' pulunn |nyuh Ggphin pwnntiqn
Ywqutnt hwdwp:

Upryniupnud unwgywd ny wupbph, pwig swun jwy
dnwnwpynidp &binp £ pbipynid gwun wybiih yupéd dwdw-
uwynud hwdtdwwn wy| dbpnnubph:

Lnwwynpdwtu  dnnbGjuynpdwt wignphpdbph  wd-
thnth wwwnybipp ubplujwgywsd £ Ungniuwy 4-nud:
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Table 4. Lighting simulation algorithms

Feature Algorithm

View-dependent » forward ray tracing

e backward ray tracing
* bi-directional ray tracing

Scene-dependent * radiosity

* photon map
* Integrative approaches
* Multi-pass approaches

Direct calculation  for artificial lighting, follows national standards

Calculation aids * deterministic methods (classical approaches)

* statistical sampling methods (Monte Carlo)

Unynwuwly 4. Lnuwynpdwt dnnbpuynpdwt wignphpdtin

Unwuduwhwwnnipyniu Uignpppd

Yhuiwytnny ywjdwuwynpywd e bdwnwquwjph ninhn htwnwagdnid

e bwnwquwjph htwnwnwnd htnwagdnid
* bdwnwquwjputph pyynndwuh hbwnwgdnid

Stuwpwuny wwjdwuwynpjwd *  bGwnbwnwquw)pdwu (Wwjdwnnipjwu) wignphed

*  Inunnuwjht pwpwnbquagpnd
* huwnbgpwy dninbignidubip
*  pwqdwyh wugndubiph dninbignifutip

Ninnwyh (wudhowlwu) hwagwny e wphbunwlwu nwwynpnigjwt hwdwp, pun wqquiht unwu-

nwnpwubiph dspnnwpwuntgjuu

Lwowpldwu dhongubip *  Nanbpdhupunwlywu dbpnnutp (nwuwlwu dninbgnidubn)

o Jhtwhwgpwlwu tdnwndwu dbpnnubp (Unupb Ywnyn)
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DIALuxEvo: Calculating with control
groups

Whatever method is used, calculations take
time. Therefore it is a pity, when, after a successful
calculation, a completely new calculation is
required when individual lighting scenes are
adapted in order, for example, to optimise the
energy consumption or to a achieve a specific
lighting effect. DIALux is treading a completely
new path: for each lighting scene, the lighting
designer defines luminaire groups which he would
like to dim or set independently of each other in
each respective lighting scene. Prior to calculation
DIALux evo identifies from all the lighting scenes
the control groups which are necessary for
these lighting scenes. Each control group is now
calculated separately. In doing this, the calculation
time is initially multiplied. However, this method
means that the result of a lighting scene can be
adjusted later. The results of the individual control
groups are added after each adjustment. Instead of
having to run through the whole calculation again,
it is now only necessary to recreate the lighting
textures on the surfaces.

Naturally, the accuracy of this method is related
to the number of simulated photons shot, with
increase of which the computational time increases
too. However, interestingly, by increasing the
number of shot photons the accuracy can be
increased without any limits, in the context of the
materials properties that are approximated, e.g. the
diffusivity angular dependency of a surface, etc.
Figure 38 describes this property — note that the
complexity of scene requires more photons shot
and thus, more accuracy.

Current geometrical optics algorithms* were
found present in all models examined. The most
implemented were raytracing and radiosity, with
photon map being used in fewer tools.

DIALuxEvo. hwqwply huyhs judptipny

hus dbpnn £ Yppwnyh, hwodwplyubpp dwdwuwy
U wwhwugnud: <hnlwpwn, gwywih k, Gpp hwennnt-
RIwlp Ywwnwpywd hwoywpyhg hbnn [niuwynpnipju
wnwudhu udnubp hwpdwpbgubint dwdwuwy ww-
hwugyntd £ pninpnyht unp hwoywpy, opptuwy, kY-
pwtubpghwih uywnnfu owynpdwwgubint Ywd [ntuw-
ynpnigjwu npnawlh wpnynitup unwtuwnt bywwnwyny:
«DIALux»-p 2wpdynid Lt pninpnyht unp dwuwwwphny.
[(ntuwynpnipjwl jnipupwuginip nmwpwdph hwdwp |-
uwynpnipyntt bwfuwagdnnp Juqund £ [nwuwwnniubph
fudpbip, npnup w Ygwuwuwp Ywnwywnb) (nuw-
winth [nyup ndbnugub] Ywd pnywgub)), Ywd nuw-
Uynpnipjw  jnipwpwugnip wnhwyh wwpwéph  hwdwp
hwidwwwwwufuwu fudpbip wouwwnwgub; Lwlupwu
hwoywplubp Juwwpbip «DIALux Evo»-U npngnud | nt-
uwynpnipjwt | udnpht  hwdwwwwnwufuwunn
Ywnwywpynn fudpbpp, W nuwynpniejwu hwodwnyp
Ywuwwpynwd £ dhwju wyn fudpbpnid ubpwnuyws [nuuw-
wntubiph hwdwp: Snipwpwtgnip Yunwdwpynn funwdp
wjdd hwadwnpyynid £ wnwudphtu: Ywnwywpynn fudptiph
pwuwyh wéhu gniquhtin ddwunud £ twlb hwogwny-
dwt dwdwuwyp: huslk, wju dGennp tpwuwynid £, np
(ntuwynpnypjwl nbuwpwuh wpryntupp hGnwagquw)nud
Ywpbih £ ywpgwynpbi Wdd' uwnwywpynn fudpbpnid
ubpwnwé [nuwwnnubph nuwnynipjw Jnipwpw-
gnin Ywipgquynpnudhg htinn, wdpnng hwpywnlp Yp-
Uhtu Yuwwpbine thnfuwpbu, dwybplnyputiph hwdwp
wpwg Ytpuwnbindynid Gu dhwju (ntuwynpnipjw nbipu-
wnntpwubipp:

Puwlwuwpwp, wju dbennh dogpunnieginiup Yuw-
qwsd £ «wpdwyqwd» dninuubiph eyp hbiwn, nph wyb-
(wgdwu htun dtywnbn wybjwunwd £ twl hwodwplydwu
wmunnnipniup: Wuniwdbuwjupy, hGunwppphp k, np wp-
dulynn dnnnuubiph phifu wybjwgubing unbih £ ub-
dwguby Gagpunnieyniup’ wnwug nplk uwhdwuwwy-
dwu, wju ynebph hwwnynieniuubph hwdwwbpuwnnd,
npnup dninwpyyby Gu, ophuwy' gpdwédnipjwu (nhdne-
ghwjh) wuyniuwihtu Ywfudwsdnyeniup dwybplnyehg,
W wyu: Lwp 38-nud uywpwgpynud £ wyu hwnynipint-
up. nwnpnenlu nwpdntip, np wbuwpwuh pwpnne-
pINtUp wwhwuond £ wybh swwn $ninnuubph wpdw-
Ynud, wjuhupt wybifh Ubé Gainnip)niu:

dwdwuwlwyhg Gpypwswihwlwu owywnhYwh wign-
pheUtnp* Yhpwnynud Gu nwuniduwuppgwsd pninp dnnbj-
ubipnud: UdGuwowwnt hpwlwuwgyt| Gu Gwnwqu)pub-
ph htnwgsdwu b Enbwnwqwjpdwu Enwuwlubpp,
huy $nunuubph pwpwmbqugpnfu oquwgnpdyby &
wybith phy dpwgpwihu gnpdhputipnud:

4 From here to Section 3 is a citation from the Carlos E. Ochoa, Myriam B.C. Aries and Jan L.M. Hensen, Eindhoven University of Technology,
Department of Architecture, Building and Planning, P.O. Box 513, 5600 MB, Eindhoven, the Netherlands, received 11 January 2011, State
of the Art in Lighting Simulation for Building Science: A Literature Review:

Wuwnbinhg uhusl pwdhu 3 tbgpbipdwt wnpynipu £ Carlos E. Ochoa, Myriam B.C. Aries and Jan L.M. Hensen, Eindhoven University of
Technology, Department of Architecture, Building and Planning, P.O. Box 513, 5600 MB, Eindhoven, the Netherlands, received 11 January
2011, State of the Art in Lighting Simulation for Building Science: A Literature Review:
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Figure 38. To the calculation time of DIALux vs. DIALux Evo — shows that the radiosity method realised in the
DIALux 4.x has advantage only in very simple cases, while with photon shooting method realised in the DIALux
Evo for any more or less complex situations are tackled more efficiently.

Calculation thme in relation fo complexity of scane
Cwoqupydwt wnbinnnipyniup' Yuiuwd nbuwpwih pwpnnieniuhg

Time / inunnnigyniup

o

ALLE 4 %

CilALux awn

——e—falE Ll a T Ao posaible
hwoywnplu wuhuwp

Complezlty of scene / inGuwpwUh pwpnnyejniup

Uljup 38. «DIALux»-h U «DIALux Evor-h hwipquplydwt ipninnnyeynitip. gnyg £ tpwihu, np «DIALux 4.x»-ny

hpwlwbwgynn Gindwnwaquypdwt Jbpnnt wnwybinenit niup dhuyl pwipn wwpg nbupbpnid, dptsntin
«DIALux Evor-ny hpwlwbwgynn dnipntiiinh windwldwi dbpnnt wybih wprynibwyby E gnpénid guitiyw-

guié pui b phs pwpn hpwnpnuyenitiipnid:

Abstraction of reality for input

Even if different models attempt to be physically
accurate, simplifications have to occur to keep
calculation times reasonable. Complex curves
and surfaces were represented first through
interpolations, and later as polygon-based elements
(Pauly etal. 2006). Using recent computer hardware,
the number of arbitrary polygons and surfaces that
can be entered in any given model is unrestricted
or very large.

Frequently used methods include: text files, use
of command prompt, translators from computer
aided drafting (CAD) programs and graphical user
interfaces with or without their own CAD system.
Some lighting simulation models such as AGi32,
Relux, Inspirer, and DIALux include their own CAD
system to compose a scene for simulation.

Automated blinds and shades: Many studies
have been done on simulating blind deployment
triggered by external and user factors. For instance,
while simulating daylight, DIALuxEvo is able to
integrate  window-blind models into the visial
pattern. These simulation models are developed by
the companies producing window-blinds.

Some examples studying activation due to
weather factors are: Daysim tool for annual daylight
availability and influence of automated lighting
controls (Reinhart and Walkenhorst 2001); daylight
responsive dimmer for electric lighting (Athienitis
and Tzempelikos 2002); automated blind control

bpwlwunpjwu ypugwpynud®
Ununpwgpdwt hwdwp

Unyupuy Geb wwppbp dnnbubp hwjwyund Gu
$hahlwwbu doqphwin (hub), wuhpwdtian b Yhpwnty
wwpqbtignudutip, npwbugh hwodwpydwu  nlinnnt-
pintup Juw nnowdwnigjwt  uwhdwuubpnw: Pwpn
Ynpbpp L dwybplnypubpp ubpyujwgynd thu twlu
dhowpydwu vhongny, www pwqdwulyniu mwppbpny
(Pauly et al. 2006): Yhpwnbiny hwdwlwpgswjhu wpnh
thwpbrubp' jnipwpwuygnip wmpwsd dnnbinwd huwpw-
Yynp £ ubpgpwyt] Yuwlwjwlywu pwqdwuyniuubph L
dwybpunypubph  wuuwhdwuwyhpwy Ywd wwn UGS
pwuwl:

Cwéwfu  Yphpwnynn  Gnwuwlubipp  ubpwnnud
Gu  wbpunwihtu  pwjtip, hpwdwutbph  wywndwwn
puwnpnie)nll, pwpgdwuhs dpwapbp hwdwlwpgswhu
Uwluwgddwu  (computer aided  design, CAD)
thwptiputiphg W twjuwgdtinh dowydwu gpuwdhlywlwu
huwbip$bjuubip' hptug CAD hwdwlwpgny Yuwd wnwug
npw: Lnwwynpnypjwu npny dpwgnpbp AGi32, Relux,
Inspirer L DIALux, wnGuwpwu-tnwpwédpp dnnbjwynpb-
(Nt bwywwnwyny hwdwipywsd 6u wjwnndwnwgywsd uw-
fuwgddwu hptug ubithwywu dhongubipny:

Uyypndwypwgyws pbpippwdwpuwgnyptbp b wplw-
Yuybtin. oGpnwywpwgnypubph nbnunpdwu dnnbjw-
Yynpdw ninnnypjudp Ywwnwnyb) U vnwppbp gnpdnu-
ubpny wwjdwuwynpwsd pwqdwphy nunduwuppnt-
pintuutip: Ophuwy, giptYwiht |nuwynpnieiniup udw-
uwythu DIALux evo -u htwpwynpnipjntt niuh nbuw-
pwund  hunbgpt) sEpnwydwpwgnypubph dnnbjutp:
Ldwuwydwu wyn dnnbjubpp dowyynid Gu sbpunwyw-
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for user comfort (Wienold 2007, 2009; Koo et al.
2010); energy consumption triggered by luminaire
dimming and occupancy sensors (Roisin et al.
2008); considerations of multiple variables for
adequate controller modes (Daum and Morel
2010).

A natural outcome when many simulation
models are available is to compare them.
Evaluations presented in the literature can be
divided into two large groups: comparisons based
on replicating a built reality, and comparisons in
controlled laboratory settings. Each approach has
advantages and disadvantages. It is difficult to
compare between results obtained through each
method due to intrinsic methodological limitations...

pwgnhypubip wpwnwnpnn puytipnieniutiph Ynnuhg:

Gnwuwwjht wwjdwuubiphg Giubiny wyiphywgdwi
nunwfuwuppnijwt  npn2  opphuwlubipu  Gu. Daysim
qnpdhpp’  wwpqw  Yuopdwdpny'  puwlwl - nyuh
wnlwjnipjwu W (nuwynpnigjwu  hupuwydwp hulhs
uwppbiph hwdwp (Reinhart and Walkenhorst 2001),
puwlwu  |nyuht  wpdwqwupnn dgbigunn  uwpp
ElGYunwpwlwu  (nwwynpnigjwt hwdwp  (Athienitis
and  Tzempelikos 2002), obpwnwywpwgnypubpp'
hwpdwpwybinnipntut wwwhnynn hupuwdwn huyhs
uwpp (Wienold 2007, 2009; Koo et al. 2010), utuph
gpwnbgdwu ubuunpubiph L |nwwniubph dgbgdwu
uwwwwyny Eubpquwuwwnnud (Roisin et al. 2008),
pwqdwpehy thnhnfuwlwuubph nhwnwpynd  hulydwu
(wywagnyu wnwpptpwlu puwnpbiine bywwwynyg (Daum
and Morel 2010):

Lwup np, hwdwlwpgswihu dpwagpbph oguntejwdp
(niuwynpnipjwt  udwuwydwu pwqdwehy dnnbjubp
Ywu, puwlwunptu wuhpwdtion b Yuwnwpb] hwdbdw-

nniintt: Spwlwuntpywu yte ubipluwjwgywsd qguwhwwnndubipp Yunbih £ pwdwub Gpyne U6 fudph: <wdb-
dwuwnipyniuubip’ hhdugws unbindJwd hpwwuntgjwt udwuwldwt ypw, bW hwdbdwunnigyniuubp Yepwhulynn
[wpnpwwnp wwjdwuubpnw: Uju dninbignidubiphg jnipwpwusinipu niup hp wnwybinieniuubnu nu bpnieniu-
ubipp: Ubipnnwpwuwlywu ubippht uwhdwuwthwyndubiph wwwndwnny nddwn b hwdbdwwnb| jnipwpwtgnip

dtipnnh dhongny unwgywd wpryntupubipp...

Table 5. Summary table of current lighting simulation tools. Note: this table does not pretend to be exhaustive.

Tool Algorithms used Purpose Availability

AGi32 * direct calculation Luminaire design * paid
* Radiosity Daylight integration
e limited raytracing yig g

DIALux * direct calculation Luminaire design, * free
* daylight calculation daylight integration e proprietary software
* POV raytracer for images

Inspirer * bidirectional raytracing General purpose * paid

mental ray * photon map General purpose * found within paid
* radiosity principles modelling software
* raytracing principles

Radiance* * backward raytracing General purpose * free
* scene radiance * Oopen source

Relux * direct calculation Luminaire design, * free
* radiosity and modified daylight integration e proprietary software

Radiance raytracing

Velux Daylight Photon map Conceptual stages in * free

Visualizer « bidirectional raytracing daylight application * proprietary software
* irradiance caching

*the photon map version of Radiance follows forward raytracing and photon map models
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Unyniuwly 5. Lntuwynpnipywt dnnbpugnpdwt biplughu dSpwignbinh wdihnih wynwuwly: Mpwnpniygym. wyu
wnynuuwlp uwyuinps thubpm hwywlanyaynitr sniap:

Qnpéhpp Oquwugnpéwé wgnphpUbkpp Lywuwwlp UnYwjnipyniup
AGi32 * ninnwyh hwoqwpynid Lniuwwnniutipp e Jéwpnyp
* Ginbwnwquwjedwl nwuwy Uwfuwagdnid
e Gwnwquw)putph htnwagddwu Gnwuwyh 8tpblwihu nyup
uwhdwuwthwy Yhpwnnipiniu huwnbtigpnid
DIALux * ninnuyh hwaywpynid Lntuwwinnwutiph * wuybwp
* gtiptluwjhu (nyup hwoqwnpyned uwfuwgdnid e htnhuwlwjht hwdw-
* POV dwnwquwjputinh ninhnhtinwagddwu Stptlywhu |nyup Ywngswihu dpwghp
bnwuwy' wwwnlbpubph hwdwp huwnbigpnid
Mental ray | * dnuinutlbiph pwpuntiqugpnd Cunhwuntp * wnyw k dnnbjwynpdwu
* Gundwnwquw)pdwu uygpniupubp Uwwnwy yébwpnyh hwdwlwng-
* Bwnwqwjprubiph htnwgddwu uygpniupubin swihu dpwapnid
Radiance® |+ Gwnwquwjprutiph htlnwnwnpé htnnwgddwu | Cunhwunip * wuybwp
Gnwuwy Uwywwnwy * wuybwp
* inbuwpwuh (nuwynpnid
Relux * ninnwyh hwoqwpynid Lniuwwnniutiph * wuybwp
e Gnbwnwaquwjpdwu tnwuwy W thnipnfujwsd | vwfuwgdnd * htnhuwywjhu hwdw-
(nuwynpnipjwu hbnwagdh Gnwuwy 8tpGlw)hu |nyup Ywnagswjpu dpwghn
huwnbigpnud
Velux * dninnuubiph pwpnbqugpnid Stptlwhu |nyup * wuybwp
Daylaight |* Gwnwquw)eutiph Gpyynndwup htitnwgddwu |ognwagnpddwu * htinhuwYwjhu hwdw-
Visualizer | bnwuwy Ynugbwwnniw thnyipn | Yupgswipu dpwghp

* nuwpdwydwu pbpwynpnid

*«Radiance» -h $nipntutiph pwpipnbquigndwt ynwppbpwlp gnpémid £ dwnwquipubnh ninhn htynwqddwt U
prupntitiinh pwpinbiquigndwt uygnphpdlinh hhdw Ypw:

3. THE SOFTWARE

In Figure 39, a summary of the lighting calculation
software for users is presented®. Note, that DIALux
is not listed, see further below about it.

Figure 39. A list of lighting calculation software for users.

Photometric calculation

i st | Sescrpion 8 e

Cabrul ull Aram Phidps Lighing safiwes

Cvmbax Rscommendsdl

= 1T | RAocomemendad]

LITESTAR Fagskaion rasnad

LD Calrulatoe Photomeic caicuialons. DMX addrass. sioctical fommulas
phasa kad, vollage: drog el

GE LighiBoams Photomemt caicuiatcns jor GE dract reeciors

Visug Bz veraion {Fran)

LighfFaciony Shanssars

Lghang Lawel Fres lesiled, 255

el jbsbar

AT ™™ Trigl Calkulalon %ol e aoousis pholomali predictnsns

Recaimasanead

3. duvuuwurql2usrtu oruarsnr

Llwp 39-nwd ywuwnybpywsd £ oqunwgnpdnnubiph hw-
dup [nuuwynpnipjwt hwoywpydwt hwdwlwpgswhu
Spwgntiph wdthnih gwuyp?®: DIALux dpwghpp updwsd sk,
wjn dpwanph dwuht nbu unnpl:

E

Aimpst eyvery luminae massiacturer bas f own datsbase bor Deue, Reh, Colcuiue snd other

pholomerics sofiware. which can be downloaded on ther wedsile. Al dyisbases are fee o

domrios

Ulwp 39. Lnwwwdnpnipywt hwpduwplydwl hwdwluwpgsught Spwgnptiph gubly' oguynwagnpdnnunh hwdwp:

5 http://electrical-engineering-portal.com/download-center/electrical-software
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Here are excerpts from the software companies’

web sites:

Radiance
Radiance is a suite of tools for performing
lighting simulation originally written by Greg
Ward. Itincludes a renderer as well as many
other tools for measuring the simulated
light levels. It uses ray tracing to perform all
lighting calculations, accelerated by the use
of an octree data structure. It pioneered the
concept of high dynamic range imaging,
where light levels are (theoretically)
open-ended values instead of a decimal
proportion of a maximum (e.g. 0.0 to 1.0)
or integer fraction of a maximum (0 to 255/
255). It also implements global illumination
using the Monte Carlo method to sample
light falling on a point (https://en.wikipedia.
org/wiki/Radiance_(software)).

Web site: https://radiance-online.org/:
Radiance is a suite of programs for the
analysis and visualization of lighting in
design.

Input files specify the scene geometry,
materials, luminaires, time, date and sky
conditions  (for daylight calculations).
Calculated  values include  spectral
radiance (ie. luminance + color), irradiance
(iluminance + color) and glare indices.
Simulation results may be displayed as
colorimages, numerical values and contour
plots.

The primary advantage of Radiance over
simpler lighting calculation and rendering
tools is that there are few limitations on
the geometry or the materials that may be
simulated. Radiance is used by architects
and engineers to predict illumination, visual
quality and appearance of innovative design
spaces, and by researchers to evaluate
new lighting and daylighting technologies.

Calculux (Philips)

CALCULUX has been developed at the
Philips Lighting Design and Application
Centre [LIDAC] and is a lighting design
program for personal computers. It
consists of three lighting design programs:

Uhw wnbinGyniejniuutip dpwaptip dowynn puybpni-
yntutinh Yuyptinhg.
Radiance

«Radiance»-p dpwgpwiynpdwl gnpdhptbph hw-
Ywpwlwqd £ intuwiynpnipywt dnnbpugnpnid -
pwintyne hwdwpn, nph wnwehti hinhtiwlp Inbq
dnpnb £ U bGpwnnid E ippbuwwyuwipypdwi
upong, htiswbu twl pwquwphy wy gnpépplin’
dnnbpuynpyws  nuwinpdwt - dwlwpnwlbbpp
swihbnt hwdwp: Lnwuwynpdwb pninp hwpywny-
bbpp  Gupwpbine hwdwp  wi oqypugnpdnid
bt Swnwquyplbiph hGypwagsdwt Gnwbwl, npt
wpwqugyly £ octree pdjwitbph Yuwnnigyuwd-
ph oqynugnpédwt upongny: W ulipqp £ npby
pwndn nhtwdhly vhowluyp (high dynamic range
- HDR) duwswithny wunplybpdwt hwulwgnipyw-
tp, nppln nuwiynpdwt Jwlwpnwlbbpp (pnG-
uwlwnpbt) pwg pyuihtl wndbpubint 6" wnw-
YbGugnybh pwubinpnuwlwt hwdwdwubnyaywdp
(on.' 0.0-hg uptisli 1.0) ywd wnwybpugnybh wd-
pnn9 dwup (0-hg 255 / 255) thnfuwntt: Ut tuwl
hwpdupynid £ qnpuwy intuwydnpnigyniip' oguiw-
gnpdtyny «Untipl Ywninih» Jlpnnp' nplk Yaph
Ypw pblyunn inyup bywpwanbine hwdwpn (https://
en.wikipedia.org/wiki/Radiance_(software)):

Ybpluyp' https://radiance-online.org/

«Radiance»r-p bwpiwgddwti Jto ntuwydnpdwti
ybpinidnipywtt b ppbuwwyupybpdwt Spwgpuw-
Jht gnpdppwljuqu £

Lbpwédws dwypp vwhdwbnd &b ipbuwpw-
up  Gphpwswihwlwt  unnmigduwdpp,  Gnipb-
np, (nuwpnibbpp, dwdwbwlyp, opp L GplLuph
wuydwatbpp (gbpthuyghti inyup  hwpduwnplydwi
hwdwpn):  <wpdupldws  pduhti - wpdbpubnp
bbpwnnid Gt uwblyppwy  wwySwnnyeyniip
(wjuhbipt, wuwySwnnypnii + qnylb), NLuwiynp-
ywonipyniup - (intuwynpywdnipyni + gqnytl) b
thuyth - gnighstinp: - Unnbjuidnpdwt wipnynitip-
ubipp Ywpnn Gu hwinbu qu) npwbu gnitiught
wuwplyintlbp, pyuyhti wpdtpttin U nipnduwqduyht
wuwplyipGn:

Lnwwwynpnuyquti wylih wwpq hwydunytubpph b
pbuwwwipypdwt - gnpdhptibpp  hwdtidwiypni-
pjwdp «Radiance»-h qfuwynp wnwybiniysinitit
wyt £, np Gphpwswihwlwt Gunnigdwéph ud
tynyeliph dnnbyuynpdwt wnnidny phs uwhdw-
bwihwlynidubin ut: «Radiance»-t oguywgnnd-
ynid b dwppuwpwwbintibph ne dwpypwpwgbig-
bbph  Ynnuhg' Gnpwpwpwlwl  bwpiwgduyht
pwnwdpbbinh intuwiynpnuyniap, ibupbljwdwi
npwlp U wppwpht nGupp Gubipuwippbubine hw-
dwp, U hbywugnipnnuiph Ynndhg' inuwynpdwt
b giptyuyht intuwynpnipywi unp ipnbutininghw-
utipp thnpdwnlylynt hwdwpn:

Calculux (Philips)
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«CALCULUX»—E szwllllb[ [,’ «ébhlhu/u» gbl/bnm—
pywl Lnwwwynpnuygwtl bwpiwgdsdwt U Yhpwn-
dwt YGtuppnunid (LIDAC): Ut intuwynpnisyut
bwhpiwgsdwt dpwaghp £ wbhwpwlwt hwdw-
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Indoor, Area, and a luminaire database
management program. The package is
intended for use by lighting engineers to
carry out simple artificial lighting design
calculations.

The Indoor-program calculates the light
distribution based on the reflection factors,
the specific (Philips) luminaires and light
sources that are applied, and the room
dimensions.

Web site: http://www.lighting.philips.cz/podpora/
podpora-vyrobku/calculux.html,
http://www.lighting.philips.com/main/support/
support/tools.html:
Philips has a wide variety of tools that can
help with all of your lighting projects. No
matter what the demands, from individual
house lighting to large-scale industrial
illumination and everything in between,
we’ve got a tool that will meet your needs.

With lighting simulation software such as
our plugins for DIALux, Relux and Autodesk
3ds MAX design, you can design exactly
the right lighting. You can also take your
pick of our mobile apps, designed to provide
all the info you need on the go. And our
Online Product Catalog details the entire
Philips range, so you can be sure you'll find
a product that will meet your needs.

DIALux

With this free software you can design,
calculate and visualize light professionally
— single rooms, whole floors, buildings
and outdoor scenes. DIALux is used as
a planning tool by over 600 000 lighting
designers worldwide. DIALux constantly
undergoes further development and meets
the requirements of modern lighting design
and lighting calculation. You can plan
and design using the electronic luminaire
catalogues of the world’s leading luminaire
manufacturers. Superimpose on the CAD
data of other architectural programmes and
create your own lighting design.

Web site: https://www.dial.de/en/dialux/

L nwuwgnpnipywitn bwpiwgddwt tpynt Spwq-
ntinhg («Indoor»-n tbinphti ntuwiynpnypyut b
«Arear-t uwynpypuwyhti  hwdwihpttinh - intuwiyn-
pnypwt bwpiwgdsdwl hwdwn) b ntuwigpniainh
dwupbt pnquulph pipnbdwpwih unwywnpdwi
Spwgphg: Pwpebpp bwhiwpbudws £ ntuwynp-
dwb dwpypwnpwabiipptbph Ynnuhg wphbuypwlywi
[nuwynpnipyuwit bwpiwgddwt wwnpg hwydwpnly-
ubip uppwpbne hwdwn:

«Indoor» Spwgnny hwpuplyynid £ nyup puwp-
funwdp' hhdudbing wanpwnwnpddwt gnpéwlhg-
btiph, gqrynigyni niitignn (Spihwyu) (ntuwgpni-
utiph nu (nyup wnpyniptibph b ubtywih swihbph
Ypuw:

Ywypks' http://www.lighting. philips.cz/podpora/podpora-
vyrobku/calculux.html, http://www.lighting.philips.com/
main/support/support/tools.html:

«Dhihwur-t nith gnpopptbiph quyt pbGuwlw-
up, npp Gupnn £ oquly nuwynpdwts 66n pn-
(np  bwpiwagdstpmd:  Ubthwh  wwhwotbiphg'
vuwéd pwl whhwpwlwl  (ntuwynpniyeiniihg
uhtsl unpnp wppwnpwlwt intuwynpnienit b
npwtg vholi ptlyws wutt hts: ULlp niubup wyt
qnpdppp, npp pwdwpwph abp wwhwugubpp:
Lnwwwynpdwt  dnnbuuynpdwt hwdwlwnpg-
swyhti spwgptinp («DIALux», «Relux» U «Autodesk
Revit») hwdwpn bwpiwipbudwé Gupwdnwantnny
(plug-in) nnip Ywpnn bp bwhiwqdsty wwhwboynn
Goanhuyn (ntuwynpnysyniip: “tnip Yuwpnn Gp bwl
plppnuyenit Gugwply dip poowiht huiyyuwd-
utiph pwipphg, npntig Uhongny Yupnn bp hpu-
ywt dwdwbwlynd upwbwy d6q wuhpwdtyyn
pninn ipintiyniginitiipp: buly Jtin wwypwbpw-
ipbuwluph wngwibg uypwingnid Jwbpwdwut
uapyuywgyws £ «dpthwu» pulibpnipyut wd-
pnne pbuwlwipt, wibwbu np upnn Gp hw-
Unqywé |huby, np hgipbtip wyt wpypwnpuwpbuw-
bp, npp Ypwdwpwph abp wwhwbgbbppy:

DIALux

Uu widbdwp hwdwluwpgsuyhti dSpwgnpny nnip
Jwpnn Gp dwubiwghipuwlwt dund bwhiwgdty,
hwpyuwplty U pbuwwwipybinty inuwynpnieyni-
bp" wnwbdht ubtywlbph, wdpnnowlwt hwn-
Juwpwdhtuubiph, sGupbiph L wpypwphti ipbuw-
pwbbph hwdwn: «DIALux»-t oqipugnpdynid
npuybu wwlwynpdwt qnpdhp’ wapiwphh with
pwl 600,000 nuwynpdwt dwppwpwqbipbib-
nh Ynnuhg: «DIALux»-p dppnwwybiu uigpuwnbyw-
gnpéymid £ b pwdwpwpnid £ dwdwbwluwlhg
[(nuwynpdwt - bwpiwgdtph  ne nwuwiydnpdwt
hwpdwpluliph wwhwtotiipnp: “tnip Ywpnn bp
wwbwynply U bwpiwagdty' ogindbny (ntuwgpne-
ubiph" wptuwphh wnwewpwp wpypwnpnnbiph
bGhppnbwghti  intuwpnibinh - uignwngtlphg:
Stnunpbip wyy dwpypwpwybywlwt Spugnpbph
wiipndwiywgywé bwpiwgdtiph indjwiph pw
b uplinstip intuwynpdwt abp ubthwlwb bwpuw-
ghdp:

Ybpluwyp' https://www.dial.de/en/dialux/
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Relux

Tested by Autodesk and accurate in lighting
engineering terms, Revit family files are
available free-of-charge for planners at
www.relux.net

What is now the biggest Revit family
collection of luminaires, sensors and light
sources available anywhere in the world
is growing in popularity all the time. Since
March 2016, users downloading Revit
family files every working day and there is
an accelerating trend. That is motivation for
our crew to keep on expanding this service.

Did you know that many of the company-
specific Revit family files are not accurate in
lighting engineering terms and that less light
is emitted than in the normal case? Revit
does not distinguish between measured 3D
geometries and additional bodies. Relux,
on the other hand, does make allowance for
this situation and has already incorporated
the solution in the Revit family files of the
Relux members. ReluxNet thus stands for
high-level quality.

To ensure that planners do not lose this
certainty in the Revit environment, Relux is

Relux
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«Autodesk»-h  Ynnuhg hnpdwpynid  whgwds U
(nwuwipbputhyuwlwt wnnwdng Gogphn’ «Revity
plywippp dwyinp wabwn hwuwbth G bw-
fuwgdnntiiph hwdwn www.relux.net Ylipyuypnid:

UWphuwiphh gwiwguws Juypnid hwuwbbigh «Revity
plywlbppp intuwpniiliph, uGtiunptbph b inyup
wnpnipblph wdbbiwdbs hwdwpwdnit opligon
wybh juyt pnwpwédwdnyeynit £ qipntinid:

2016 . dwpin wduhg h Ybn oqiypugnndnnbiinp
wull on ubpplintnud GU «Revit» plynwtihph $uy-
1Gpp, U wyn dhippnedp pwipnibwynid’ £ wdly: Uw
lpwund £ Jbp wypiwpwwquht' pwpnibwlb-
[t wyu Swnwynypywb pbnuybnidp:

Fhunbfip  wprynp, np - pllipnyepwtip - ptinpng
«Revit» pluputipph 2uip puyitin 82qnhin st ini-
uwipbfuthywlwt wnnidny, U np wybh phs inyu
E wpdwlyynid, pwl ppwlwbnid: «Revit»-p sh
tpwpplipnid tpypwswithwlwb Gnwswh Yunnig-
Ywdpp b jpuwgnighs dwpdhtiipp: Uinw hnnuhg,
«Relux»-p hwpyh £ wntnd wyu hpwghtdwlyp, b
(ndnwdu wpnbt bpwnby £ «Relux»-p wtinwd-
tbph «Revit» ptynwtihph pwypmd: Uyuwpuny'
«ReluxNet» Upwbiwlynid £ pupdp npwy:

«Revit» Uhowuwyph bywipdwdp bwpiwgdnnubinh
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working on an add-on for Revit. More about Yuipnwhnugyniipn synpgbtyne hwdwp, «Relux»-t
that in one of the next newsletters. wopuwgpnid E «Revity-h hwibpuuwnpp dpw: Un
Web site: http.//www.relux.biz/ In Fact dwuhtt wybih dwipwdwut Gubpluywgdp hw-
nowadays there is a plugin, called «STF onnn ininklwanptinhg Jtynid:

exporter», that allows importing a file in
Revit format with the luminaria locations,
perform calculation and then export back to
Revit.

Web site: http://www.relux.biz/

Ybplywyp' http://www.relux.biz/

Litestar Litestar
Uhtsl wydd niuwswithnipyuit, uwybiyipnpp b wiwy-

M. i hotomet t d
anaging pnotometry, spectrum an ['IUJtI,QWlﬂLTUWl/h u/wlﬂllbﬁﬁ lfbl/ «7’“1][”11[ U hw-

pro.duct image in a single file and in a dptinhwlnp Suny Yunwiwplip tnby E Gpw-
universal way has been a dream so far, but qulp, uwluylt Gpuquipp pnupny hpwlwbni-
the dream will soon become reality with the pynit Yynwntiw «4.01 of LITESTAR 4D»-h unp
new version 4.01 of LITESTAR 4D available ypuippbipwlih unphhd, npp - huuwtiGh Gt

2016 ja. nblinGdptinh 14-hg:
as of December 14th, 2016. fo- ntljpbidptinh 14-hg

Web site: http://www.oxytech.it/default.asp? N=UK Yuwyply' http://www.oxytech.it/default.asp?LN=UK

SOFTWARE

&

I|.‘-| -

i “i

SERVICES=(T]

AGi32 AGi32

The lighting industry’s premier calculation
tool, AGi32 can provide numeric and

Lnwwynpdwt ninpppned - hwpdunydwt - qihuw-

ynp qgnpdppp' «AGi32»-p, Lupnn E pyugpt L
ipGuwwuwiinybGpughti (nidnwdutn wwwhnyby ni-

rendered solutions for almost any lighting uwynpripywtl gplipt gwilwgwds Yhpnwnniypywt'

application, interior or exterior, including el ubippht, Pl wpippwphti pwpwéplitiph, win

roadway and daylighting. pYnid’ dwlwuwwnphulinh U gbptlhuyghti (ntuwyn-
nnysjwb hwdwn:

-222 -



QALNU 5. <wdwlupgswiht Spwgpbn dnnbpwynpdwt b bwpiwqsdwt hwdwn

Web site: http://www.agi32.com/

AGi32 s a simulation tool used for designing
lighting projects and calculating the amount
of light that will be delivered based on user-
set parameters. The resulting calculations
are commonly referred to as layouts or point-
by-points. AGi32 can calculate the amount
of light that will be delivered in any kind of
design, interior or exterior, and incorporate
surrounding objects, obstructions,
varying shapes like vaulted ceilings or
rooms in non-linear shapes. It aids lighting
designers, and electrical
contractors in the evaluation of lighting
designs for projects before they are built
(https://en.wikipedia.org/wiki/AGi32).

and

engineers,

dbplywyp' http://www.agi32.com/

«AGI32»-n Unnbuynpdwti gnpdhp £, npb og-
tpugnndynid E intuwiynpnipynitp bwpiwqdtine b
(nyup wyl pwbwlynypynitp hwyduwnlybne hwdwp,
npp pbin b hwugybint' hhdudbing ogyrwgnndn-
nh Ynnuhg vwhdwbgwds hwpwswihbnh Ypw: Un-
nynitupnid uipugywd hwpywnplalinn unynpwpwn
wbdwbond GU dwapwlybpppbn hud Yagy wn Yap
bwpuwgdtin: «AGiI32»-p Yuwipnn £ hwpdwnlby iny-
up wyt pwbiwynigyniip, npp ywpwdéybine E uwd
wpnpwppt dhowduypbph  hwdwn  bwpiwipbiu-
Jwé gwblwgué pbuwlh twhiwagdnd' tlipppt,
b bbpwnbynt £ ppowlw wnwnplwbbnp, funspb-
nnipbbpp b qubwquit Yapwbp, htswbu opptiwly’
Gwdwpwél wnwupwnbbpp uwd ns géuyhti ub-
ywlhbtipp: Uit oqunid £, bwpiwlywnnignnulywt
thnynid, ntuwdnpdwt bwpawgdnnblipnht, dwpn-
tpuwpwqbiippulipht U biGhppwlwunyeywi hwpgb-
nny qpunynnbipht Yuigpwnby intuwynpdw bw-
huwqgdtinh quwhwipdwi wypuwypwbipbbpn:
(https://en.wikipedia.org/wiki/AGi32):

AGi32 is first and foremost, a Calculation
tool for accurate photometric predictions: A
technical tool that can compute illuminance
inany situation, assistin luminaire placement
and aiming, and validate adherence to any
number of lighting criterion.

However, there is so much more that can
be done to enhance the understanding
of photometric results. Visualization is
extremely important to comprehend
changes in luminance for different materials
and surface properties and predict the effect
of various luminaire designs in real-world,
light and surface interaction.

With the ability to see results clearly for an
entire project, AGi32 becomes a mock-up
substitute that can save time and money
by creating a virtual model of a proposed
design. It can reveal characteristics and
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«AGI32»-p bwifu b wnwy Grgphin intuwswithwywi
Gwbpuwippbunidubn  ugpwpbine  hwdwp - huwp-
Yuwplydwt gnpdpp £ wyb ppbfutihwljwt gnpdhp
L npp Yupnn £ hwoyly intuwdnpyuwédniypyniip
gubljugws hpwdhtwlynid, oquby intuwpnibiinh
ipbnwnpdwt b bwwipwlughte Yyhpwndwt hwp-
gnd b upnigly ntuwydnpdwtl guityugwé pyny
swithwbpptlinh wwhwwindp:

Wunwdbbwybhy, ntnbu pwin wybiht Yunbh
E wuby inuwswihwwl wpnyniapbbpp hwuljw-
bwip pwnptuuybine hwdwp: SGuwwwipybpnidp
swithwquiig Ywnlinp £ yrwppbn tynabph ne dw-
bbplunyptubnh hwipyniyniiibpnh hwdwp nwuw-
ynpnigwlr pnuppbpnuygynibinn hwulwbwnt b
hpwlwbnd” ;nyup ni dwlbpunyph thnpuwqnt-
gnipjwt wwpwaguwymd bwpiwgsbpmd pwppbp
(nuwigpniuph Yhpwndwt wpynitpp Yuwbipuw-
ibubnt hwdwn:

Nng twhuwqdh wpryniipliinp wwpgnpny ipbu-
bbnt upnnnypywb ptuinphpy «AGi32»-p nuintimd

k bwpawtidnighti thnpuwphtinn Uhgng, npp Guipnn
E byl dwdwtiwly b gnidwp’ uppbndtyng wnw-

suwplnn bwhiwagdh dhpynwwy dnnbip: W Gu-
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effects that would be hard to detect in
anything short of the completed installation.

In the practice of professional lighting design
and analysis, AGi32 can be indispensable in
your arsenal of design tools. And now, with
our new multi-processor capable calculation
engine, your work will be complete in only
a fraction of the time! (citation from http://
www.agi32.com/index.php?id=11)

Output report generation

Any lighting simulation program also generates
a number of reports on all data taken and the
outputted results. These reports contain all
necessary information for analysis and interpretation
of the results. Figure 40 and Figure 41 show the
“Documentation” generation in the DIALux evo. It
provides a number of useful templates and outputs.

nnn b pwgwhwyinby wybiwyhup hwgpynyeyniatin b
Eptliputn, npntip nddwn Lihtp huwyipnbwpbpby
uhtsl innuwinpnidu wdwpiphti hwugbbyp:
Lnuwynpdwt wypndbupntiwy twpiwgddwt b
dbpiniénipyuwtl wpwlphuynid «AGi32»-p Y-
nnn £ nwnbwy bwhiwgsddwi 66n gnpdppwljuug-
uh whpwdwuth dwup: 64 wydd, Jbp unp, pwq-
dwwpngbunpuyhti hwpdwplydwt pwipdhsny d6p
wptuwywtipp uwjuwpippdp upd dwdwbwlnid
(Uboplinnidp Ywiyppwnyby £ http://www.agi32.com/
index.php?id=11 Yuwypkohg):

Upnymupubiph hwaybwnynipymuubph
unbinénuip

Lnwuwynpnigjwt dnnbjuynpdwu gwuljwgwsd dpw-
ghp uwnbindnud £ twl punpywsd nyjwijubph b unwg-
ywdé wpryniupubiph dwuhtu dh pwpp hwybwnynieniu-
ubp: Uu hwoybinynipniuubpp wwpniwiwynd Gu wp-
njniupubiph ybipnonigjwu b dEluwpwunypjwu hwdwp
wuhpwdtion pninp wtintynieyniuttipp: Wu wpwdwn-
pnud £ uh gwpp ogqunwlwp dbwudnpubp W wpnyniup-
ubp (Lywnp 40, Lwnp 41):

Figure 40. Results summary of illumination and its distribution.

Project 17.06.2013

Site 1/ Building 1/ 3lorey 1/ Room 17 Resalls sumimary of sufaces

DIALUX

Room 1 / Results summary of surfaces

Perpendicular illuminance {(adaptive)
Mame Average [Ix] Min[lx]  Max [Ix]

Workplane 1 465 228 582 0.452

Minfaverage  Minfmax
0,393

Points (Relevant)
128 x 128 (all)

Height of reom: 3.000 m, Reflection factors: Ceiling 70,0%. Walls 50,0%. Fleor 20,0%, Maintenance factor: 0,80

Relevant points are points that are within the respective surface and are not covered by furnifure or other elements. The summarized results are based
aexclusively on these points, as all other paints would falsify the results. in some cases significantly

Uljwpn 40. Lntuwynpywédnypyuwt U pw pwppudwdnipyut wpynitpbbph wdihnihnidp:

As one can see from the summary shown in
Figure 41, in this case the generated and archived
results are:

e Total luminous flux = 109200 lumen

* Total power of consumption (load) is 1281W
(1.281 kW).

It is easy to change the luminaria in the DIALux
evo to perform an upgrade in the designed space.
The upgrade first of all may target energy efficiency,
as well as correlated color temperature (CCT) and
the color rendering index (CRI).

huswbu Gplnw £ Lwp 41-nwd gnigunpywé wdthn-
thnudhg, wju nbwpnid unwgyt b wpfuhywgyt
*  Lunhwuntp (nuwjhu hnup = 109200 nidtu,

* EbGYywpwtubpghwih punhwunyp  uwwnnud  (pbin)'

1281 dwn (1.281 y4w):

«DIALux evo»-nid htigwn E thnfub| [ntuwwnniubipp’ uw-
fuwgdywd wnwpwdpnid wpnhwlwuwgnd Yuwnwpbnt
hwdwp: Upnhwywuwgnidu wnweoht htpehtu Ywpnn
ninnywd [hub] Eubpquwpryniuwybunniejwup, huswbu
uwl Ynpblugywéd gniuwjht gipdwuwnmhbwuhu (YS2) ni
gntuwthnfuwugdwu gnighshu (FP3):
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Figure 41. Outputted Luminaire parts list.
Project 0 17.06.2013

Prajeci 0/ Luninaina pants &

DIALUX

Project 0 / Luminaire parts list

Mo, Quantity

1 21
BALI L=1210MM GREY
Light output ratio: 78 51%

Total luminous flux: 109200 Im. Total Load: 1281 W

Artemide M105107 INFIMI T16 2X28W DIMMABLE

1/

Ulywip 41. Uprynibpnid uypuigdwé incuwnpnih dwiubiph gnigwlyp:

After the modification of the luminaria, e.g. by
using higher efficacy LED sources, one can easily
recalculate the lighting and output the results in a
form of report templates that will show the actual
advantage of the upgrade. Also it is possible to
model the change of virtually all parameters of the
room:

* Change the reflectivity of the walls, ceiling and
floor

* Introduce daylighting
skyline

through windows or

* Change the arrangement of the luminaria

e Introduce new surfaces of interest, such as
design elements: sculptures, paintings, other
décor, etc.

e Introduce new furniture

Overall working with a software such as DIALux
evo is extremely easy and productive to achive all
necessary lighting goals for any projects.

After the following links any novice can find lots
of videos assisting Dialux Evo learning.
* http://en.wiki.dialux.com/index.php?title=Tutorials
* https://www.youtube.com/user/TheDIALux
* https://www.dial.de/en/home/

By registering at the http://dxboard.dialux.com
forum, one can ask questions to DIAL experts or
proficient users.

Lnwuwwnwubiph  dinthnfunigyniuhg  hbwn, opphtuwy’
ognwgnnpdtiny pwpép wpryniuwybunnipjudp nuw-
nhnnwhu: wnpyniptibin, Yuintiih £ htiunniguidp Jepw-
hwoywpyt| (nuwynpniginiup W wpryntupubipp unw-
Uw| hwoybnynipjw duwudnubph wkupny, npp gnyg
Yuw wpnhwlwuwgdwt thwunwgh wnwybnientup:

Lwl huwpwynp £ dnnbjwynpb| yhpnniw) wnnwding
ubtjwyh pninp hwpwswihtiph thnthnfunyeniup.

e @njubi] wwwbiph, wnwunwnh nt hwwnwyh wunpw-
nwnabhnteinup,

* Uwwhnyb) gbptlwihu  nuwdnpniggnit’ wwnni-
hwuubph wd wnwuwmwnwihtu nuuwdnunubiph Jp-
ongny,

e &Pnfubip |Intuwwnniubiph nwuwynpniegyniup,

* Lbpdnidty unp wuhpwdbion Jwybipbuubp, oppuwy’
nhquyuh wwpptin® putinwlutin, uywputin, wy quip-
nwnpwupubn b wu,

*  Stnwnnb unp Ywhnyp:

Cunhwunip wndwdp, wjuwhuh hwdwlwpgswihu
opwapny  wofuwwnbp, huswyhupu «DIALux evo»-u L,
htow £ U wpryniuwybn' gwulugwsd uwfuwgdh nbw-
pnwd [nwwynpdwt hbn Yuwwywsd pninp wuhpwdbiomn
Uwywwnwyubph hpwgnpddwu hwdwp:

Uwnnpl upqwd dbiplupbipnid Ywu dté dwywih nb-
uwujniptip, npnup unptlutiphtu pw)| wn pwj| Yninblgtu
«DIALux evo»-U jnipwgubnt Gwuwwwnphht:

* http://en.wiki.dialux.com/index.php?title=Tutorials

* https://www.youtube.com/user/TheDIALux

* https://www.dial.de/en/home/

Spwugytiing $npnedh Yuypnid (http://dxboard.dialux.
com), Yuwptih t hwpgbp ninnt| DIAL-h dwutwgbinub-
nhu, huswbtiu twl thnpdwnnt ogunwgnpdnnubiphu:
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TECHNICAL AND ECONOMIC
PRINCIPLES OF ENERGY
EFFICIENT LIGHTING

For upgrade of artificial lighting systems, the
following issues need to be considered:

1. Energy efficiency

2. Introduce automation for more comfort, as well
as for energy efficiency

3. Improve the lighting correlated colortemperature,
color rendering index to fit circadian rhythms.

At the same time, the upgrade may also involve:

4. Need to satisfy the illumination or luminance
levels per norms and standards

5. Need to perform new artistic or architectural
design

The energy efficient upgrade is based on the
comparison of parameters, such as the price of the
light bulb, its lifetime (or longevity) in operational
hours and one of energy efficiency parameters:
luminous efficacy or overall efficiency of the light
sources.

It is always possible to switch between the
luminous efficacy and luminous efficiency.

Let’s recall, that luminous efficacy, K, defines
the efficiency of light sources. This is the ratio of
luminous flux to radiant flux emitted by a source, K
=1,/ P, in Im/W. In other words, luminous efficacy
shows the lumens generated versus the total
radiation of power.

Luminous efficiency, E, defines the physical
efficiency of light sources in terms of usual
percentage, W/W. This is the ratio of visible
(luminous) radiant flux to total radiant flux emitted
by a source. In other words, luminous efficiency
shows the portion of power that became visible light
versus the total power of radiation, E=P /P,.

More frequently are used: the wall plug efficiency,
the ratio of the power of the radiation in the visible
range to power consumed by a source, E, = P, /
P_; and the wall plug efficacy, the ratio of luminous
flux to power consumed by a source, K, =1 /P_. In
other words, luminous efficacy shows the lumens
generated versus the total wattage consumed from
the wall plug.

Manufacturers usually provide the K value for a
particular lighting product. It takes into account also

tuerquurt3nhuudss LNkUU-
JdNrnkfe-3UlL SchuLhbuuulu 64
SLSEUULUL UURNRLLLEME

UphGunwlwu [nuuwynpnipjwu hwdwYwpgbpu wp-
nhwlwuwgubint hwdwp hwplwuynp £ hwoyh wnub|
htinlyw| fuunhpubipp.

1. Eubpquwpnyniuwybinnip)niu,

2. Udundwwn hwdwlwpgbph  ubpnpnd’ hwpdwpw-
yGunipjwu b Eubpquwpnyniuwybunniypjuwt puné-
pugdwl bwywwnwynd,

3. Lnwwynpnipjwu Ynphjugwsd (hnjuyuwwwygywd)
gniuwihu  obpdwuwmhbwuh  pwpbjwynud®  ghplw-
nwht nhedtipht  hwdwwwwwuluwubgutint  hw-
dwp:

UpUunyu dwdwuwy, wpnhwlwuwgnudp Ywpnn &
uwl ubipwnb.

4. Lnwwynpjwonipjut jud wwidwnnipjwu dwlwp-
nwyubph' unpdbphtu nu unwunwpuubpht hwdw-
wwwnwufuwunipjwu wwwhnydwu wuhpwdtigunnt-
[ynLun,

5. Gnupytiunwlywu Ywd dwpnwpwwbitnwlwu unp
Uwjuwagdh hpwlwuwgdwu wuhpwdbownnieiniun:
Eubpquuwpnyniuwybn wpnhwlywuwgnidp hhdugwsd

E wjuwyhup hwpwswihbph hwdbdwnniyjwt Yypw, hus-

whuhp GU" jwdwh ghup, Upw wofuwwnwupwht Yjwuph

wbinnnigyniup (Bplwpwybgnieniup)’ pun upw uwwu-
ynn 2whwagnpddwt dwdtiph, b Lubpquwpryniuwyb-
niniejwu hwpwswihbiphg npluk deyp® (nyup wnpynipub-
ph (nuwpgwuhpp Ywd punhwunip wpryniuwybnne-

[eynLup:

Uhoun huwpwynp £ |nuwpgqwupphg wugub| |ni-
uwjht wpryniuwybunnyejw, wjuhupl ogunwlwp gnp-
onnnipjwu gnpdwlyght U hwlwnwynp:

<hobiup, np yntuwwpquuppp (K) uwhdwund & nyup
wnpjniputinh (nuwght wpryniuwyGunnieggniup: Uw win-
pintphg wpdwyynn ntuwght hnuph b dwnwqwjewhu
hnuph dhol. hwpwpbpnigyniuu £ K =1 / P, wpwnw-
hwjnywsd 4/ - ny:

Lnwwjpht wpryniwwybinneniup (E) Ywd |nwuwjphu
ogunwlwn gnpdnnniejwu gnpdwyhgp (ntuwjhu 093-u)
uwhdwuntd £ (nyuh wnpynipubiph wprnyniuwytinnieggnt-
up' undnpwlwtu ninynuwiht hwpwpbpnyejwdp (Yw/
duwn): Uw wnpjniphg wpdwyynn wnbuwubih ((ntuwghu)
Swnwquwjpwihu hnuph L punhwuniyp Gwnwgwjewhu
hnuph Jdhol hwpwpbpnieiniut £ Uy Yepw wuwd, |ni-
uwjht wpryntuwybwinieniup gnyg £ wwjhu Gwnw-
gwjpUwU punhwuniyp hgnpnipjwt hwdbdwwnniejwdp
wbuwubh [nyup  Ybpwdynn hgnpnigjwt  pwdhup.
E=P /Py

Unwyb|] hwéwfu, hwiwwwunwuluwlwpwn ogunw-
gnpdynud Gu jnyup wnpniph wprynibwybypnieniip
(099-t), npwbu |nuwihu nhpnyend dwnwqwjeiwl
P_hgnpnigjut (Ywd hnuph) W wnpjniph Ynndhg uwwn-
ynn P, punhwunip hgnpnipjwt hwpwpbpnigniu. E;
=P/ P., W, wnpniph iniuwpquuppp gnyg £ nwihu
wnwowgwd Jnudbuubiph pwuwlnipniup’ dwnwquw)e-
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power conversion losses, e.g. if an AC to DC or
other conversion is needed. If that converter has
n efficiency, then the wall plug efficacy K, will be
luminous efficacy, K, times n, and this is what
one can find in the specs of a manufacturer. If
talking in terms of Luminous efficiency, then total
efficiency E, would be nE. This parameter is
very easy to use for calculations of the resulting
lighting efficiency.

All these parameters has been described in-
depth in Chapter 1.

The logic of the economic calculation as it
has been mentioned is based on comparison
of the price of the light bulb, its lifetime (or
longevity) in operational hours and luminous
efficiency of the light sources (Figure 1).

dwu wnpjnipp uwywnwd punhwunp hgnpnyjwu (Yw)
hwdtdwunnipjwdp. K, =1 /P

Lwdw wpwnwnpnnubpp iy wpnwnpwuph hwdwp
unynpwpwp wnpwdwnpnd Gu K, wndtipp: Uu hwadh £
wnund twb Eubpghwih thnfuwybipydwu Yupniunub-
np, on.' bt wuhpwdbown k dhinhnfuwlwt hnuwuphg
hwuwmwwnt hnuwuph Ywd wy hnfuwybipwynud: Geb
wju thnfuwybipwhsu ntuh n wpryniwybinnie)niu, wwjw
wnpyniph iniwpquiuhpp’ Ky, Yihuh jnwwpguuhpp ()
pwqiwwwwnlwsd n-ny, U uw wyu k, hus Yunbih £ gunub
wpunwnpnnp dwutwgpbpnwd: Lnuwght wpnyniuwybunne-
pjwu wnnwiny punhwunwyp wpryniuwybnnieniup Yhup
nE: Wu hwpwswihp hbonnigjwdp huwpwynp k£ ogunw-
gnndtip wpryniupnid uinwgynn [ntuwjht wpryntuwybinnt-
EIwu hwoywpldwu hwdwp:

Uju pninp hwpwswihbpp Jdwupwdwutu uupwgnyb
GU Gntfu 1-nwd:

huswbu upytig, munbuwlwu hwodwpyh npwdwpw-
uniejniup hhdujwd & jwdwh qup, pun gwhwgnpddwu
dwdbph Upw Ywuph wunnnigjwt (Yud Gplupwybgni-
pjwu) W |nyuh wnpnpubph (nuwght wpryniwybinne-
Rjwt Ynw (Llwp 1):

Figure 1. Comparison parameters between incandescent and fluorescent lightbulbs.

Option 1. Incandescent lightbulb
Swpptnwly 1. Chwgdwl jwdw

Option 2. Fluorescent lightbulb
Swnpbpwly 2. intnpbugblnuwhl juwidwy

Ulwpn 1. Shhwgdwt b pininpbugbbppuypts judwbph hwpwswihbph hwdbdwpnygynit:

Next section allows combining all parameters
into one decision parameter, called the levelized
cost of the 1 kWh of outputted radiant visible flux

(LCoVI

bulb)'

Lwonpn pwdunwd wju pninp  hwpwswihbpp hw-
dwnpyb Gu npnond ujwgubiint hwdwp wuhpwdtiow
Uty hwpwswihnud, npp Yngynid £ dwnwqujpwihtu nb-
uwubh Gpwihu hnuph 1 Y4dwnd-h unpdwynpwd wp-
dtip (LCOVI

bulb):
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1. Assessment of energy saving
benefits of artificial illumination —
description of the methodology

A more formal and detailed calculation is
described below.

In summary, the parameters that influence the
performance of the light sources are the following:

1. Price, $, AMD, etc.

Efficacy, Im/W or efficiency, %

Longevity, hours

SPD, CRI or CQS - suitability for the application

The timing of the lighting — startup time, inertia
towards AC frequency

A S A

Now let’'s assume that parameters ## 4 and 5 are
satisfied. Than the calculation is straightforward.

Let’'s denote:

P, = the power consumption rating of the
lightbulb, kW
C,,, = the cost of the lightbulb of the same

particular consumption power rating

UC,.y oup = the cost of the lightbulb of 1 kW
consumption power rating, assuming UC, . . =
C, .1/ Pous linear relationship

E,., = NE, where n is the conversion efficiency,

E is the luminous efficiency

bulb

= longevity of the lightbulb, hours

blb

= the radiant visible flux, | x P kW

’ RV bulb bulb’
OVIbulb = the total outputted radiant visible flux

of the lightbulb during its whole lifetime, OVI_, =
v X Hyp» in kilowatt-hours (kWh)

Pr., = price of one kWh
OC, . = the operational cost of the lightbulb

bulb
during its whole lifetime, OC, , =Pr, . x P, xH, .
TC,,, = the total cost of the lightbulb purchase
and operation

Easy to see that the total cost of the lightbulb
purchase and operation is expressing through the
following equation:

Equation 1-1
TC_.=C +0C_=C wh Poun H

bulb bulb bulb bulb bulb * "bulb

1. Uphbunwlwtu pruwynpnipju
Lubpqujutwynnnipjwu ognunubtph
quwhwwnnd. yipnnwpwunipjwu
ujuwpwugpnieniu
Uwnnpl ubipyuwywgywd £ wybiih $npdw| b dwupw-
dwut hwoywpl:
Wuwhuny, |nyuph wnpnipubiph wpryniuwybunni-
pjwu Yypw wannn hwpwswihtipp hGunlyw|u Gu.
1. 9hu, $, <<N wy
2. Lnwwpguwuhp' [0/4wn, ud wprhyniuwybunggnaa® %
3. Eplwpwybgnieintu, dwd
4. Lanpnipjwu uwblwpw] pwafund (CUR), GP3 Yud
ANU (gnyuph npwyh vwunnuy)' Yhpwndwu hwdwp
whwwuhnieiniu

5. Lnwwynpnipgjut  dwdwuwlwihu  Yupgwynpnud'

gnpdwpydwu uyhgp, hubipghw thnipnfuwlwu hn-
uwuph hwéwfuniejwu uywwndwdp

Wdu tytip Gupwnpbup, L 4-pn W 5-pn hwpwswihb-
np pwywpwinyuwd Bu: Wn nbwpnud hwadwnyp wuwna E:

buhp uwhdwubup.
Py = Wdwh hgnpniegniup, Ydn
Coup = Wil hgnpnipjwidp (wduh windtipp
UC, b= 1 Yn hgnpnipjuidp jwidwh wpdtipp, bu-
pqublnl{ UCIkW bulb — Cbulb/PbuIb qéthU qu
E.., = NE, punhwunip wpnynibwybunnigniu (099,
npnbn n-u fEYwpwlwu YEpwwipnfudwu 09%-u
E-U' (ntuwjht wpryniuwybunnieiniup
Hyup = lwdwh woluwwnwupwihtu Gplwpwybgnieni-
up, dwd
oy = dwnwquwjpwhtu (nwnhndbwnphly) wnGuwubh
hnuph hgnpnipyniup, 1, = E,  x P, ., Y4wn
OVl ,, = hp nn9 Ywuph pupwgpnud jwdwh dwnw-
guwjpwhU punhwuntp wbuwubih Gpwht hnupht hw-
dwwwwwufuwunn fubpghwu, OVI = I, x H,_ ., Yhin-
Jwwnn dwdny (Y4wnd)
Prw, = Uty Ydind- fiunpwtubipghwh ghup

0C,,, = hp nng Ywuph pupwgpnu |wdwh 2whw-
gnpddwu dwfuup, OC, , =Pr,, xP, , xH

TC_ . = |wdwh qudwu b zwhqunédw‘u punhwuntp

bulb

Swfuup

bulb bulb bulb

<bow £ uywwnty, np jwdwh qudwu b gwhwgnpddwu
punhwuntp dwiuup wpunwhwjnynid & hbnbyw] hwjw-
uwpdwu dhongny.

Lwwuwpnmd 1-1

TC,,, = C,,, + OC,, = C,. + Proy Py H

bulb bulb bulb k h " bulb " "bulb
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Let’s define also:

LCOVI, ,, = the levelized cost of the 1 kWh of
outputted radiant visible flux. Since OVI, , = I,
H.,, we can define the levelized cost of each 1

kWh of the total outputted radiant visible flux as:

X

LCOVI

bulb
= [C + |:)rkWh P Hbulb]/[IRV Hbulb:|
=C

bulb
~ ~bulp

+ PrkWh Pbulb/IRV
= Cbulb/(IRV Hbulb) + I:)rkWh/EbuIb
= Cbulb/(

E P Hbulb) + I:)rkWh
=(1/E

bulb * bulb
+Pr

) [Cbulb/( Pbulb H

=TC, ./ OVl

bulb bulb

bulb

/(I H

bulb)

/E

bulb

bulb bulb) kWh]

Thus,
Equation 1-2

H_. +Pr

bulb

Lcovl,, = (1/E,,,) [UC

bulb) 1kW bulb’ kWh:|
Easy to notice that higher is the longevity, lesser

is the contribution of the bulb cost; lower is the

efficiency, higher is the levelized cost of the 1 kWh

output radiant visible flux.

Using LCOVI,  as the single main parameter,
allows comparing entirely different types of light
sources having different lightbulb costs, longevity
and efficiency. This single parameter may serve as
the only one to make lighting economic decisions,
if other factors, such as aforementioned SPD, CRI
or CQS - suitability for the application, the timing
of the lighting — startup time, inertia towards AC
frequency — are equal.

2. Assessment of economic
benefits of artificial illumination:
examples for LED, CFL and
luminescent lights

Now it is easy to perform the comparison of
various sources of light by just calculation of the
LCOVI, . i-e. the levelized cost of the 1 kWh of
outputted radiant visible flux. Table 1 shows the
calculation for the incandescent and fluorescent
lightbulbs from the example in Figure 1 and adds a
LED lightbulb with the related parameters brought
in the last column. Note that the all lightbulb cost
contribution are approximately the same in the
output of visible kWh of light, but due to energy

Gltip bwl uwhdwubup.

LCOVI, ,, = dwnwquw)jpwhtu mbuwubih Gpwjhu hnu-
ph 1 Ywnd-h unpdwynpywsd wndtipp: Lwuh np OVI,
= |, x H_ ., www Yupnn Gup dwnwquwjpwhu punhw-
untp wmbuwubh Gipwjhu hnuph jntpwpwugnip 1 Ydwnd-h
unpdwynpjwd wpdbpp uwhdwub)'

LCOVI, =TC_ ./ OVI
= [Cbulb + Prig, Pbulb Hbulb]/[IRV Hbulb]
= Cbulb/ (IRV Hbulb)+ PrkWh Pbulb/lRV

= Cou/ Iy Houn) + Prow/Eouis
= Cbulb/( Ebulb Poun H

bulb

=(1/ Epuie) [Cbulb/(

bulb bulb

/E

+ Pr

+ Pr

bulb) kWh

P, . H

bulb

bulb

bulb) kWh]

Wuwhun,
Swywuwnpned 1-2

I‘COVIbuIb = (1/ Ebulb) [UC1kW bulb/HbuIb + PrkWh]

<bownn | ufwwnb), np nppwt pwpép b Gplupwybigne-
pINLUp, wjupwtu gwop k jwdwh wpdbiph ubpnpnidp, np-
pwu gwop £t 099-U, wjupwu pwndp b dwnwgw)pwihu
nbuwubih Gipwihtu hnuph 1 §4dwnd-h unpdwynpywd wp-
dtipp:

LCOVI, ,.-n npwbu Jby hhduwywu hwpwswih og-
nwagnpdtp eny| £ wwhu hwdbdwwnb) (nyup wnpnip-
ubiph fupuin Lwppbp wnbuwyubp, npnup nlubu JWdwb-
ph wwpptip wpdbiputip, Gplwpwytignieniu b 09S: Uju
hwpwswihp Ywpnn £ dwnwb npwbu [ntuwydnpniejw
nuwnbuwwu npnanwdutip Yujwgubiine dhwy hwpwswih,
Gt Jinw gnpdnuubipp, huswbu ophuwl' Ybpnhhojwy
CUR, 948 Ywd FNU' Yhpwndwu hwdwp whunwupnt-
pInLup, |nuwynpnipjwt dwdwuwywiht Ywpgwynpnt-
dp' vhwgdwt dwdwuwyp, ghinthnfuwlywu hnuwuph hw-
dwfuniejwl ujwwmdwdp hutipghwt, hwywuwn Gu:

2. Uphbunwlwu jnuwynpnipjut

nunbuww ognunubiph guwhwwnud.

[ntuwnhnnwjht, Yndwywlwn $ninpbugbu-

wnwjhtu b gnudhubugbumwiht jwdwbph

ophtuwlubp

Ujdd hbown £ Yuwwpb| (nyup wwppbp wnpjnipubph
hwubdwwnnieynt’ dhwyju LCOVI , -h, wju £ Swnwquw)-
pwjhu whuwubh Gpwiht hnupph 1 Y4dwnd-h unpdwynp-
qwd wpdtipp hwoytint dhongny: Unjniuwy 1-nd gnyg
E wpdwé Lywp 1-h ophuwynd pbpwéd ohlugdwu b
dininpbugbunwht jwdwbph hwadwnlp, huy Ybipght
untuwynud wybjwgyby £ nuwnpnnuiht jwdw' hw-
pwyhg hwpwswihbpny: Nwnpnieniu nupépbp, np
pninp jwdwbph wpdbpubph ubpnpnudp nyup wbuw-
ubh Gpwjhu Y4dwnd-h wnnwing gpbieb unyuu Gu, uw-
Yuwju $ininpbugbunmwipt Ywd nuwnhnnwiht jwdwb-
ph Lubpquuwpnyniuwybunniyejuu hnbwupny upwug
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Eubpguuwnwpnigjwu htn Yuwwywsd dwiuubpp, wjupupt’

efficiency of fluorescent and LED lightbulbs, their
owhwagnpddwu dwfuubipp, oww wybih phs Gu:

power consumption related costs, i.e. operational
costs are much less.

Table 1. Calculation of the levelized cost of the 1 kWh of outputted luminous flux, LCOVI, .

Incandescent Fluorescent LED
Indicator Chljwgdwt dininptu- Lniuwnp-
gbunmwihu  nnwyhu

Eous 1.50% 6.00% 10.00% |E,
Co $0.50 $3.00 $8.00 |C,,

oty KW 0.060 0.012 0.008 [P, Ydwn
UC,v bus $8.33 $ 250 $1,000 |UC,, .
H, ., hours 1500 7500 25000 ([H, ., dwd
Prow, $0.10 $0.10 $0.10 |Pr,,
= (1/ Egy) [UC, 0y b/ Hiuis): = (1/ Eyyp) [UC, 0y g/ Hiipl> INtuwigh
per kWh of luminous energy $0.370 $0.556 $0.4 |tubpghwih 1 ydwnd-h hwdwp
(lightbulb cost contribution) (Jwdwh wpdbph ubipnpnd)
=f(|1/ Epu) [Priows) pfzr kWh = h(V E%mbl){k[frkm]{ Pkml&wJht(lhlrhbn—
of luminous energy (power ghwy nd-h hwdwp (hgnpnt-
rating, i.e. consumption $6.667 $1.667 $1.0 jwU, wjuphupt' fiGYwpwkubpghwih
contribution) uwywndwu ubipnpnidp)
LCOVI,,,,, = (1/ Ey) [UC,,4y LCOVI,,i, = (17 Eyyp) [UC, 0 puie/Houis
b/ Hout + Pr..], per kWh of $7.037 $2.222 $1.4 | +Pr,.] Inuwhu tutipghwih 1
luminous energy ydund-h hwdwp

Unynwuwly 1. Lnwuughts inGuwbiGih Gpught hnuph 1 4dind-p tnpdwynpdué wpdtiph hwipdwnlyp, LCOVI,

Lbwnlbip bwl Unynuwy 1-h thnfuwytpwynwfubphu
wibuubint hwdwp, b huswtiu GU swhwagnpddwu dw-
dtpp yGpwéynid gwhwgnpddwu wnwphubiph:

Also follow the transformations in Table 1 to
see how the operational hours translate into
years of operation.

Table 2. Years of operation for the three options.

Daily usage hours 5 5 5 Opwlwu swhwagnpddwu dwdbtipp
Days 300 1500 5000 Op
Years 0.82 4.1 13.7 Swph

Unynwuwly 2. Cwhwagnpddwt qnwphtitpp pbip pnwppbpwyp hwdwp:

Wu Ybpw swihwqwug hbown £ hwdbdwnb) mwppb-
pwyutipp: Uuwbu Yupbp £ uwb hwdbdwnnyeniu Yu-
wuwnb| thnnngwjhu, dwpnwpwwbnwlwl, wpyntuw-
ppwywu b wy| whwh [nuwynpnieyniuubph hwdwn:

Uwnnpl ubpluyugws £ dby wy' wybih wwpg dn-
inbignud:

In this manner, it is extremely easy to compare
options. One can compare options also for street,
architectural, industrial and any other cases.

Another, simpler approach is presented below.

-233 -



CHAPTER 6. Technical and economic principles of energy efficient lighting

Upgrade of electric
lighting system

Here are the steps to upgrade the electric
lighting system:
1. Identify, if there are plans to remodel the
building, the space or home. If so, design the
lighting as needed. Take into consideration that
the interior design has a significant effect on the
lighting — e.g. through colors and brightness of
the walls, ceiling and the floor. If no plans for

remodeling, proceed to the next step.

Perform an audit of the existing lighting system,
take data for each luminaire for its consumption,
operating hours, and purpose — defining special
needs for level of illuminance spectrum (color
temperature), etc., and create a summary table.

The principle is simple - one needs to start from
finding out which lights consume the most of energy
with goal to replace them with more efficient ones.

One can start from a floor plan (Figure 2), where
all lights are identified and labelled for a very small
1 bedroom apartment.

ElGYywmpwwt (nruwynpniejw
hwdwywpgh wpnhwlwuwgnd

Elyunpwlwu (nwynpnipjwu hwdwlwpgh wpnh-
wlwuwgdwu pwjtipu Gu.
1. Muwpqgb] 2tuph, wwpwdph Ywd wnwu Ybpwihnfu-
dwt wwuubph wnwnieyniup: Geb udwu wwuubp
Ywu, www [nuwynpnipiniup bwjuwgdt] wuhpw-
dbionn YGpwny: Lwwh niubgbp, np ubippht dluw-
Jnpnuwip, dwutwynpwwbiu' wywwnbph, wnwunwnh
W hwwnwyh gnyubiph nt wywjdwnniejwu gnpdnuubipp
qquih wgnbgnieintu nuGu nuwynpnigjwu Yypw:
Grbt ybpwihnfudwu wwutbp sywu, www wugub
hwonpn pujjhu:
Ywuwnwpb| (nuwynpnypjwt wnlw hwdwlwnpgh ni-
untdfuwuhpnigynt, gpwugh jnipupwsgnip (NLuw-
ninth njuiubpp’ pun uywndwt, 2whwgnpddwu
dwdtph b tywwwyh' uwhdwubing puwynpqw-
oniRjwu uwbiyinph (gnibwihtu obipdwuwnphbwuh) dw-
Ywpnwyh wnwuduwhwwnily Yupphpubpp, L wyu,
Yuwqut| wdthnth wngniuwy:
Uygpniupp wwng k. twfu bW wnwe wuhpwdtion k
wwnabi, _E np |nwwnnbpu Gu uywnnd wnwyb|
owwn blEYunpwiubpghw' npwup wnwyb) wpmyniuwybin
[(nLuwwnniubipny thnfuwphubipne bwwwnwyny:

Ywpbh £ ouyubp hwunwlwasdhg (Liwp 2), np-
nbn pninp [(nwuwwnnubpp punpdwd b updwd Bu dhy
Utownwu nitubignn 2w thnpp ptwlywpwup hwdwp:

Figure 2. Floor plan of a one bedroom very small apartment with description of the lights.

Bedroom wall 1:

1x60 W incandescent

Llbowubtywlhp wun 1,

1x60 dup phljugdwl jwidy
Bedroom ceiling 1:
2x40 W incandescent

A

Lbgpwubtywlyp
Bedroom winwtpuin 1,

AY

Bedroom ceiling 2:
* 2x40 W incandescent
Bedroom wall 2: Ltowubtywlp
1x60 W incandescent | wnwuywn 2,
UVbipwubitywlh 2x40 dup phly. quidy
wwin 2, 1x60 i phly.qudy
Bath mirror: 1x40 W fluorescent
Lnqupwtp huybih, 1x40 dip ininpbugbipughti jwdwy

*" * Closet
{ Bath Uwnuwti
X Bat
Bath |l w[nutl * Closet wall: ?
ceiling: i @3 %40 W S
Ix100 W fluorescent a
incandescent Uwnwth wwp,
Lnquipwtih 2x40 duip
hwybh, $ininplugbitip.
1x40 dip [wdy
Pininptiug.
(widy Pantry wall: 1x60 W incandescent

Uwnwih wup,
1x60 di phljwgdwit jwdy

Living room wall 1: 2x60 W incandescent
Gnpwubbywlhh wuip 1,
260 du ppljugdwts judy

Gnipwubtywlyp wuip 3,
2x60 dp $ininpbugbtipughts jwdy

d IR ==

Kitchen table: 3x20 W fluorescent

3x20 dip pininplugbiypuyhl jwidy

I
— Living room wall 2:
2x60 W incandescent
Gnupwubtywlyp wuip 2,
2x60 dup phljugdwls jwidyy
Living room ceiling: *
7x50 W incandescent
Gnipwubtywlyp
wnwuywn,
7x50 dup pply. qwidy
Living room
ynipwubtyuly

Living room wall 4:

2x60 W incandescent
Gnipwubtywlhh wuig 4,
260 du ppljugdwts judy

7o

Patio/balcony:

Kitchen bar:
3x50 W incandescent 215 W fluorescent
dbpwhnw/
tunhwtingh pwp, wwiyqudp, 2x154in
X0 ip phlyuigduts ey | g S abitiugpt
(wdy
' * Patio/
Kitchen 00 Balcony
lunhwiing - * dbpwitnw/
wuipzquidp

Kitchen stove: 1x40 W incandescent
hunhwtingh quqoswiu,
x40 dup ppljugdwts juiduy

tunhwtingh ubnu,

Ulwp 2. Ukl ttpwpwt niibgnn puip thnpn plwluwpwbh hwgpwlwaghd' intuwgpniblph ayuwpwapnuypyuwdp:
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Then comes collection of data on how many
hours each luminaire is operating. Filling out a table
similar to the one in Table 3, e.g. in MS Excel, will

help substantially. Ywqdnudp:

Table 3. Example of an apartments lighting simple audit.

Ed, daily
energy
needed

Cd, daily
P.kw, cost

power
of each

bulb

Coverage
for tariff at of the
luminaria hours of luminaria
operation, operation operation,
kWh Cd=EdC
Ed=nPh

Name of the luminaria, h, Hours
of

operation

n, # of
bulbs

the room, wall or the
ceiling

% of
total
expense

Wunthtnl Yuwwwnpynwd £ ndyuiutph hwjwpwg-
pnud, Rl |Nnwwnnlubphg jnipupwugnipp pwuh dwd
E owhwgnpdynid: Oppuwl' dedwwbu oguwlwp Yih-
uh MS Excel-ny Unjnwwy 3-h hwdwudwu wnjntuwyh

Special

notes about
requirements
of the luminaria
usage

:;]'Zf:r? dg’;’;‘n‘ie"'”gz PESOW 0.05 5 175 $0.10 $018 | 41.5% |Warm lighting
:;T'Z':r? dg’s‘i‘zn‘fa": 860w S 0.05 2 0.96 $0.10 $010 | 22.7% |Warm lighting
:?]i‘;rr]°d°e"’s‘c‘;?:'t'”9: Axa0 W 4 0.04 1 0.15 $0.10 $0.02 3.8% |Warm lighting
ﬁi‘;r:;el‘c‘gi't': 2x60W 2 0.05 1 0.12 $0.10 $0.01 2.8% |Warm lighting
ﬁ'é‘;?%g::;fx‘r’o w 3 0.05 4 05 $0.10 $0.05 | 14.2% |Warm white
g&tgrheesncéitt"e 20w 3 0.02 3 01S $0.10 $0.02 | 4.3% |Warm white
Kitchen stove: 1x40 W o Warm lighting,
incandescent 1 0.04 s 012 $0.10 $0.01 2:8% high CRI needed
ﬁi:‘ng?'s'gg;:xmo w 1 01 1 0.1 $0.10 $0.01 2.4% | White light
B3th mirror: 1x00 o White light High
Willores ot 1 0.04 0.5 0.02 $0.10 $0.00 05% oy

P31 ofbalcony: 2x15 Wl 2 0.015 5 0.18 $0.10 $0.02 4.3%

uores cent

Pantry wall: 1x50 W 1 0.05 05 0.03 $0.10 $0.00 0.7% White light High
incandescent CRI

TOTAL Daily 4.22 $0.42

TOTAL Monthly, days per 305 128.71 $12.87

month =

Unynruwly 3. Pbwlwpwuh intuwydnpnipjuwt wwng niunwduwuppniypywb opptiwly':

Cwhuw- Cwhw-  Lnwuwwni-
qnno- gnpddwu ubph whw-
dwdtph  qnpédwl
uhght  opwlwl
uwlw-  Swfuup, Cd

Lnwuwwnnth gwhw-
gnpdiwu hwdwp
Lnwuwwnnth mbuwlyp, ubtjw- wwhwugynn kj.
Yp, wwwp jwd wnwunwnp pw-

uw-

Eubipghwjh opwlwi
pwuwyp, Y4dwnd

Lnwuwwnniubiph og-
wnwgnpdiw wjw-
hwugubph dwuht
hwwnty upnifubp

Ed=nPh

Yp, n ghup, C  Cd=EdC

?iggﬁfgjhﬂhgﬁtumw 7 | 005 | 5 1.75 $0.10 $0.18 | 41.5% | Swp jnyu
iﬂﬂﬁ’ﬁﬂgﬁhlﬂb‘ﬁ’ 860 | 5 | 006 | 2 0.96 $0.10 $0.10 | 22.7% | Swp |nyu
}th‘%‘“ﬂ”zwhﬂlm;“d’m“ru“‘d& 4 | 0.04 1 0.16 $0.10 $0.02 | 3.8% |Swp nyu
H&Q‘;‘h“u"l}]‘g“&ﬂi‘j‘dﬁ 260 2 | 0.06 i 0.12 $0.10 $0.01 2.8% |Swp ;nyu
;Hl”;ﬂﬂ%hlﬁm 350 thin 3 | 005 4 0.6 $0.10 $0.06 | 14.2% |Swp uyhuul

1 Certainly the user has the latitude for selection of the CCT, e.g. in general, for kitchen and bathroom the neutral white (4000 K) is

preferable for sanitary (hygienic) reasons, but users preference can be taken into consideration as well.

Uupnipwn, oguwgnpdnnu niuh YG2-h punpnigjwt (wyu huwpwynpnipiniu, ophtwl' punhwupwwbu, funhwungh L (nquubuywyh
hwdwp, uwuhnwpwhhghbuhy Uwwwnnwdubinhg Gubind, bwiupuwpbih b skgnp uwhwnwy gnyup (4000 4), uwlwyu Yupth £ hwayh

wnub) bwl ogunwagnpdnnubinh Uwfuwuhpnieiniuutipp:
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UnynLuwly 3. pwpnibwlynipnit

Lnwwwnth gwhw-  Cwhw-  Lnwwuwni-

gnpédw hwdwp  gnpédwu ubph Jwhw- Lniuwnnniubiph og-
Lniuwwnnth mbuwlyp, ubuyw- wwhwugynn k). dwdtph  gqnpédwl wnwgnpdiwy wjw-
Yp, wwwp Yud wnwunwnp Lubpghwjh opwywu  dhohtu opwlw hwugubph dwuhtu

pwuwyp, Y4dwnd uwlw-  Swfuup, Cd hwwnty upnifubp

Ed=nPh ghup, C Cd=EdC
funhwungh ubnwu, 3x20 Ywn 0
prunnbugbluwhl iy 3 0.02 3 0.18 $0.10 $0.02 4.3% | Swp uwhwnwly
funhwtungh qugqgoowtu, 1x40 o | Swp [nyu, wuhpw-
dn ohljwigduit [wiwy 1 0.04 3 0.12 $0.10 $0.01 2.8% dtiown £ punan 43
Lngwpwuh wnwuwnwn, 1x100 o
dun ohlugiwl iy 1 0.1 1 0.1 $0.10 $0.01 2.4% | Swp uwhwnwly
Swp uyhwwy, wu-
Lnqupuith huytiip, x40 dan 1 g g4 | g5 0.02 $0.10 $0.00 | 0.5% |hpwdbow k punan
$ntnpbugbunwihu jwdwy Qd3
Jbpwunw/wwwnpgqudp, 2x15 o
dun Spninpbugblmwihl [y 2 0.015 6 0.18 $0.10 $0.02 4.3%
Swp uyhwwy, wu-

Uwnuith wuin, 160 L gh- |4 1 g6 | o5 0.03 $0.10 $0.00 | 0.07% | hpwdbun k pwnan
Yugdwu wdy qd3
LLYHUUGLL opwluit 4.22 $0.42
CLIUUELE wduuljwl, op | 3 5 128.71 $12.87
wduntd

Here a simple case considered when the
power tariff is flat across 24 hours. Note that living
room ceiling, wall and kitchen bar are consuming
together 78.4% of the total power expense, since
they are operating longer hours, with higher power
consumption of incandescent lightbulbs. Naturally
these three areas need to be addressed the first
— however they comprise 18 lightbulbs out of total
33 in the apartment. Thus changing around half of
the lightbulbs one can achieve up to 70% saving
if using modern LED lights with luminous efficacy
of 150 Lm/W, which is 10x more economical
compared with incandescent lighting that has
around 15 Lm/W luminous efficacy. Table 4 shows
the detailed result.

Wuwtn nhunwpyldwt hwdwp ogquwgnpdyby) k
wwnq nbwp, bpp blGynpwiubipghwh uwlwghup
unyuu £ 24 dwdw hwdwp: Nwnpnientu nups-
ptip, np, ogwwgnpdtiny pwpép Lubpgquunwpnt-
pjwdp 2hjwgdwtu jwdwbn, hnippwubujwyh wnwu-
nwnp, ywuwp b fjunhwungh pwpp dhwupt uwywnnid
Gu Eltyunpwtutpghwih punhwunip dwfuuh 78.4%-n,
pwuh np npwug pwhwagnpddwu dwdtipu wybih tp-
Ywp Gu: Puwywuwpwp, wu Gpbp nwpwdpubipu
wuhpwdtbioin £ wnwohuu wpnhwlwuwgub), wjunt-
wdblwjuhy, npwug pwdhu E puyund puwlwpwuh
punhwunip 33 (wdwbiphg 18-p: Uyuwhuny, thnfubiny
\wdwbiph qpbipt Ytup, Yupbih £ wwwhndb) dhusu
70% futuwjnnnip)niu, Lt ogunwgnpdytu dwdwuw-
Ywyhg nuwnphnnuihtu jwdwtp' 150 W/dwn nwwp-
gwuhpny, husp 10 wugwd wybih wuwnbunn Lk, pwu
2hlwgdwu jwdwp, npu ntuh 2nipg 15 U/ |ntuwn-
qwuhp: Upryntupp dwupwdwut ubpyujwgws £
Unynuwy 4-nid:

Table 4. The same apartment lighting, with proposed changes.

Ed, daily

ener Cd, daily Special
A 9y Coverage cost notes about
s h, Hours needed for . % of .
Name of the luminaria, the n, # of power I tariff at of the requirements
. of luminaria ; . total
room, wall or the ceiling bulbs of each . ’ hours of lumina ria of the
operation operation, . : expense .
bulb operation operation, luminaria
AT Cd=EdC usage
Ed=nPh - 9
Living room ceiling: 7x5 W LED 7 0.005 0.175 $0.10 $0.02 14.1% | Warm lighting
Living room wall: 8x6 W LED 0.005 0.095 $0.10 $0.01 7.7% Warm lighting
Bedroom ceiling: 4x40W 4 | 004 1 0.15 $010 | $0.02 | 12.9% | Warm lighting
incandescent
Bedroom wall: 2x60 W 2 | 005 1 0.12 $0.10 $0.01 9.7% | Warm lighting
incandescent
Kitchen bar: 3x5 W LED 3 0.005 4 0.05 $0.10 $0.01 4.8% warm white
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Table 4. continued

=t el Cd, daily Special

energy Coverage cost % of notes about

h, Hours needed for . i
of luminaria tariff at of the total requirements
room, wall or the ceiling bulbs of each hours of lumina ria of the

operation operation . . expense .
bulb P P ’  operation operation, P luminaria

kWh _
Ed=nPh Cd=EdC usage

P.kw,
Name of the luminaria, the n, # of power

:f:g:‘e‘i’::;i?'e: 3x20 W 3 0.02 3 0.1S $0.10 $0.02 | 145% | Warm white

. . Warm lighting,
Kitchen stove: 1x40 W 1 | 004 3 0.12 $0.10 $0.01 9.7% high CRI
incandescent

needed

B3lh ceiling: 1x100 W 1 0.1 1 0.1 $0.10 $0.01 8.1% White light
incandescent
B3lh mirror: 1x00 W fluorescent 1 0.04 05 0.02 $0.10 $0.00 1.6% ﬁ?ét: g%'?t
Patio/balcony: 2x15 W 2 0015 5 0.18 $0.10 $0.02 14.5%
fluorescent
Pantry wall: 1x60 W o White light
L eeaent 1 0.05 05 0.03 $0.10 $0.00 2.4% High CRI
TOTAL Daily 33 1.24 $0.12
':I'OTAL Monthly, days per month 305 3785 $3.79

UnynLuwly 4. Unyt puwlupwh inwuwynpnuyagniip’ wnwewplyynn thnihnfunyayniiilinny:

Cwhw- Lnwwwinth gwhw- Cwhw-  Lnwwwni-
gnpddwu hwdwp gnpddwu  ubpp gwhw-  Cun-
wjwhwugynn kj. dwdtiph gnpddwu  hwunip oqﬁhwu?:nggu;lh
Lutpghwjh opwlwu  dhoht opwljw Swifu- dutLuhh hlgumrr'ull
pwuwlyp, Y4dwnd uwlw-  éwfuup, Cd up, % tonufub
Ed=nPh ghup,C  Cd=EdC 2 n

Lwd-  3nip.

whph wdwyh
pw- hqnpni-
tw- pyniup,
Yp, n Yy4w, P

Lnwuwwnniubiph

Lniuwwnnih wmbuwlyp, ubujw-

Yp, Ywwp Yud wnwunmwnp

nipwubtujwyh wnwuwnwn, 7

7x5 Y [nLuwunhnnwjht jwduy L & 1175 $0.10 $0.02 14.1% Swp [nyu
SninuiubLywlh win, 8x6 8 | 0006 | 2 0.096 $0.10 $0.01 7.7% | Swpnyu
dun |ntuwnhnnwiht jwdw

Lugwubljwlyh wnwuwnwn, 0

4x40 un shlwgiwl jwiyy 4 0.04 1 0.16 $0.10 $0.02 12.9% Swp |nyu
Lugwubtjwyh wwwn, 2x60 o

dun shljwigiwill jwiy 2 0.06 1 0.12 $0.10 $0.01 9.7% Swp |nyu
funhwungh pwp, 3x5 4wn 9

Intwnhnnuipt iy 3 0.005 4 0.06 $0.10 $0.01 4.8% | Swp uyhwuwy
funhuitingh utinuit, 320 dwn |- 5| gy | 3 0.18 $0.10 $0.02 14.5% | Swp uwhuuly

dninpbugbunwiht jwdy

funhwungh quqogwtu, 1x40 1 Swp |nyu, wu-

0.04 3 0.12 $0.10 $0.01 9.7% hpwdtigin
Wi phluigduits jwiy B B 2nk
Lnqupwuh wnwuwnwn, 1x100 o
dn ohljwiguuit jwdyy 1 0.1 1 0.1 $0.10 $0.01 8.1% Swp uwhwnwy
Lngqwpwuh hwjbih, 1x40 dwn o Swp uwhwnwy,
$ininpbiugblunwht jwdy 1 0.04 0.5 0.02 $0.10 $0.00 1.6% puwinén A3
Ybpwunw/wwwngqwdp, 2x15 0
Ui Sininpbughtnughty iy 2 0.015 6 0.18 $0.10 $0.02 14.5%
Uwnwup www, 1x60 4w o Swp uwhwnuwy,
Shlugdwt iy 1 0.06 0.5 0.03 $0.10 $0.00 2.4% puinén A3
LLYHUUBLL opwlwi 33 1.24 $0.12
LCLHUGBLL wluwlwl, op 305 37.85 $3.79

wdunwd
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It might be necessary to model your needs for
each season separately, and take the decision as
the average either for year or with a priority for a
particular season. Note that with the new, more
efficient lightbulbs, the consumption percentages
are changed.

3. Compare data with the indoor lighting standards
and norms, make correction for targetilluminance
level. Use a lux meter, if possible.

4. Implement the Pareto 20-80 rule to identify the
vital sources that consume the most of energy.
As it has been shown in Table 3 about 78%
of consumption is related to 3 out of 11 total
luminaria lines, i.e. 27% - well corresponds to
the Pareto rule?.

5. Create a proposal for change, compare
consumption and comfort before and after. In
the proposal, one also needs to identify the costs
of the changes, i.e. the costs of the 150 Lm/W
lightbulbs. Taking also into consideration the
lifetime of the new lightbulbs vs. old lightbulbs
one needs to estimate the payback period,
performed in the next section.

3. Assessment of environmental
benefits of artificial illumination,
comparison of methods

Let’s take a fixed period of time, e.g. 10 years.
To calculate the lightbulb replacement costs, we
consider only the candidates for replacement
derived from the Pareto rule, i.e. for the living
room ceiling, wall and kitchen bar of the described
example. Thus, we will be comparing the current,
incandescent heavy setup, to the proposed case
with aforementioned LEDs. Naturally, there are 3650
days in the 10 years. And the number of needed
lightbulbs will be equal to the total amount of hours
expected usage of the particular luminaire during
the 10 years (3650 days x usage hours for each
luminaire) divided by the statistical life expectancy
of the particular lightbulb type. E.g. if the daily
usage is 5 hours, during 10 years we expect to
use that luminaire 5h x 3650 days = 18250 hours.
Since the incandescent lightbulb life expectancy

Luwpwynp £ Ywphpubpp dnnbjwdnpb) jnipw-
pwugnip ubgnuh hwdwp wnwudhu, Ywd npnanwdp
punntub] tnyjwy ubigqnup hwdwp Ywd wnwpdw dhoh-
uwgywd Ywphpubph hwdwn: Npwnpnieinu nwné-
nbip, np unp, wybh wpryniuwybin nuwnniubpny
uywndwu wnnynuwjht  hwpwpbpwlygnieniuubpp
thnjuybi| Gu:

3. Cwdbdwwnb| myjwjubpp ubpphu (ntuwynpniejw
ulnwunwpwubiph nu unpdtiph  hbtiv, Juunwpb
dogpuninudutp wyjwy Jwypnd  nuwynpywdnt-
pjwu dwlwpnwyh hwdwp: <uwpwynpniejwl
ntwpntd oginwgnndt [jnipuwswith:

4. Yphpwnt| Mwpbwnh 20/80-h Ywunup' wwpgb-
[Nt wubtwoww tubipghw uwwnnn Yuplnp wn-
pjnipubipp: huswbu gnyg nipytg Ungnuwy 3-nud,
uwwndwu 2nipe 78%-p Ywwywd £ punhwunip
prYnY 11 [nuwwint gdbphg 3-h, wjuphupt' 27%-h
htwn, npp pwjwlwt jwy hwdwwwwnwufuwunid
E Mwpbwunjh uyqpniuphtu

5. Ywqut] thnthnfuniypjwu wnwownl, hwdbdwwnb
uywnnwp U hwpdwpwybnnipgniup' wnwy U
htitnn: Unwowpynd wuhpwdbon £ twl wwp-
gt thnthntunipyniuutiph wnwowgpwd dwfuubipp,
oppuwy' 150 W/dwn jwdwbph wnpdbpp: <woyh
wnubny twb hphtu wdwbph hwdbdwwnnigjudp
unpbiph Gpywpwybignigniup' hwpywynp £ uwl
quwhwuwnt]  thnfuhwwnnigbhnygjwu  dwdybunn,
npp ubipyuwjwgywsd £ hwonpn pwdunty:

3. UphGunwlwu [nuwynpnipjut
puwwywhwywuwwu ognunubph
quwhwwnd, UEpnnubph
hwibdwwnnipyniu

Jdbipgutiup $hpujwd dwdwuwlwhwwnywsd, opp-
uwy' 10 wwph: Lwdwbph ghnfuwphudwu dwiuub-
pp hwaybnt hwdwp dbup nhunwpynd Gup dhwju
Mwpbwnh Jwunuhg plunn  (wdwbpp, wjupupt’
uywpwgpywd ophuwynd’ hjnipwubujwyh wnwu-
wwnf, wwwnh U funhwungh puph jwdwtipp: Wuwh-
uny, Jtup hwdbidwunbint Gup ubipywjhu 2hyugdwu
lwdwny  wwppbpwyp - nuwnhnnipt widwtpng
wnwownpyynn ytipnhpgjw tnwppbpwyh hbwn: Puw-
Ywuwpwp, 10 wmwphu nuh 3650 op: Uuhpwdbiown
[ntuwwinnwutiph phyp hwywuwp t (pubiine 10 wnwp-
Jw pupwgpnd wnyjw| nuwwnnth wlulywynn og-
wnwghpddwu dwdtiph punhwunip pypu (3650 op x
jnpwipwuginip [ntuwnnth ogunwgnpddwu dwdbipp)'
pwdwuwd nyjw| (ntuwinnth nbuwyh Ywuph ypbw-
Yuwgpwlywu wnbnnnipgjwu Ypw: Ophuwl' bpb opw-
Ywtu owhwgnpéddwu wnbnnnipniup 5 dwd £, 10 w-
pnud wyuywind Gup wyn |nuwwnnu ogunwignpdtip 5

2 The Pareto principle (also known as the 80/20 rule, the law of the vital few, or the principle of factor sparsity) states that, for many
events, roughly 80% of the effects come from 20% of the causes (https://en.wikipedia.org/wiki/Pareto_principle).
Mupbwnjh ulgpniupp (hwjnup £ uwb npwbu 80/20-h Ywunt, Ywd thnppwiehy gnpduutiph gtiphgtunn ntipp) uwhdwund £, np pwwn
ntwptipnid hbinbwwupubiph dninwynpwwbu 80%-p ptunwd | wwwnbwnubinh 20%-hg (https://en.wikipedia.org/wiki/Pareto_principle):
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is around 1500 hours, we will need 18250/1500
=12.17 lightbulbs. Now it is easy to calculate the
total cost of the lightbulbs during the fixed period.
The calculation for the current case is summarized

in Table 5.

dwd x 3650 op = 18250 dwd: Lwuh np 2hlwgdwl
(wdwh Yywuph wnbnnnieiniup 2nipg 1500 dwd k, vtiq
wuhpwdtioin Yhup 18250/1500 =12.17 |jwdw: Wdd
hton Lt hwoyb] $hpujwd dwdwuwlwhwnywdnid
(ntuwwnnwubiph  punhwunip dwfuup: SYjwy nbiwpp

hwoqwpyp wdthnih ubpluywgyws £ Unyniuwy 5-nud:

Table 5. Calculation of the number of lightbulbs and related costs for 10 years of exploitation according to the

current condition with incandescent lightbulbs.

Name of the luminaria, the

room, wall or the ceiling

n, #of
bulbs

P, kW,
power of

H,
Hours of

each bulb operation

Total
hours,
hx3650

days

Lightbulb

service
time

# of

lightbulbs

needed

(ofo13
of one
lightbulb

Total
cost of
lightbulbs

t‘é’gg room ceiling: 7x50 W 7 0.05 5 18250 1500 12.17 $1.00 $85.17
'E'ggg room wall: 8x60 W 8 0.06 2 7300 1500 4.87 $1.50 $ 58.40
Kitchen bar: 3x50 W LED 3 0.05 4 14600 1500 9.73 $1.00 $ 29.20
TOTAL cost of the

lightbulbs $172.77

Unyncuwly 5. Lwdwbph pyh b hwpwlhhg dwhiubph hwpdupyp pwhwgnpddwt 10 prwpdw hwdwn' puy pp-
Guwgdwt jwdwbpny bbphyw wwydwbbbph:

3nip. Jwd-

Cwhuw-

dwbiph

Uthpuw-

Lnwwwnth nbuwlp, ubtyw- wh hqn-  gqnpédwt  punhwunip htﬂ::h ?uutjl- dbgn Ukl pwidugh I.t.‘w:mzﬂr
Yp, wwwp fuwd wnwuwnwnp g, pnpyniip,  dwdtipp, phyp, dwd éufdl:zjmn jwiybk-  wpdbpp n (;}wruun n
’ ydw, P dwd x 3650 op nh rhdp

nipwubityjwyh wnwuwnwn,

7x50 i shlwgiui jwiy 7 0.05 5 18250 1500 12.17 $1.00 $85.17
iﬂ";ﬁu“lﬂz{;ﬁ‘uh oy 860 g 0.06 2 7300 1500 4.87 $1.50 $58.40
L“w”g;;‘u’j; ?EEL‘:“ 330 hnoh- 15 0.05 4 14600 1500 9.73 $1.00 $29.20
tﬁﬁ:ﬂ;nh ELCHLiRe $172.77

Similarly, Table 6 is describing the proposed case

with LEDs. Do not worry for the fractional number
of the LED lightbulbs — this is statistical number
for the taken 10-year period of time. In reality this
means that the lightbulbs will work approximately

LUnyu Ybpw, Unynuwy 6-nd uyupwgpgws b ne-

uwnhnnwjht jwdwbpny wnwownlynn nwppbpwyp:
Up wuhwuquunwgbp (nuwnhnnwiht jwdwbph Yn-
wnpwlwipt pyh hwdwp, vw yhtwlwgpulyw phy
£ 10 wwpp dwdwuwwhwindwsdh hwdwn: hpwlw-
unwd uw Lpwuwynwd £, np jwdwbipp dnnwynpwwtiu

twice the period, i.e. around 20 years or more. UpYuwyph dwdwuwlwhwindwd U dwnwybng, wy-

upupt' 2nipg 20 twiph U wybih:

Table 6. Calculation of the number of lightbulbs and related costs for 10 years of exploitation according to

the proposed replacement with LED lightbulbs.

Total ;
Name of the luminaria, the n, #of 2 L0 e hours, nghtl_aulb . &l e Lol
room. wall or the ceilin bulbs Power of of hx3650 service lightbulbs of one cost of
’ 9 each bulb operation days time needed lightbulb lightbulbs

Lving room celing: XS W 0.005 5 18250 | 35000 0.52 $7.00 | $25.55
t'g't’)‘g room wall: 8x6 W 8 0.006 2 7300 35000 0.21 $800 | $13.35
Kitchen bar: 3x5 W LED 3 0.005 4 14600 35000 0.42 $7.00 $8.76
TOTAL cost of the lightbulbs $ 47.66

-239 -



CHAPTER 6. Technical and economic principles of energy efficient lighting

Uryncuwly 6. Lwdwbiph pyh b hwpwlhg dwhubinh hwydupyp swhwgnpddwi 10 qprwpdw hwdwp' pug ini-
uwnhnnuyht jwidwbpny thnfuwphtlbne winwownplynn qwppbpuwip:

Lwd-  3nip. jwd-
Lnwwwnth mbuwyp, ubtyjwlp, wbkph  wh hgn-
pwuw- pnypyniup,

wwwp Yud wnwunmwnp

Cwhuw-
gnpddwu  punhwunip  dwnwyni-  dbwn
dwudbpp,

dwdtiph Lwdwh  Uuhpw-

Lwdwbpp
punhwunip
éwluup

Ukl jwdwh

rhyp, dwd pjuu dwd- jwdwybk-  wpdbpp

Yp, n ydw, P dwd x 3650 op YEwnp nh rhup
Sipuiubljwh wnwunwn, 7 0.005 18250 | 35000 | 052 | $7.00 $25.55
7x5 Y |nwuwnhnnwiht jwdw
nipwubitjwyh wwn,
8x6 un (niuwnhnnuiht Wiy 8 0.006 7300 35000 0.21 $8.00 $13.35
Funhwungh pwp,
3x5 din [nwwnhnnuhl [uidy 3 0.005 14600 35000 0.42 $7.00 $8.76
Lwdwybpp LLAKULNRY
Swluup $47.66

Thus, not only the monthly savings will be around
70%, but also during 10 years one needs to spend
only $173/$48 = 3.6 times less on the lightbulbs.

Here also the forecast of the price increase
for 1 kWh of electric power can be taken into
consideration, as well as the forecast of lightbulb
degradation with the decrease of the efficiency.

For the environmental benefits, the saved kWh
of electric power is the key for the climate change,
i.e. CO, release calculation. Depending on each
country, each kWh saved is equivalent to certain
amount of not released CO,. Since in the described
example we have 70% electric power savings,
respectively, we will have monthly saving of more
than 90 kWh-s. For Armenia equivalent to savings
of 90 kWh x 0.25 kg of CO, = 22.5 kg/month for the
described replacement in one small apartment.

Ujuwhuny, ns vhwjt wduwlwl fubwnnnieniup
YYywauh 2nipg 70%, wylt 10 lnwpyw pupwgpnid jwd-
wbph Ypw Ywpbh £ dwiuuby $173/$48 = 3.6 wuqwd
wytith phy:

Ujuwinbin Yuptih £ hwoyh wnub] uwl bGYunpwkutp-
ghwjh 1 Ydwnd-h qup wédh, huswybiu bwb wpryntuwyb-
wniejwu tjwqiwt htwn delnbn jwdwh Juunpwpwg-
Jwt Ywufuwwnbunidp:

Puwwwhwwuwlwu  ognunubph  wnbuwuynituhg
Elayupwtutipghwh futiwyyws Y4ind-p Yihdugh thnihn-
funipjwu, wyuhupt' CO,-h wpnwubindwu hwodupyh
pwuwihu b Cun wwppbp Gpypubph’ futwyywsd jnipw-
pwugnip Y4nd-u hwdwpdtip £ CO,-h swpnwubiinjwd
npnwlh swihwpwuwyhu: Lwuh np ujwpwgpywsd
ophuwynwd niubup EGYunpwtubpghwh 70% futwjnnnt-
[Intu, hwdwwwwwufuwlwpwp, wduwlwu fuuw)n-
nnieyntup Yywauh wybih pwu 90 Ydind: Lwjwunwuh
wwjdwuubpnid dh thnpp ptwywpwunwd bupwgpywsd
thnihnfunigyniuubph - wwjdwuubpnd — futwjnnnype)nt-
up hwdwnpdtip Yhuh 90 Y4dwnd x 0.25 4g CO, = 22.5
Yg/wdunwd, pwuh np <wjwuwwund 1 Y4dwnd LGYwn-
pwkubipghwih wpwnwnpnieniup wpnwubnnd £ 250
gpwd CO,:
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Lightings accounts for 1/5 of the world’s total
demand for electrical energy. Since the electricity
generation is responsible for another 1/5 of the
world primary energy consumption, thus the
lighting is consuming the 4% of the total primary
energy. It is responsible for around 2 bin tons of
CO, release.

There are also a number of ways that artificial
lighting affects the environment as well as human
health, as described in the sections below.

1. Mercury containing lamps and
their proper management and
disposal

Mercury content in fluorescent lightbulbs

There is one major negative of compact
fluorescent lights (CFL-s) and luminescent
lighting related to environment.

The mercury (Hg) content in all fluorescent
lightbulbs, usually is 3—-5 mg per bulb and 1 mg
if the lightbulb is labelled “eco-friendly”. This
imposes special requirements related to their
disposal and recycling. These requirements
prescribe to store the old lightbulbs unbroken
for further recycling (which | personally do — my
closet is filled up by these old linear fluorescent
tubes, Figure 1). However, | am not aware of
any recycling agency/business in our country.
Governmental regulations should be introduced
to minimize the environmental hazard.

To recycle, Hg + S — HgS reaction should be
performed (“S” is for sulfur). For this purpose,
a group of fluorescent tubes is covered with
sulfur dust and the tubes are broken. The glass
fragments are put into a bag to continue with the
reaction. The mercury will combine with sulfur
without any other action.

Although, overall CFL use impact on climate
change is positive due to decreased CO,
emissions, one need to take into consideration
that the poisoning of underground water with Hg
is definitely harmful.

LED disposal

A study published in late 2010 in the journal
Environmental Science and Technology found
that LEDs contain lead, arsenic and a dozen
other potentially dangerous substances.

ElG4unpwtubpghwih hwdwotuwphwihu punhwunip
wwhwugwnyh 1/5-p pwdht £ puluntd [ntuwynpnipjw-
up: Rwuh np EGYnpwtubpghwih  wpunwnpnie)nup
wwwnwufuwuwwnnt b wyfuwphnd punhwunip tubpgp-
wjh uywndwu 1/5-h hwdwp, Ywpbp £ wub), np nuuw-
Yynpnipjwup pwdhu £ pulunwd punhwunip Eubpghwip
uwwndwu 4%-p: Wu wwwnwufuwuwwnt £ 2nipg 2 dhip-
wpn nnuuw CO,-h wpunwutindwu hwdwp:

UphGunwlwu (nuwynpnipiniup pugwuwywu wg-
nbgnipniu £ niubund opowlw dhowywiph W dwpn-
Ywug wnnnontpjwt Ypw twl dh swpp wy &dubipny,
npnup Uywpwapyws Gu unnpl bEplwjwgywsd pwdhu-
ubipnud:

1. UunhYy wwpniuvwynn jwdwbpp, npwug
wwwnwb muophunwip b

pwithntwhwunwdp

Uunhyp wwpniuwlnyeyniup gnidhubugbumwhu

|wdwybkpnd

Cpowlw dhowdwiph wnndny Yndwwywn nidhubu-
gbunwhu jwdwtpu (YLL) nwbu JBY |nipo pwgwuw-
Ywu ynnu:

Pninp pnwdhubugbunwht jwdwbpnd uunhyp (Hg)
wwpniuwYynipyniup unynpwpwn Ywagdnw £ 3-5 dg/
(wdw, huy brb Jwdwu nup «tYninghwwbiv wuduwu»
dwluonwd, www wju Ywgdnd £ 1 dg: Uw wywpwnwn-
pnud £ hwwnnty wwhwueubip npwug pwihnuwhwudwu
L ybpwdowydwu wnndny: Wn wwhwusubipny uwh-
dwuynud £, np hhtu jwdwtpp wuhpwdtion £ wwhb) wu-
quwu' htitnwgw Jepwdowldwu hwdwp (husu wudwdp
Gu wund G4, hd denuwhwpyp |hpu § wyn hhtu pwpwy
nt Gplwp gnwhubugbunwihtu funnnwyubpny, Lwp
1): Uwlwju Gu nbnjuy s6d dbp Gpypnid npuk ybpwd-
owlynn hwuwnwwnyejwu/phqutiup gnniejwtu  dwuhl:
Cpowlw vhowywinph hwdwp Jwnwugqubpp ujugbgub-
(Nt bwywuwwyny Ywnwywpnipjntup wbwnp £ ubpnup
hwidwwwunwufuwu Yuunuwlwpgbip:

Jdbpwdowynidp wbnp £ nwbund Hg + S — HgS
ntwyghwjh dhongny («S» tpwuwynid £ &dnudp): Un
uwywwnwyny vh fudpwpwuwy gnidhubugbunwihu fun-
nnwyubip wwuwnw Gu &8dph thnony, U funnnjwyubipp
Ynupnud Gu: Uwwynt Yunnpubipp nunid Gu wwnyh dby,
npwbugh ntwyghwtu owpnituwyyh: Uunhyp dhwunwd £
&dUpht’ wnwug nplk (pwgnighs gnpdnnnipjwu:

uwywé CO,-h UJwq wpwnwubinnufubiph Junphhy,
punhwunip wndwdp, YLL-ubph oguwagnpdnudip Yip-
dwjh thnthnfunipjwt ypw npujwu wgnbgniegintu niup,
uwlwju wuhpwdtown £ hwodh wnub), np unnpgbwnujw
onptiph Entuwynpnwip Hg-ny dhwuowuwy Juwuwlwnp
k:

LY jwdwbph pwihnuwhwunwip

2010 pywlwup ybpobippu «EYyninghw L wbfuunin-
ghw» (Environmental Science and Technology) ghwunw-
Ywu hwunbunw hpwunwpwyjwsd dh nwnwduwuppnt-

rjw dhongny wwnqyt £, np L jwdwbipp wwpniuw-
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LEDs contain the least lead, but still harbor
large amounts of nickel, another heavy metal
that causes allergic reactions in as many as one
in five of us upon exposure.

And the copper found in some LEDs can
pose an environmental threat if it accumulates in
rivers and lakes where it can poison aquatic life
(Roddy Scheer, n.d.).

However, one needs to remember that
overall LED industry is part of very diverse
semiconductor electronic industry, which has
very regulated environmental impact.

Thus the overall effect of the wide

implementation of LEDs is having a positive
impact due to advantages in energy efficiency.

ynuw GU quwwp, dyankn L nwutjwly wy ynnbughw
Junwugqwynp ujniebp:

L-bpu wdbuwphst GU uunhy wwpniwyned, uwlw)u
wwpniuwynd Bu JBS pwuwynipyudp aphyby JsYy wy
swup dtwnwn, nph wanbignipjwup Gupwpyybinig hhughg
dtyp dnin wibpghy nbwlyghwubp U wnwowunty:

huy npny LY-Gpnd hwunhwnn wnptdp Ywpnn k
uwywnuwihp nwnuwy 2pswyw dhowywiph hwdwp, Geb
wju Ynunwyyp gbnbpnud nu epnud, npnbn wiu Yupnn
E entuwynpb| 9pwht dhowywjpp (Roddy Scheer, n.d.):

husukt, hwpy E hhobi, np, punhwuntyp wndwdp, L% wp-
ryniwwpbipniinitup - Yhuwhwnnpnswiht - ElGYunpnuwihu
wpryntuwpbpniejwu dh dwut k, nph wgnbgniegniup op-
swlw dhgwywyph Ynw fuhun uiuntwluinqyuws t:

Wnwhuny' LY-bph jwjuwdwyw| oguinwgnpdnidu, pun-
hwunip wndwdp, npwywu wgnbigngniu £ niubund’
Eubpquwwpnyniuwybinnigjwu wnwybnieniuutipp ounp-

hpy:

Figure 1. Recycling of used CFL and luminescence lightbulbs.

Ulhwn 1. Ogipugnpddwds 4L, U ynivhtbugbupughtl jwdwbnh Jepwdpwlynidp
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2. Light pollution: definition, 2. Lnwuwjht wnunnnnud. uwhdwunudp,
prevention and control Ywuluwpqbnuip b yEpwhuyndp
Definition: Uwhdwunud.

, L T Lnwuwyhti wnipnipnidu wphbuypwlwb intuwynpni-
Light pollution is the result of ?mf/?/a/ .//ght/ng pjwb hpliwtip £, pligp Yunnn E hustiqlgtiby wdnp-
that may cause unwanted levels of illumination that Ywénipywl whguiluh dwhwpnwlabph, npp Yuwpnn
can be a reason for problems related to health or E wnwy pbpby wnnnonieywt Ywd ppowljw dhowduiynh
environment, as well as for technical and scientific ~ hb Yuwué whigwtlyuih hipplwtiptibp, huswbu twl
activities. futinhptitin upbindty inbputipywlwtn b gpypwlwt gnp-
oniubinuypywl wuwwnbgnid:

Figure 2 shows the World light pollution. Figure Lwp 2-nud ywwnlbpdwsd £ hwdwofuwnphwihu ni-

3 shows the light pollution in Armenia and Figure 4~ uwjht wnununwp: Lhwp 3-nd wwnyipqud £ pne-
in the vicinity of Yerevan. One can see that not very uwht wninnnnwip wjwunwnwd, puy Lhwn 4-nw

_ . o . Gpluwuh depédwlywpnwd: Ywpbih £ wbuub], np dwjpw-
far from the capital the light pollution is substantially pwnwphg ns swn hbnnt [nwwght wunnnwip qguih-

less. One can go to www.lightpollutionmap.info for ~ npbiu phs Lt Upfuwphph gwulwgwd Jwjph [ntuwjht win-
light pollution map in any area of the world. wnnundwl pwpwnbiqp nbutbint hwdwp Yupnn tp wgb-
16| www.lightpollutionmap.info Ywjptop:

Figure 2. Light pollution map. A composite satellite image of the Earth at night. Few naturally dark areas remain
on the land surface of the Earth.

Ulywp 2. Lnwuyht wnynipdwt puppliq: Gplph ghzbpughts wppwiywluyht huquwén wuwiplybp: Gpipp gudwpuyht
dwlbpunyph ypw ptwlwi dnie pps pnupwdptlin Gt duwgly:
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Figure 3. Light pollution map of Armenia

Ulwp 3. <wywuypwbp iniuwghtn wnipnindwt puwipinliq

Figure 4. Light pollution in the vicinity of Yerevan.

Uljwp 4. Lnwuught wnipnipnedp Gplwth dGpdwluypnid
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An excerpt from www.darkskiesawareness.org/
fag-what-is-Ip.php:

Light pollution is excessive and inappropriate
artificial light. The four components of light pollution
are often combined and may overlap:

e Urban Sky Glow—the brightening of the night
sky over inhabited areas.

* Light Trespass—light falling where it is not
intended, wanted, or needed.

* Glare—excessive brightness, which causes
visual discomfort. High levels of glare can
decrease visibility.

e Clutter—bright, confusing, and excessive
groupings of light sources, commonly found in
over-lit urban areas. The proliferation of clutter
contributes to urban sky glow, trespass, and
glare.

Light pollution and astronomy

A classical example is related to astronomy,
where light pollution substantially decreases the
optical performance of telescopes (Figure 5, Figure
6) since it just obscures the night sky scene.

Lwnywdp www.darkskiesawareness.org/fag-what-is-

lp-php  Yuiypkohg.

Lnuuyghtr wnipnipnudu wiybinpn b wbhwplyp wphu-

ppwlywit inyutl £ Fpw snpu pwnuinppstpp hwéwpu Jh-
wynpywé G b uwpnn Gu hwdpulub.

Lwnwpuyhti Gphytph nuwpédwlymd’ puwlbgdws
mtt/[nwépbbnh Ynw ghptipuypt Gpltiph nnnnmd jny-
uny:

Lnyup bbpfunidnid’ inyup pbyubi wytinln, nptin
bwhiwipbudws sk, gutiyugh sk ud wuhpwdboy sk:
Clugtinn thwyy' wybinpn wwySwnnisynil, npp wwiy-
dwnnmd £ ipbunnuywt wahwnpdwpnigynib: Clugtinn
thwyih pwpdp dwhwpnwlbbipp Gupnn Gu tfwqbig-
bl pnbuwbGihniynibp:

Lnwuwyhti fuwnbipbwnwbionipynit’ inyup wnpynipbib-
nh wuwydwn, phnpbginn b wybinpn judpwynpnid-
ubip, npntp unynpwpwn qupbynid &b gpiniuwiynp-
Yws puwnwpughti pnwpwdpbbipnid: fuwnthwnuwby
(nuwiydnpnipywitl (puwipwdywdnyaynitp buywugpnid k
pwnupuyht Gplupp nuwpdwldwip, nyup Lbp-
funiddwitip U ppuugtinn thuyiht:

Lnwwjht wnunnunnuip b wunnwghwnipyniup
“wuwlwu ophuwy Ywnbh £ pbpbp wunnughwunt-

Pjwu wuwwpbghg, Gpp (Nuwiht wnunnunnup pwgw-
uwpwp b wgnnd owywnhlwlwu wuwmnwnhwwyubph
wotuwwnwuph Yypw (Lwp 5, Lwp 6), pwuh np wju
wnnwwguntd § ghobpwjhu Gpyuph wwunybpp:

Figure 5. Light pollution from a big city — specifically intense at the left side of the picture.

Ulywpn 5. Lnwuwght wnippngnmd U6 puwnwiph Ynnuhg. hwigpyuwwbu qquih £ alwph dwpu Ynndnid:
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Figure 6. Another case of the Light pollution in the Mt. Palomar observatory.

Source/Unpynin" http://palomarskies.blogspot.am/2010/10/astrophoto-friday-milky-way-light. html

Ulwp 6. Lnuwght wnipnindwt JGy wyp nbwp. Mwindwn (Gnwt wugpnunpywpwip:

Light pollution and human health Lnwwjht wnunnunuwip b dwpnnt wnnnonipyniup

Most “visible” example is if at any particular Unwyb| «inbuwubijh» ophuwyu wyu £, Gpp npuk Ynuy-
location artificial lighting is so much excessive that Nt tinwtipnid wphbunw{ut (nwynpniRNLUY wjt-
it affects peoples sleep. In these cases, sleep may pwl guin £, np wqnnu & dunpluitg puh dpui: Ldwb

NP _ N _ nbiwptipnu pubip huwpuwynp sh |huh wnwug |pwgnighs
not be possible without extra investment in special ubpnpnudubiph’ hwwnniy 2bpnwywpwgnyputiph b dwd-
blinds and awnings or of so called “Black out’  Ytiph jwd wwwnthwuubiph jhwlywwnwp deutigunn Juw-

curtains on the windows (Figure 7). nwgnyputiph (Lywin 7):

Figure 7. The infographic below illustrates the different components of light pollution and what “good” lighting
looks like. Image by Anezka Gocova, in “The Night Issue”, Alternatives Journal 39:5 (2013).

Source/Unpyninp' http://darksky.org/light-pollution/

Udwwdws tpluphg L':'" rE—

wunpunupdws |nyu -a.-r.ll:-': :l

nbwh Jtip
wunpunwndws nyu
nbwh dbp ninpn gy 4 et il
Jewct apwvard §ph
s

- .Z[IUQIIILUU
-~ Gaw

L s
Inyuh Ubipputhwugnud & ==

. ninhn 2ugnud
TR "|

Lnwwynpywd nwpwdnipni

Ul 7. dbpp pbpdwé hupngpuphlywts gnyg L ywhu iniuwghte wnipnipdwt ynwppbip punwnnppstbpp b
wyli, pl htswhupt £ «quid» niuwynpnigyniap (Gywpp' UbGqluw Inpnduwyh, « Fhpbipduw uinhpp» hnnyw-
onud, «Uyptuppwtiptilin» ghynwluti hwanbu, 39:5 (2013 fe.), [Image by Anezka Gocova, in “The Night Issue’,
Alternatives Journal 39:5 (2013)]:
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There are two main aspects of negative impacts
of light pollution for humans:

A - over-illumination,
B - improper spectral composition of light.
Two together or separately may cause:

* Increased headache

*  Worker fatigue

e Psychological stress

» Decrease in sexual function

* increased anxiety.

When designing the street lighting, in many
cases priority is given to provide daytime-like, i.e.
higher correlated color temperature (CCT) lighting,
e.g. via modern LED technology. The reasoning is
by the fact that it improves visibility and decreases
accidents, which in fact is true. However, from the
point of view of the human’s sensitivity to circadian
rhythms of the CCT, and the requirement of having
lower CCT at night and higher during daytime, one
needs to be very careful in the aforementioned
decision-making. The optimal compromise would
be to use lower CCT, but higher color rendering
index (CRI) lighting — and LED lighting easily
allows this.

However, there is another approach too: for road
lighting the LEDs with cool white (CW) and neutral
white (NW) CCT are more preferable as their peak
is shifted to the blue region of spectrum. On the
other hand, we know that maximum sensitivity of
human eye at nighttime (scotopic vision) shifts to
blue region with peak at 505 nm. Thus, the above-
mentioned CCTs improve the vision. Also it CW
and NW lighting disrupts somnolence of drivers
dictated by the circadian rhythms.

Due to the fact that LEDs have light spectrum
closer to the daylight, their pollution potential
is higher, since humans associate the “warm”
spectrum, i.e. red rich illumination with the dark
time of the day, while the whiter, daytime light is
associated with the naturally lighted hours, causing
malfunction of the human “internal clock”.

From:  en.wikipedia.org/wiki/Light_pollution#
Effects_on_animal_and_human_health_and__
psychology

A discussion (2009), written by Professor

Steven Lockley, Harvard Medical School, can
be found in the CfDS handbook “Blinded by the

Uwpnywug wnnnontpjwl hwdwp [nuwjht wnunnun-
Jwl pwgwuwlwu wgnbgnieniuutpu nwubu Gpyne hpd-
uwywu Ynnd.

w. gbpuwynpywdnip)niu,

p. [nyuh ns Wwwnowb uyblnpw Yuqgu:
Gpyniup dJhwuhtu Ywd wnwudhtu Ywpnn Gu hwugbig-
ub’

*  gfuwgwybiph nidtinugdwu,

e wluwwmwupwihtu hnquwdntejwu,
* hngbipwuwywu jwpywdniejwu,
* ubnwlwu $niuyghwih wuydwu,
*  wuhwugunnipjwlu wb:

Pnnngwjht  nuwynpnieinu - bwluwgdtijhu  wwn
nGwpbpnd twuwwwwynipintu £ wnpynd gbipblwihu
(nuwynpnigjuup dnwn, wjuhupt' pwpép Ynpbugqws
gniuwihu  obpdwuwnptwuny (Y9L) [nuwynpnipjwlp,
ophtwy' dwdwuwlwyhg LY wnbfuuninghwubph Jhon-
gny: Uw hhduwynpnud GU wju thwuwnny, np wju pwpb-
jwyntd £ wnbuwubihnyeyniup b ujwqbigunid £ ypwpubiph
rhyp, hust hpwywund 6hown £ Ujuniwdbuwjuhy, YS2-h
ghpywnjwu nhpdtph Uywwndwdp dwpnnt qqujuntejwu
L ghotinp wytih gwdp 4R, huly glinkyp wybih pwpén
Y32 niubuwint wwhwueh nbuwulniupg 2w npwnhp
wbwp £ |hub] yepnhhojwi npnanudp Yujwgubihu: Owwnp-
dw] thnfughonidp Yihup gwdép Y2-ny b pwpdp gniiw-
thnfuwugdwu gnighsny (FP8) [nuwynpnipjw ogunw-
gnpdnidp, npp hbpnniegjwdp wwwhnynud £ LY jntuwyn-
pniejnLun:

Uwlwju Yw bu dbYy dnuinbignd. Swuwwwnphubiph
(nuwynpnipjwu hwdwp wybh bwfupunpbh Gu uwnp
uwhwuwy (UU) L skgnp uyhuwy (U) 492-ny LT wd-
wbipp, pwuh np npwtg uwblupwi Ynph dwpuhdw wp-
dtipp 2tinqwd £ ntiwh Ywwnyw whpnye: Uinw Ynndhg,
dbup ghwnbup, np ghotipp dwpnnt wsph qqujniunugw
(gh2tipwiht wbunnnieintu) Jwpuhdnwdp 2tnynid £ nbwh
uwtlwph Yuwnywn nppnyep' 505 ud wihph Gplwpne-
pjwdp: Wnwhuny, tpnhhgyw) 4YS2-ubipp pwpbijwyntd
Gu wbunnnieyniup: UU L 2U |nuwydnpnieiniup twl
Yuwtfunud £ Jwpnpnutiph® ghplwrywt nhedtinny wwy-
dwuwynpwd puynwnniejniun:

Glubiny wju thwuwnhg, np L+-tipph |nyuph uwblunpu
wybh dnwn £ gbpblwihu (nyupt, npw wnunnunn ub-
pnidu wybijh UGs k, pwuh np dwpnhly «inwp» uwblyuinpnp,
wjuhupt, Yuwpdhp gnyunyd hwpnwuwn [nuwynpgwdnieynt-
up, ywjdwuwynpnud U opdw dnip dwdtiph htw, huy
wybh uyhwwl gnyubpp' gbpbywihu (nyup, Wwdwuw-
ynpnud Gu puwwunpbu [nuwynp dwdtiph htwn, U husp
hwugbigunid £ dwpnnt «ubippht dwdwgnygh» gnpdniub-
nLRJwU fuwfundwu:

Ubgopbpnid en.wikipedia.org/wiki/Light_pollution#
Effects_on_animal_and_human_health_and_psychology
YwypLohg:

<wpdwpnp  pdoywlwt  hwdwuwpwbp  wpndbunp
Uphytl Lnpihh whtwnlyht yupbih b Swinpwbw) «Yni-
npwbwdy inyupg» CDS dantwpymd (2009p.): Hnufu 4-nid’
«Lnuwght - wpnindwtn  hGyppluwbipbbpp Jwpnlwtg
wnnnonipwl Yynw», funuymid £ wyl dwupb, np «...hw-
Ywbwlhwi E, np inyup bbpfunidnidp, bnyupuly wnnep,
ywpnn E qquih ubpgnpdnygynit nibGiwy pup puwbiqu-
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Light?” Chapter 4, “Human health implications of
light pollution” states that “... light intrusion, even if
dim, is likely to have measurable effects on sleep
disruption and melatonin suppression. Even if
these effects are relatively small from night to night,
continuous chronic circadian, sleep and hormonal
disruption may have longer-term health risks”. The
New York Academy of Sciences hosted a meeting
in 2009 on Circadian Disruption and Cancer. Red
light suppresses melatonin the least.

Blue hazard

According to a recent research LEDs have
harmful dose of blue radiation from a nearly point
source. The harm may be irreversible death of
photoreceptors in human retina. However, this is
in an active phase of investigation to confirm and
validate the results.

Ultraviolet (UV) radiation

UV radiation — both fluorescent lightbulbs as
well as LEDs have some UV radiation, albeit the
convention is that the harm from LED is much less
as compared to fluorescent bulbs.

UV radiation of CFL lamps is mostly not an issue
if the bulbs are 1.5 m away from people. However,
for those with sensitive skin, they may be a reason
for enhanced irritation and cancer risk, especially
in the UVA (so called “black light”, 315-400 nm)
and UVC (100-280 nm) ranges. The UV exposure
exceeds the current workplace limit set to protect
from skin and retinal damage, if the light source is
consistently in close vicinity of around 20 cm.

Light pollution and ecology

The introduction of artificial light at night is
one of the most drastic anthropogenic changes to
the Earth, comparable to toxic pollution, land use
change, and climate change due to increases in
the concentration of green house gases. https://
en.wikipedia.org/wiki/Ecological_light_pollution

Increase of smog

It is known that nitrate radicals reduce the
atmospheric smog produced by fumes emitted from
cars and factories. The bad news is that the light
pollution destroys these radicals, thus increasing
overall the particles related to atmospheric smog.

pnwlubph L JGuppnuptp tpbine ynw: Unybhuly Gpb
wyn ubpgnpénipinitipn  hwpwpbpwlwunpbl  thnpp L,
ghpywnuypti nhedh, puh U hnpdntiwy pwpnibiwwywb
ppnuply puwtquipnidubpp upnn &b Gphwpwipl wnnn-
owlhwt npulbn wwpniiwlybyy: 2009 pdwlwiht Uint
3nnph Shipnypgynibtph whwnbdhuwynid ipbinp £ nibb-
gl «Shplwnywit nppdp fuwbqupnidp b punglytinp»
tUwiny hwiunpwnid: Ywpdhp gnyot wdbitiwphst k 6u-
onud dbqupntht hnpdnbh wpywnpniygynitip:

Uwuwjniin Yuinwug

Cwdwdwju ybpobpu Yuwnwpyws hbnwgnunnigjut’
LY-Gpp, npwbu hwdwpw YGunwihu wnpnp Ypnud G
Yuwwnywn Swnwqwjedwt Juwuwlwp swihwpwdhu:
Juwup Ywpnn b [hub] dwpnnt gwugwpwnwuph |ni-
upuyuwihs pohoubtiph wunwnuwih dwhp: Wuniwdbuw)-
upy, uw ntinlu nunwuwuhpniejwu wynhy thnynid ,
W wpryniupubipp nbinbu Yuphp ntubt hwunwndwu b
Jwybpwgdwu:

Ny puwdwunwywugnyu (M) Swnwgqw)end

NhU Swnwquyend. pb gnidhubugbunwihu b pb
LY jwdwbpp wpdwynud Gu npn pwuwynijudp NRU
Gwnwaquwyentd, suwjwd hwdpunhwunip Yupdhpt wju k,
np dbipghtihu hwugpws Juwup pwin wybih phs £, pw
ynwthubugbunwhu (wdwbppup:

ULL-tipp NRU Swnwaqw)endp Uté dwuwdp futunhp
sk, Gpt Jwdwbipp gunuynid tu dwpnnig 1.5 d hbinwyn-
pnijwu ypw: Uwlwju qquyniu dway niubignnutiph hw-
dwp nuw Ywnpnn £ huti dwayh gpgndwsnigjw b pung-
ytinh nhuyp dhdwgdwu wwwbwn, hwnlwwbtu beb
wju gunuynd £ NRU A (wjuwtiu Yngquwd «ult |nyyu», 315-
400 ud wihph Gpywpnieyniuutin) LW NRU C (100-280 ud)
dwnwaquwjprutiph dhowlw)ptipnid: NhU-p wgnbignient-
up gbipwqwugnud £ dwoyp b gwugwewnwuep juwu-
ywdphg wwownwwubint uwhdwup, Gt w2fuwwnwyw)-
ptipnd [nyup wnpntpp d2nwwbu - wudhowlwunpbiu
guinuyntd £ onipg 20 ud hbnwynpnipjwu Ypw:

Lnwwpht wnununwip b EYynpnghwits

Ghobipp  wphGunmwlwu  |nuwynpnigjwu  hpwlw-
uwgnudp Gpypp dnpnpwyh Yypw dJwpnwdhu thnthnfunt-
pintutubphg wdbtuwuwuwmhly ubipgnpénieiniu niubkignn-
ubiphg Jdtyu E, npp hwdbdwunbh £ pniuwht wnunnun-
dwu, hnnogwwgnpddwt thnthnfunipjwu W 9Gpdngwhu
qugbiph wpwnwubwnnudubph wéh htimbwupny wnwow-
gnn Yihdwyh thnihnfuniegu htin;

Udngh wybjugnudp

Lwjwnup £, np wgnuinh Uhinpwin nwnhywubpp uw-
gbgunud Gu dpuninpwwiht udngp, Npu wnwowuntd &
wywnndtiptuwubiphg U gnpdwpwuubiphg wpwnwubinynn
Otuhg: dwwnt wju &, np nuwjht wnunnuninudp nsuswig-
unud £ wyu nunhyuwubpp' winwhuny punhwung wn-
dwdp wybjwgubin duninpunwiht udngh hbn Juw-
Jud dwuthlubnh ehyp:
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Issues with natural sky polarization for
animal navigation

From same place:

In the night, the polarization of the moonlit sky
is very strongly reduced in the presence of urban
light pollution, because scattered urban light is
not strongly polarized. Polarized moonlight can’t
be seen by humans, but is believed to be used by
many animals for navigation.

Thus, while the moonlight is polarized and serves
as a beacon for many animals, the light pollution
is not polarized and overlays on the moonlight
obscuring the animal orientation (Figure 8).
This is in addition to the reflection of polarized
artificial lighting from asphalt, windows, and many
other surfaces.

Ukunwuphubph mbEnwywpdh hwdwp puwlwu
inyup pubnwgdwu hbn Yuwywéd fuunhpubp
Unyu nbinhg.

Qhotinny, nuting ntuwinpyws Gplitphg Gynn iny-
uh pubinwgnidp qquihnpbt wwlwunid £ pwnwpught,
spubinwgdwsé  inyuny  wnipninduidnipywl - ptinphhy:
Lnwbh pbbnwgyws nyup dwpnlwbg hwdwnp pbuw-
ubph sk, uwluylt hwdwpdnid £, np pwip GGtinwuhubn
ipbnuwpwndybnt hwdwn ogindmd G npwthg:

Wuwhuny, dhus [ntuup nyup pbbnwgqwsd £ U owwn
ytunwuputph hwdwp Sdwnwnud £ npwbu wqnuu-
owu, [nwjhtu wnunnunudp pubnwgywd sk U fuwnuyb-
(nyY [nwitp (nyupt’ wnnunwgunid b owyju, Yeunwupubpp
Ynndunpnodwt hwdwp (LYwp 8): Upwt wybjwunud k
wudwiinhg, [(nuwdnuwnubiphg b pwwn wy dwytplnye-
ubiphg pUubnwgwdé wphGunwlwu [nuwynpniejwu
wunpwnwpaddwu gnpdnup:

Figure 8. Light pollution is mostly unpolarized, and its addition to moonlight results in a decreased polarization

signal.

Rural sky / ipyhupp gqyninnid

0.0 0.1 o0z 0.3 0.4
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Insects

Light pollution can be both beneficial and
damaging for insects, especially the flying insects.
Attracted by ligh insects can be trapped in luminaria
(Figure 9). Figure 10 shows the insects attracted by
artificial light and trapped by the spider webs - an
example of a change in ecological balance of areas
near lighted roadways.
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Figure 9. Insects killed by attraction to a buried light box.

Source/Unpynipp” https://en.wikipedia.org/wiki/Ecological_light_pollution
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Figure 10. Insects trapped by spider webs in or near luminaria.
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One of the commonly noticed phenomena
are related to dragonflies on the roads. These
insects perceive the polarized light from artificial
roadway lighting systems reflected from the asphalt
roads as a sign of water surface, which they are
looking for drinking or where they mate and lay
eggs. Eventually their destiny is the death from
hyperthermia and dehydration.
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Birds (@ngniuubp
Many birds are being disoriented by the city Cwwn ensniuubiph wwwynndunpnonwd GU pwnwp-
bright lights or searchlights (Figure 11). ﬂ;f‘h wuwydwn (nyubipp Yud inuwpdwlubpp (Lwnp

Figure 11. Migratory birds disoriented by the World Trade Center memorial searchlights.
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3. Energy efficient lighting and
climate change mitigation: CO,
not released

For the environmental benefits, each saved kWh
of electric power is the key for the climate change
mitigation, i.e. CO, release calculation is needed.
Depending on each country, each kWh saved is
equivalent to certain amount of not released CO,,.
For Armenia the equivalent is 250 grams of CO,
per kWh of electric power generated (2016).

Taking into account externalities

Definition:
In economics, an externality is the cost or benefit

that affects a party who did not choose to incur that
cost or benefit.

Economists often urge governments to adopt
policies that “internalize” an externality, so that
costs and benefits will affect mainly parties who
choose to incur them.

When externalities are also taken into account,
the energy efficiency measures are always having
larger positive effect, since now the issues like
environmental impact, health, aesthetics and many
other are also being improved.

The internalization of externalities in general is a
complex and work in progress direction. However,
there are methods that are helping to assess the
outcome of internalization.
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