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ABSTRACT

INVESTIGATING THE INFLUENCE OFSPECTRAL POWER
DISTRIBUTION CHARACTERISTICS ONHUE DIFFERENTIATION
TASK PERFORMANCE

Taherzadeh, Pardis

MFA, Department of Interior Architecture and Environmental Design
Advisor: Assist. Prof. Dr. Semiha
Co-supevisor: Dr. Sibel Ertez Ural
May, 2018

This thesignvestigats the effects of spectral power distribution (SPD) characteristics of
light sources on hue differentiatigmerformance of observers. Coldlifferentiation
efficiency of light sourcesvasinvestigated withrespectto their SPD characteristicdue
attribut e of différgntidtiontaskwasusetl inlthis)studyThree different
groups of studentserformed the hudifferentiationtask undeB different lighting settings;
D65, Light EmittingDiode (LED) and Compact Fluorescent Light (CFL) with 4000K and
6500K Correlated Color Temperatures (CClhe speed and accuracy of performing the
huedifferentiationtask were investigated indicate theask performancélinety students
from different departmentst Bilkent University and Middle East Technical University
voluntarily participated in this studyrhe participants performed the hdgferentiation
task inside a light booth as a control light conditiddditionally, the alertness level dig

participants as a biological effect of light sources was also investigated in this&tedy.



alertness level of participants was assessattKarolinska Sleepiness Scale (KSEhe
results showed that SPD chetexistic of the light sources wasffedive on hue
differentiationperformance of observers. Indeed, the tifferentiationperformance was
in proportion to the radiation intensity of the SPDs of light sourcesradll accuracyand
speedof D65 weresignificantly betterin pairwise comparisowith LED and CFL due to
wide and continuoud®and SPD characteristic Moreover,under LED light sourceghe
accuracyof Green to Blue (G to B) hudifferentiationtaskwaslower in comparison to
other hue tasks. However, under CHie accuracy of Red to &low (R to Y) hue
differentiationtaskwaslower in comparison to other hue tasksvas foundhat alertness
level and perceived performance of the participamsenot significantly differentunder

different light sources.

Keywords: SpectrdPower Distribution (SPD), HuBifferentiationTask, Alertness level,

Task Performance
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CHAPTER |

This chapter contains a brief introductidime aim of the study and the structure of the
thesis. In the introduction part, general information almpbrtance ofighting design
and the Spectral Power Distribution (SRiDaracteristics of light sourcasecoveredin
the second parthe aim of the studis explainedFinally, in the structure of the thesis

part, information aboutecontents of each chapter is covered.

INTRODUCTION

Nowadays in developed countries, people spend most of their time irspacds.
Therefore, pysical factors and ergonomics of workspaces shiogittesigred properly in

order to enhance work productivity (Boyce, 2014). Atrtificial lighting and daylight baist
installedwith utmost precisiono provide proper conditions for sagiand performing the
work-related tasks accurately in workspace environments. Proper lighting not only affects
occupant s o6 \well-being,and mogdeposiively but also leads to better work
performance, better safetigwer errorsand lower absnteeism (Bellia et al., 2011; van
Bommel & van den Beld, 2004). Considering thpsits recently lighting design studies
became the center aftentionof mostresearchers and interior architects to enhance work

productivity and visual performances.

There is an important relationship between lighting and work productivity. Ligatfagts

human task performancesvisually and norvisually through the visual system, the
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circadian timing system, and emotioBdyce, 2014Rea, 2000)Light sourceparametes

such as illuminance, Correlated Color Temperature (CCT) and Spectral Power Distribution
(SPD) are the maifactors thatcan affet the visual task performanceSonsequently,
guantity and quality of the light source mbstconsideedregardingthe particular visual

task to be donm work environmentFor instancegolor oriented tasks are in the category

of difficult visual tasks and most affected by the quality characteristics of light sources
(Van Bommel & Van den Beld, 2004; Holtzschue, 2012)is is becauseolor quality
characteristics of light sources can alte way that human visual system observes the
color of the illuminated objectBesides,tiere is a need for the observation of small color
differences in some of the color oriented vistakswhich are effegve from quality
characteristiof illuminated light sourceln these tasks, the coldifferentiationproperty

of the light source, surface reflectance of the visual stirmaditae human visual system
play an important rolall togeher (Hashimoto & Nayatani, 1994, Bodrogi et al., 2013).
Moreover light source characteristiedso have notvisual biological effects on human
visual system. Notwisual biological effects of light sources are through circadian timing
system and emotiodccording to Campell et al., (1995) light source characteriaffest

the suppression of the hormone melatonin which leads to inaedserease in alertness

level.

According to US Department of Energy, SPD tie building block of all color
consideréions (US Department of Energy, 2016)onsidering the trichromatic nature of
the human visual system, one can see all the white lights as theXatmectly, white
light of different light sources with the same appearancecoasist ofdifferent specil

power distributions These differences can affect visual performances especially the
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appearance of the colored objecthefie are studies that haverestigated the effects of

Il i ght sources6 SPD <characteri stisibilgyobn pre
objects. However, there is still a need for understanding thesffatitferent type of light

sources with different SPD characteristics on klifeerentiation performance of the
observersAdditionally precisely investigatinthe wavelendt-band ofdifferent type of

light sources and their properties to evaluate colordifferentiationin workspaces and

its effectiveness on alertness leisimportant Considering thesssues, this study focuses

on investigating the effestSPD charactéstics of different type ofight sourcesLight

Emitting Diode (LED), Compact Fluorescent LigitKL), and Daylight simulator (D65)

on huedifferentiationperformancend alertness level of observers.

1.1.Aim of the study

The main contribution of this sty is to investigate the effectef Spectral Power
Distribution (SPD) characteristics 6fi ght sour ces odifferéntiagon o b s er
performanceThe subkaims of this study anelentifying the desired bandwidth and feature

of SPD in order to obtaihigher huedifferentiationperformance and alertness levels in
workspacesvith moreprecise analyse# the literaturethere aremumerousexperimental

studies on the effegtof light source characteristics on different visual performances
However, theeffects of different SPDs on hudifferentiationperformance and alertness

level of participants in a controlldayhting conditionhavenot beeninvestigated in the
literature.Consequentlythis study can bbeeneficialfor filling the gap in the literaire.

Comprehending the features of light sources SPD in terms of color task performance can



help us to provide proficient workingpaces thate n hanc e w o-lbpekg r 6 s w

productivity, and satisfaction both physically and psychologically.

1.2. Structure of the thesis

The structue of the thesis consists of fid#ferent chapters. The firshapter consists of
introduction, theaim of the studyandthe structure of the thesi§he introduction part
consists of information about thenportance of lighting desigrand light source
characteristicor improving performances in workspaces especially in perforcohy-
orientedtasks In addition, heimportanceof SPD chaacteristic of light sources wsual

performances iexplained.

The second chapter explaingttiple factors of seeinganiis c r i mi nati ng an ot
which arethe humarvisual system, lighting, and colorhe first part of thichapter starts

with explanations about t heitsd¢haraoteristicsfhes u a | S
second parbf this chapter consists of information about light parameters and explanations

of previous studies about SPD characteristic of light sources. The third part of this chapter
describes nowisual biological effects of light sourcdanally, fourthand fifth parts of the

chapter two consigif describing color as visual stimuli and color task performances.

The third chapter isnthe experimental study of thieesis thais the main part of the study.
The first part of thischapter describes the aim of teady, research gsgons, and
hypotheses. Then the second part of the chapter contains information of desbebing
method of thehesis thatonsists of the experimental setup, phases of the experiment and

4



demographic information of thgarticipants.The third partof this chapterclarifies the
results of statisticalata analyseof the experimentatudy that wereonducted with IBM
SPSS progranThe last part is the discussion part of the thesis that explains the results of

this study in comparisorr @n association witlthe information in thditerature.

The last chapter of the thesis concludes results of the study. Besides, in this chapter strength

points, limitations andtudies for future investigations arentioned.



CHAPTER Il

Chapte Il presents théiterature review in accordance witie topic of the thesiShe
literature reviewpresents information abotltevisual systemlighting, color asvisual
stimuli, andcolor task performance. In the visual system part, the structuhes dfuman
visual system ands operatiorwith light areexplained. In the lighting part, light
parameters and its effiscon the visual performances atarified. In addition previous
studies ortheeffects ofSpectral Power DistributiorSfD) charactestics on visual
performances are covered. In the calswvisual stimuli and coldask performancpart
fundamentals of color angrevious studies on color and visual task performances are

presented.

VISUAL SYSTEM, LIGHT ING AND COLOR TASK

PERFORMANCE

2.1. Human Visual System

The human visual system operates with liglght enters the retina through cornea and
lens in the visual system. BR&a transmits and converlight into electrical signalsThe
retina has anultilayered complex structurd. consistsof three layerstayer of collector
cells, layer of ganglion celland layer of visual photoreceptotsayer of collector cells
produces the network between photoreceptors while layer of ganglion cells prodoces

visualbiological systemLight passes ttough ganglion and collector cells theracheshe



visual photoreceptorgayer of visual photoreceptors consist four typesThefour types

of visual photoreceptors inside thetinaare grouped into cones and rptle sensitivity

of whichcan changwvith the warelength and color of the lighE@an, 1983Boyce, 2014).
Rods (scotopic spectralprovide night vision and aresensitive in the lowevel light
situation Rod photoreceptors are the same and contain the same photo pigment. Due to
this reasonyods do not support color visiorCones (photopic spectral) contairee
different photoreceptors and photo pigments. Cone photoreceptors have difietent
overlappingspectral sensitivitieandsupportcolor vision(Fisher, 1976Egan & Olgyay,
2002; Van Bommel & Van den Beld, 2003; Boy@®14). The sensitivity of cones are
fishort wavelength sensitive-(®nes) with the peak at almost 440nm, Middle wavelength
sensitive (Mcones) with the peak at 545nm, and Long wavelength sensite@ngs) with

the peak at 565na(see figure 1jBoyce, D14, p.48).

Sensitivity (log units)

400 500 600 700
wavelength (nm)

Figurel: Cone photoreceptors: Blue, Short wavelength. Grekddle wavelength. Red, Long
wavelength

(SourceFisher, G. H. (1976). The perception of colimurnal of the Neurological Scienges
27(4), 529530.)



Comparing two curves of photopic and scotopic specuaes, we can understand that
maximum visual sensitivity of cones in the human visual system lies in the ygiéem
(almost 555nm) and rodstiheblue-greenwavelengthgalmost507nm).The human visal
system has minimum sensitivity to blue and veavelengthgsee figure 2JEgan, 1983;

Van Bommel & Van den Beld, 200Boyce, 2014).

100

Figure2: Photopic and Scotopic curvesolid line, Cone system and Dashed line, Rods system

(Sourcevan Bommel, W., & van den Beld, G. (2004). Lighting for work: a review of visual and
biological effectsLighting Research & Technology6(4), 255 266)

Consequently, color visioof the human eyes atrichromaticsystemhatis based on thee
different cone photoreceptorEhe human visual system interprets the light with a single
or limited number of wavelengths as a certain calwd interprets white lightvhile the
light conssts of all visible wavelengthslhe light source with a singleawelength is
specified as monochromatic liglBdyce, 2014 While daylight or ag other light source
illuminates an object, ertain wavelengths of the light aebsorled while othersare
refleced The reflected wavelengthleadto the appearance of thdject. There is a

relationship between wavelengths of the light and appearance of the objects tit dins



absolute relationship becaue human color vision system compares the wavelengths
coming from different surfaces around the colored objectjusitthe object. Recial
conditionsare required forthe color perceptionof the visual stimuliexactly with the

wavelengthof the light sourcéFisher, 1976; Boyce, 2014)

There is a process in the human visyatem thatan decrease or increase the sensitivity
while it is exposedto light sourceswith different intensity distributions.This is a
wavelength related light adaptation characteristic of the visual systensenkgivity of
the human visual systemecreasemore whileexposed taed lightsources, whiclihave
more emission in long wavelengths than blue lighairces, whiclmhave more emission in
short wavelength(Van Bommel & Van den Beld, 2004)he resultof a studyshowed
thatintensity distributiorof light sources affedherelative level of excitation ofaeh type

of cones. They used light sources with differieménsity distributionsand CCTs. Color
distinguishing capacity was found better undentligpurce with higher CCT. It wasated
thatthe light sources with spectral peak in blue zone of thesiitedistribution leado

higherlevel of Scone excitatiothan lowelCCT sourcegsee figure8) (Pardo et al.2012)
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Figure3: SPD of three different light sources with 2800K, 5000K and 6500K

(Source Pardo, P. J., Cordero, E. M., Suero, M. |., & Pérez, A. L. (2012). Influence of the
correlated color temperature of a light source on the color discrimmegipacity of the observer.
Journal of the Optical Society of America2®(2), A209)

2.2. Light source parameters

The illumination may be daylight, electiight, or acombination of them in workspaces.
Artificial and electrical lighting in the workspaosust beinstalledwith precisiondecisions
with respect to lighting parameteRroper electrical lighting must fulfiboth the quantity
and quality requirements according to the specific task in workspukicientluminous

and the color of the light®uldbe provided accordng to the visual performance tese
factors affecthe appearance of the work instrumentsgR00Q Ural & Yilmazer, 2010.
Consequentlyconsderation ofspectral composition, light direction and other parameters

of the light sourceare requiredor having thedemandeceffect in terms of aesthetics,
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ergonomics, and atmospheemergyand these leatb increase in productivity, health and

well-being of workerg(Schupbach et al., 2015)

llluminance Correlated Color Temperature (CCT), Color Rendering Index (CRI) and
Spectral Power Distribution (SPRYe vital lightingparameters thahost affect thevisual
performancs. Illluminance of the light source is the quantitative aspect of light source
characteristis It is the amount of light on a horizontal pta@ood color visibility requires

the proper amount of illuminanda workspaceqHoltzschue, 202). This is because,
insufficientilluminancewould leadmproperperceivingthe exactcolor of the illuminated
objects and high amount ofvitould leadto glare.For instancegight percentmprovemen

is observed invork productivitywith increasing thdluminance level from 300 to 500 lux

in an industrial environmenthus, it can be derived that sufficient illuminance level for
industrial workenvironmerg isalmost500 lux(Rea, 2000yan Bommel & van den Beld,

2004)

There are many different beliefs abohe teffects of light and color on preference and
perception (Davis &inthner, 199) It is commorty knownthat people prefer low color
temperature light sources at low illuminance levels for relaxing atmosphere and high color
temperature light sources agh illuminance levels for working environments (Boer &
Fischer, 1981)n addition to experimental studies for comfortability Kruithof curve is used

as agraph thashows preferred combination of illuminance and correlate color temperature
(CCT) for interor spaces. Kruithof curvehows the preferred illuminance levahge for
specificCCTs oflight sourcesFor instancefiwarm fluorescent lamps at 3000K would be
preferred at 500 to 2500lux, whereas cool fluorescent lamps at 4200K would be preferred
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at 70lux and above (see figure 4)Kruithof, 1941, p.6% Besides, Kruithof gplains that
appearance of light sourcasrange of low illuminance level withigh CCTis blue and
calleddim or cold while at range of high illuminance level with low Ci&Ted ad called

unnaturalbr undesirablgsee figure 5§Kruithof, 1941 Fotios, 2017)
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Figure4: The original version of Kruithof curve

(SourceKruithof A., A. 1941. Tubular luminescence lamps for general illumina®milips
Tech Rev. 6(B651 73.)
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(Sourcehttp://en.wikipedia.org/wiki/File:Kruithof curve_2.syg

Additionally the energy efficienc factor of the lights sourcesust consider for
workspacegYilmazer et al., 2009)In a study conducted by Manav et al., (2014) stated
that tubular LED lamp gives higher energy performance and higher visual comfort
satisfaction while compared to tubulfimorescent light sources in workspaces. They
investigated the energy efficiency, visual comfort and light quality of tubular fluorescent

and LED lamps.
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2.2.1.Correlated Color Temperature (CCT)

Correlated Color Tempera®i(CCT) is a metrithatrelatesto thecolor appearance of the
emitted light. Itdoes notdemonstratéhe color of the illuminatedlgect. CCT is given in
Kelvin (K) andthe light source color changescordingto the value of kelvin. Lower
Kelvins appear warm and higher values of Kedvapear cool Hence increasing the
temperature leadto change in appearance from red followag yellow and white
respectivelyFor instancea light source with zero on Kelvin scale appears blaekyeen
1000K and2000K it appears redground2500K warm whte followed by 4500K and

6500K that appeacool white and bluishwhite respectivelyFor instance, appearance of

incandescent light sources is in yellow color the CCT of which is between 2700K and

3300K commonly. CCT of a regular incandescent lamp is 28Bat¢ol white fluorescent

lamp has a CCT of 4100¢ee figure 6]Nassau, 199&Ilvidge et al., 2010

WARM COO0l
2000K  2400K 2700K  28B50K 3000K 3200K 3300 3500k 3800K 4200K 4400K 5000K 6000K 6300K &500K
CANDLE LIGHT INCANDESCENT LIGHT FLUORESCENT LIGHT OVERCAST DAYLIGHT

Figure6: Correlated Colofemperature (CCT) values of different lighusces

(Sourcehttps://www.elementalled.com/correlatedlor-temperature

It is confirmed that iferent CCTs affect human beings psychologically and
physiologically with visual aad nonvisual processe$Sivaji et al., 2013) Numerous

surveyswereinvestigated to understatie effects of CCTs on human behavior, attention,
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performance, preference, and perception (Harrington, 1954; Steffy, B0@2g et al.,

2015 Sivaji et al., 2013Manay, 2007 Kirkcuet al, 2017;Shamsul et al., 20123)

Resultsof studiesconductedby Steffy (2002) and Harrington (1954) showed thigher
CCTs gaehigher brghtness perception and enhaneaxtk performance while comparing
3000K, 3500K and 4000KCTs In another study,dcused and sustainattentions were
observed to besignificanty better under4300K than 6500K (Huang et al., 2015)
According to a study, CCT of 4000¢(Cool White) waghe most comfortable and higher
typing speedwasfound under 4000Kwhile 6500K (Daylight) was found to be the most
preferred CCT of ligh¢Sivaji et al., 2013)The results of atudyapplied byManav (2007)
showedthat 4000Kwas the peferred CCT by participants regardimgpression of
spaciousness and comfdvtanav (2007) used 2700K, 400@Kdacombindion of 2700K
and 4000Kin her study. Irarother study, it was fountthatthe accuracy oflifferentiating
the hue and chroma attribute of color in color differentiationstasisbetter under 4000K
than 2700KWhile, the speed of performing the colaffdrentiation taskwasnot different
under4000K and 2700KKurkg, 2017)Results of thstudyconducted byshamsukt al.,
(2013) showed that overall participants preferred 4000K (Cool white) than other.CCTs
Additionally, in that studyhe accuracy of the computkased visual task was obsette
be higher under 6500KBesidesthe sped of typing wa®bserved to be better in 4000K
and tere wasno significant difference betweethe CCTs oér papetbased task

performance

2.2.2.Color Rendering Index (CRI)
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Another measurement criterion of light source color characteristics is color rendering. |
evaluatesthe appearance of objsc under artificial light sources Light source
characteristis can affect color attributes (e, Chroma, and Valye of an object.
Consequentlycolor-renderingmetricis used to determine these complicated chaimgas
meaningful way. International commission on illumination (CIEassessedan
internationallyused ColoiRendering Index (CRHor evaluating the color appearance of

objects under light source illuminati¢Davis, 2010)

The Color Redering Index (CRI) values ranfim zeroto 100,while zero stands for low

CRI & 100 indicating the perfectCRI. The CRI of the light soursemust be chosen
according to the corresponding visual task that will be done under that light source (IESNA,
1993).There is a demand for higbRI valuefor observatia of paintings in museunso

light sources with high CRI values must be chosen to illuminate paintings in museums and

art gallerieqsee table JI(CIE, 1986;Pardo et al., 2012)
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Tablel: Proper CRI values for being used in different spaces

(Sourceinternational Commission on lllumination, CIE (1986uide on interior lighting Paris:
The Commission.)

CRIR; Examples of Usage

=90 Color matching, art galleries

80 -90 Homes, restaurants, textile industry
60 — B0 Offices, schools, light industry

40 - 60 Heavy industry

20-40 Outdoors

Light sources have differe@RI values For instance, Incandesat lights have high CRI
values, near 10But low-pressure sodium lamps as monochromatic light sources have very
low values of CRINowadays, LED light source has received much attention considering
their long life cycle, low power consumption efitowever the CRI of LED light source

is lower thanthat of regularincandescent lamps and thasay affect human visual
performanes regardingisual tasks.Table 2 shows the different lantgpesand their

generally used CRI and CCT rangs=se table 2JHong et al., 201,7Boyce, 2014).

Table2: CRI and CCT rangesf different type of light sources

(Source: Boyce P. R (2014juman Factors in Lighting. p. Boca Raton: CREress, Taylor &
Francis Group, 2014.37)

. High .
Light Incandescent Tubular Compact pressure White I.‘ED Metal halide
source fluorescent| fluorescent sodium (streetlight)
CCT(K) 2500K- 2700k 2700k 1900k- 2650K- 3000k-
2700K 17000K 6500K 2500K 6500K 6000K
CRI 100 50-98 80-90 19-83 40-85 60-93
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2.2.3.Spectral Power Distribution (SPD)

Spectral Power Distribution (SPD) is)x@her color characteristiof light sourcs. It
describesheamount ofradiant power emits by ligistource at each wavelgth or band of
wavelengthsin the visible region (380vm to 760 nm)(Rea, 200Q) Correlatel Color
Temperature (CCT) stands for t88D thais refined witha simple number. According to
SPD graph, the sources that enaitliationmore strongly at the middle or longer (red)
wavelenghs appear as warm white aade generallypreferredfor aesthetic purposes
However, the light sources with shorteavelengths that appear cool whigere an

impression of sharp@nd coler light (Elvidge et al., 2010)

Differenttypes oflight sources have different spectral intensitiéght sources wittsingle
spectral intensityare monochromatitight sources. Incandescent bulbs and daylight are
continuous spectra liglsburces thatover a relatively large range of wavelengths in their
SPD. Furthermore, the line spectra light sosit@ethe oneshat have dispersion radiation
intensities in the SPD. Gas and electric charge light sources are the examples of line

spectra light sourcesee figure Y(Gilchrist & Nobbs, 2017Boyce, 2014).
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Figure7: Spectral Power Distribution of different light sources

(Source: Boyce P. R (2014juman Faobrs in Lightingn. p. Boca Raton: CRC Press, Taylor &
Francis Group, 2014)

Daylight as an example of the continuous spectra lightcgo variesespeciallyin
ultraviolet spectral region, due the function of seasa) time of day, and geographic
location(CIE, 1986) Besides, the color temperature of daylight also varies during the day.
Color temperature of daylight is lower at sunrise and higher at s@Wmesidering this
issue, Commission on lllumination (CIE) has defined simulators of the standaightiay
illuminantsthe SPDs of whichare definedor color measurement purpogdassau, 1998

Cie, 2004) The SPD of simulators is continuous band spectrum buthe&same as
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daylight® $PD.The color temperatured €IE simulators vary from 40000 250@K.
The most common illuminamtf these simulatoris D65, wherdabel Dstands fodaylight
and65is the number of the color temperature in hundreds andsterds fol6500K.D65
simulator withfiltered fluorescent lamp is now in usegularlyfor color measurement
purposeqsee figure B(Cie, 2004 Hirschler et al., 201;1Dietz, 2011;Broadbent, 2017

Gilchrist & Nobbs, 201).

120,0

Figure8: Spectral power distribution of D65 with fluorescent lamp

(SourceDietz, C. (2011). Light Sources and lllumingr@®lor vision and colorimetry: Thero
and Applications, Secortedition, 2339.)

Elvidge et al.,(2010) invetigated spectral characterigiof light sources forthe
identification of lighting typesAccording to their explanations,oBpact Fuorescent
Lamp (CFL) is a lowpressuregas discharge lamp, which designe to replace the
incandescent light butbTheir investigations showed thitg SPDis differentfrom thatof
incandescent light bulbiicandescent emitght in a broad continuous spectrum arad h

a peak emission netireinfrared, whichis on red rathethan green and bé. However, the
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SPD characteristiof CFL light source consistof sharp narrow emission lines and is
mostly heavy in the short wavelengths (blue) whickhriaemission in 2500nm (infrared).
The highest peak dBPD of CFLmeans that theolor undethat peak area msmittedmore
than other colors of wavelength. The figbedowshows thaa 13 watt Compact Flourecent

lamp (CFL)has twopeaklines @ 544nm and 611 nm (see figure 9

Compact Flourescent - 13 Watt
0.5

0.45

0.4

0.35

0.25

Radiance

0.1
0 r. ~

3s0 700 1050 1400 1750 2100 2450

Wavelength (nm)

Figure9: Spectral Power Dtsbution (SPD) of a3 wattCompact Fluorescehight (CFL)

(SourceElvidge, C. D., Keith, D. M., Tuttle, B. T., & Baugh, K. E. (2010). Spectral
identification of lighting type and charact&ensors10(4), 3961 3988.)

Light Emitting Diode (LED) is a solid-state light sourcethat generate light by
electroluminescencéncandescent light sourcese replaced LED light sourcas they are
efficient, long lastingresigant to vibration and providell spectrum of color¢Schupbach

et al., 2015)Elvidgeet al (2010) measured the SPD of LEDs with blue, green, orauage a
red colors. Additionally they measured the SPD of neutral and cool white LED streetlights.
The results indicated that tt8PD of the neutral whiteemitted moren the red zonén

comparison to cool white LEsee figurel0). In generalthe LED spectrhave a narrow
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emission band and haite curve resembling Gaussian curves with two peadsimband

in thedreen to redmostly. It does not have emissiontive infrared Boyce, 2014)

LED Streetlights - 100 Watt
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FigurelQ: SPD graphof neutral and oal white LED

(SourceElvidge, C. D., Keith, D. M., Tuttle, B. T., & Baugh, K. E. (2010). Spectral
identification of lighting type and charact&ensors10(4), 3961 3988.)

Color perception ofhestimuli retains the same under different light sourtlesvever if

the light sourcesonsist of differenSPDs,the perceived color of the stimuli will not be
the samelt is due to the fact that theteraction between SPD of light source, cpe
reflectance of the visual stimulasd human eye sensitivigre vitalfactorswhich can
affectthecolorappearance of the illuminated obg@into et al., 201(Pardo et al., 2012)

In the literature there arstudiesthat evaluatehe effecs of these issues on the user
perception, appearancef the materials,appraisal of the visual environmentisual
performance and preferendegiénot et al., 2005; Mahler et al., 20@Qdrogiet al., 2013,

Jiang et al.,20145chupbach et al., 2015
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Bodrogi et al., (2013¢onductecan experimental studyith threedifferentlight sourcs;
tungsten incandescent lamp (INC, reference), a compact fluorescent lamp (CFL) and a
LED lampwith white phosphor. The light sources halféerent SP3 but almost the same

CCT of 2600K The results showed thlMC was better in amparison to CFL and LED
regardingcolor fidelity observationslue to its wide and céinuousSPD characteristic

(see figure 11jBodrogi et al., 2013
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Figurell: SPD of INC,CFLand LED ligt s our ce used(20l3)stuByodr ogi

(SourceBodrogi, P., Bruckner, S., Khanh, T. Q., & Winkler, H. (2013). Visual assessment of
light source color qualityColor Research and ApplicatipB8(1), 4i 13.)

Another experimentalstudy was conducted to investigate the perception of different
materials under different light sourc&stst part of thestudyresults showdthat for some

of the materials participants indicatetkar preferenced-or instane, they preferredred

carpet and synthetic materials under warm light re&ge blue MDF under cold light.
Second experimental part of this stwdysconducted to understand the efteaft different

light sources with the same CCT (3000K) on the perception of materials in a semantic

differential sixpoint scale. The light sourcesere LED light source, high intensity
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discharge (HID) lamp, fluscent lamp, and halogen larmjhe results shoedthat under
LED light source, materials appedrsofter to the participasthanthe other light source
They explained that wasdue to the facthat LED light source emits more diffuse light

patternwhich leads to softening effecfsee figure 12jSctuphbach et al.2015)

Imadiance (W/sqgm*nm)
8
tradiance (W/sgm*nm)
e
8

2
3

\
\
§ a0s

e | 05

004
i A 003
oot s |

0ot A .

000 - — -

0.00
B0 400 420 440 460 450 500 520 540 560 580 600 E20 €40 660 680 70O 720 740 760 750 380 400 420 440 450 450 500 520 540 560 580 €0) E20 £40 S50 580 70O 720 740 T80 780
Wavelength {nm) Wavelangth (nm)

e p 8 p o o B P
SR8 %8S
raderon (N agetae )

Fracarce (Wigm'em)

000
300 400 420 440 400 430 100 530 54O S60 A0 B00 30 643 S40 M) 700 T20 740 T6O 7O MO 400 A9 S48 898 480 A0 A30 S0 MO AN 430 &2 S43 400 IO IO 130 TE 399 28

Wavelength (nm) Wontorgh (v
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(Sourcesschybach, R. L., Reisinger, M., & Schrader, B. (2015). Influence ofitigrdconditions
on the appearance of typical interior materi@slor Research and Applicatipa0(1), 50'61.)

Additionally thestudywasappliedby Jiang et al., (2014pr investigatingthe effects of
spectrum characteristics of light sources wsual performance at mesopic condition
regarding color oriented tasKhe studywas applied using three light sourcg High-
pressuresodium (HPS), RGB LED and phosphor converted white LED ligie results
showed thaRGB LED light source gavéettersaturatedeffect to the color and color
matching under RGBED waswith less error and less mean time in mesopic cawditi

(low illuminance 20lux, 10lux, 5lux)lheyexplainedhat the results were due to the three
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narrow peaks in SPD of RGB LE&hd ongeak, whichoverlapped thecotopic luminous
efficiency at 510 nmThe results ofhesubjective evaluation showed thatien white LED
light source colors appeared to be more natuBakides, error rates were highest under

HPS light source regardirgplor matching due to its narrow baspectrum, whicheads

tolow CRI(see figure 1B
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Figure13: SPD of HPS, RGB LED (LEDZ2) and phosphor converted white LED (LED1)

(Sourceiiang, L., Lei, P., & Jin, P. (2014). Research of Spectrum Effects on Color Visual
Performance at Mesopic Conditiori4l)

In anotherstudy,the results of which is in contrasith the results of the study done by
Jianget al, (2014) error ratein color differentiationtask werehigher under RGB LED.
They explained tha®PD of RGB LED is narrowband spectrum and has three peaks and
threedowns thateadto low emission in certa zones oftie spectrum. The error rates in
ordering the caps were higher specifically around gredsiigh and purpletsades. This
study again confirmethe effectivenes®f the SPD characteristics of light sourcas the

color differentiationcapacity @ theobservergVienot et al., 2005Mabhleret al.2009)
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2.3. Biological effecs of light sources

Nowadays, the light source quality goes beysinaply affecting thevisual

performances, it also has biological and behavioral effAstsaentioned earlighe

retinal ganglion cell is onef the photoreceptdypesin the human visual syster.
regulates circadian timing, heart rate, body temperature, melatonin suqmpeess
alertness level as nensual biological effects of lightin¢Zeitzer et al., 2000Cajochen

et al., 2005)The sensitivity of ganglion cell varies with different wavelengthstaad
color of the light sourceand is most sensitive to short wavelength radiations (blue light
source} (Zeitzeret al., 2000Van Bommel & Van den Beld, 2008ajochen et al., 2005

Van Bommel, 2006, Bellia et al., 2011)

The proportionof blue and geen spectrum of lighwithin its SPDcandefine the direction

of influence which can promote or dease sleep or alertness leq@gdn Bommel & van

den Beld, 2004Bellia et al.,2011)Exposure tdlue light sourceghat have peak (480

nm) in short wavelengthéead to animprovement inmood, alertnesdevel, and visual
performancen the human visual systenThe SPD of light souesmustbe managd and

balance in order to adaptothe user 6s needs. rdneiiporiarg pe ct
nowadays as the increase in the development of light ddvaseledo more exposure to
nonhomogeneous spectral composition of Igfitinhart & Scartezzini2011;Bellia et

al., 2011;Papamichael et al., 201€hang et al., 201Bourgin & Hubbard, 2016

Alertness level asonvisual biological effect 6light source can increase atecrease with

the suppressioof melatonin hormone. Melatoninashormone that alarms the human body to

26



know the time of slee@nd wake upThe level of melatonin usually starts to increase from
eveninguntil sunsetas the sun goes down and daylightasxpe decreases. According to a
studywhich was conducted with healthy male participamts|atonin levelof participants
decreasgsignificantly whilethey were exposdd short wavelength monochromatic blue light
sourcesrfiax 479 nmin comparison to reliight sourcg(max 627 nm)Papamichael et al.,

2012)

According to anothestudy wavelength of the light source affectedbjective alertness
levels ThreeCCTs6500K, 2500K and 3000kf compact fluorescent lampere usedn
thatstudy Results shoedthat under 6500Kvith low illuminance level (40lux3ubjective
alertness level and cognitive performance specifically sustained attamreincreased
significantly in comparison to other CCTs after approximately nimetytes of exposure
to the light. This alerting levelwas observedto be due to the high amount of blue
component in the wavelength composition of @8@i&spite the fact thahe illuminance
level is so low to detect aaerting effect Their resuls arein agreementwith the studies
that support highesensitivity ofhuman circadiasystento short wavelength&hellappa

et al., 2011 Thapan et al2001)

2.4. Color as Visual Stimuli

Physicists explain that color &function of light. Newton gaveames to theeven basic
colors of the sunlight wavelengthsed, orange, yellow, green, blue, indigo and violet.
Difference between these colors caused bptalifferencein the wavelengthgAires,

2016) However,color appearance of the objects thed illuminated by lighsource is
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produced thwugh the reflection of wavelengfinom the objects and their surrounding

surfaces.

The surface color of the objects is defined with different color thedrraslitional color
theoryconsistof three pigment colorsed, blue andsllow. These are primary colors and
mixtures of thgigments of these colors lemsecondary colors; orange, green and purple.

By mixtures of these secondary colors with their adjacent prim@oys,tertiary colors

are created; regburple, redorange,yellow-orange, yellowgreen, bluggreen and blue
purple.All these 12 colors can be seen in a color wifdeltzschue, 2012)The primary

colors arranged with equal spaces around the circle wheel. Colors inside the circle represent
the mixtures of primaryolors. Albert Munsell proposed another color wheel in 1905
which consists of five pigment primary colors; green, blue, purple, red and yellow which
he called principle colorésee figure 14and 19 (Zelanski & Fisher, 2010Holtzschue,

2012).

NS

Figure14: TraditionalColor Wheel devised by James Maxwell

(Source: Holtzschue, L. (2012)nderstanding color: an introduction for designekoboken,
New Jersey: John Wiley & Sons.)
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(SourceFisher, G. H. (1976). The perception of colimurnal of the Neurological Scienges
27(4), 529530.)

Hue, value and chroma ateethree attributes afolor that givecharacteristis to colorto
distinguishone color from anotheHue is the chromatic pure colattribute, whichis
named as red, blue, yellow, green, elae represesthe qualitative aspect of color which
means theelectromagnetiovavelengthsof color stimuli same aghe oneseen in the
reflection of sunlight through a pris(Rridmore,2011) Saturation ochroma is the other
attribute thashowsthelevel of saturated colof.wo colors can have the same hue but due
to different saturatiomanges, they are seedifferently. Value or lightness is the attribute

thatshows how much darker lighter a color is sedfrerhnman & Ferhmar2000. Chroma
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and value attributes are quantitative aspeich color which means the number of identical

waves or photonthatarepresenedby color stimuli(Pridmore, 2011)

There are different color order systeffos distinguishing the attributes of cojordSB
System, The COLORCURVE, CIE Lab System, The DIN (Deutsche Industrie Nofrmung
German Standardization Institute), Hungarian color order system, NCS ars&IMtolor
order systems. Betwedhe different colororder systems for color task performances,
Munsell cobr system is the most preferradd acceptable because ittle first which
dividedthe color into hue, value and chroma dirsiens and illustrates the coliora three

dimensional spac@Boyce, 2014; Aires, 2016).

Mu n s ecblér doler system waarranged according tthe human col or Vi
trichromaticsystemIn this three dimensional systehue is measured along the horizontal
circles, chrome going outward in radial manner and vialoieasured vertically from black

to white (Egan, 1983 Aires, 2016. Munsell divided the hues into five equakpgs
consising of red (5R), yellow (5Y), green (5@)|ue (5B) and purple (5RNnd called them
principle hues. Intermediate hues are the divisions between each of the principle hues with
yellow-red (5YR), greefyellow (5GY), bluegreen (5BG), purpkblue (5PB) and red

purple (5RP) names. From thasbdivision,Munsell ges 10 division of hue but it may
frequently happen that a color does not fall exactly on one of the 10 diviSioerefore,

he made d400-stepscale by dividing the 10 divisions into graupf 10.Value specified

on a vertical access and in a numerical scale from1 (black) to 10(white). It is the attribute

of the color, whichrelated to the lightness of color. Chroma is related to the saturation
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attribute of color and its numerical value frem O to various maximum valueésee

figurel6) (Fisher, 1976; Nassau,1997; Boyce, 2014)
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Figurel6: Organization of Munsell color order system (Boyce, 2014)

(Source: Boyce P. R (2014luman Factors in Lighting. p. Boca Raton: CRC Pesaylor &
Francis Group, 2014)

2.5. Color and Visual task performance

Different visual tasks are performed in the workspace by the workers and color oriented
tasks are in the category of difficult tasks. The interaction between a light source, an object
andthe human visual system lead to color perception of the objects (Egan, 1983). In the
literature, dfferent colorandvisual tasksuch as colodifferentiationtask, proof reading
and typing tasksire used to investigate the human visual system andetsation with

thelight source and the viewing objggtisher, 1976Shamsul et al., 2018ee , Moon &
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Kim, 2014. Color and visual task performances are measured according to speed and

accuray of performed task&ztirket al., 2012

In the literature, there is informatiob@ut the factors, which affect the cotbfferentiation
performance For instancethe smaller the size of an object, the shorter time spent to
discriminate and low illuminance level can decreaséliffierentiationability for the visual
system.For accuate colordifferentiations the placement of the color samples should be
done in a manner that the ot are adjacent not separat@&®sides, luminance and
contrast of the object with its immediate surrounding plays an important role in color task
perfaomances. Luminance or brightness is the amount of reflected light from an object.
Luminance contrast values should be in the standard limits in order to reach high
performance in coleoriented tasks. For instance, according to standards, there should be
3:1 luminance contrast between task and its daskemoundings (see figure 17) (Egan,

1983).
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Brightness ratio

of 3:1 (reflectances
given in°fs)

Figurel7: The luminance difference between an object and its darker surrounding.

(Source: Egan, M. D. (1983Foncepts in architectaf lighting. New York: McGraw Hill,
c1983.)

Additionally, there are physical regulations and standards to be considered while
performing color tasks. For instance while performing color task on a flat working surface,

viewing angle of the observer sholid 25 to 40 degrees (see figure 18).

Viewing zone for reading
and writing activities
on horizontal plane
of desks

Normal 'l'or

'\ 1 AT
visual task VS Y,

Figure18: Viewing angle of an observer on flat working surface.

(Source: Egan, M. D. (1983oncepts in architectural lightindNew York: McGraw Hill,
c1983.)

It is important to considethe viewing angle with the task surface to prevent veiling
reflections. It is known that in flat work surfaces, the offending zone, which is the reflected
glare cause by light source, covers a big area. However, inclined work surfaces lead to have

smalleroffending zone and closer to the observers, and correspondingly reduce veiling

33



reflections. According to standards, it is better to use inclined working surfaces in

workspaces.

The experiments showed tlwdserversarenot able to discriminate color attutesin color
differentiationtask with 100% correct scoréAs mentioned earlierthe hue attribute of
colorvariesaccording to spectrurAccording to a study, theshould be a large change in
wavelength in order to detect a difference in hue of réorgbut for most of the other

colors, almost 2nm is enough for detecting the chandeug(Fisher, 197%

An experimerdl study was conductdx Melgosa et al., (2000h order to understand the
perception of three color attributes according to Munsalr task (see figure 19)The
results showed that chroma was the most difficult attribute to differentiate butaradue
hue were the most accurately distinguishable attrébdtke error rates were higher on
identification of yellow hue @anes. They examined that largeehdifferences were needed
for better color identificationBesides, only constant hues are easy $orainate while

the difference between hues is too small.
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Figure19: FarnwortAiMunsel 100 hue test

(Source: http://www.visiagx.com/visiontopics/eyeexams/testingor-color-blindness)

In another studywhich investigatedhe color differentiationefficiency of different LED
light sourcesdesaturated Lanthoranel D15DD15) color task performanckestwas
used(Viénot et al., 2005)The Desaturated PanetI® consists of 16aps, which its hues
arethe same as Munsell hues but the chroma and value are 2 armd Blénosell color
order system respectivelyt was used to examinghe observers who have serious
chromatic discriminatiordeficiency from observers with no color vision deficiencies

(Lanthony, 1978)

Anocther experiment was conducted to obsetlve color discrimation efficiencyof
different LED light sources witha desaturated panrkke discrimination test. A
discrimination test different from DD15 discrimination test was designed to use because
DD15 hassmall intervals alongellow axis and not constant integ along the CIELAB

color spaceThe test was designed Mahler et al., (2009nd consigtdof 32 caps equally
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distributed along a color circle i€IELAB color spaceCIELAB is an opponent color

system dopted by CIE in 1976see figure 20fCie, 2004 Mahler et al., 2009)

Figure20: Color discrimination test designed by Mahler et al., 2009

(source:Mabhler, E., Ezrati, J. J., & Viénot, F. (2009). Testing LED lighting for colour
discriminationand colour renderingolor Research and ApplicatipB4(1), 8 17.)

Lee et al., (2014¢onducted a research to investigate the effects of color temperatures and
illuminance levels of light sourceson part@ipt sé vi sual perception
computer and paper based visual tasks. For both of the visual tasks participants were asked
to find the | etters 0 e lhedesubssmitbmputerand paper i n t h
based test performancesogled that 3000K CCH&nd 750-lux illuminance level araot

the proper CCT for office spaces.

The study conducted b$hamsul et al., (2013tates that accuracy of computer based

acuity task is better under daylight compared to cool white light solineg.investigated

the effects ofight sources with different CCTs on performance of participants in visual
acuity and contrast t est with OFreinburg V
computer and paper basebhe procedure of the experiment was same as the study
conducted byLinhart & Scartezzini, (2011)At computetbased task, participants were

asked to recogme the directions ofandolt ring as quick as possible with direction key
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on the keyboard. Besides, for testing contrast threshold, there is contrastatotted the

Landolt rings and their backgroufske figure 21)

a 4 dwections

o
*
Okl C

0o
DCC

Figure21: Computer based Freiburg Visual Acuity and Contrast: Bgdbur directions of
keyboard to be used during task. b) Visual acuity test. ¢) The camesast

(SourceShamsul , B. M. . Si a, C. Cc. , Ng, Y. .
Temperatures on Visual Comfort Level, Task Performances, and Alertness among Students.
American Journal of Public Health Reseaich

At paperbased task6 Landolt rings are printed in grey paper and participants are asked

to find the number of Landolt ring for each direction from 96 rings (see figure 22).

Compter les anneaux en fonction de leur orientation
et inscrire ci-dessous le nombre trouvé pour chaque catégorie
(Effectuez cet exercice le plus rapidement possible
sans faire de marque sur les anneaux)

Figure22: Paper based Freiburg Visual Acuity and Contrast Test
(Sourcelinhart, F., & Scartezzini, J. L. (2011). Evening office lightingsual comfort vs.

energy efficiency vs. performancBuilding and Environmend6(5), 981 989.)
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CHAPTER Il

This chaptempresents thenethodologyof the thesisThe part on the design tife study
covers the information about aims of the study, independent and dependent variables.
Thenresearch questisrand hypothesesre explainedThe method of the study section
presents thexperimental set upechnical specificatiasof light sourcescolor
differentiationmodel test, questionnajrgample group, processidphases of the

experiment.

METHODOLOGY

3.1.Design of the study

This study aims to investigate the effeadf spectral power distribution (SPD)
characteristics of light sources on Hdifferentiationperformance of participants in terms
of accuracy and speethe study also aims tavestgatethe effects of SPD characteristics
on alertness level and perceived performance of participahts.cause and effect
relationshig are evaluatedwith the help ofexperimental design approach. In this
experimentastudy,there arghree systematically changing independent variables and two
dependent variables. Independent variallesthe light sourcesLight Emitting Diode
(LED), Compact Fluoresmt light (CFL) and daylight sintator (D65) Dependent
variables are the accuracy and speed of performingdiffeeentiationtask, the analyses of

which is the purpose of this studyCTs 0f4000K (natural whiteand6500K (cool white)
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CCTswere used ithis study LED and CFL are light sources with line SPD characteristics

while D65 has continuous SPD characteristic.

Huedifferentiationtaskdesigned by Kurkcu, (2017) is used in this sttalyvestigate the

effect of SPD characteristics on huwkfferertiation performance of participants
Participants performed the hdéferentiationtask voluntarily at a scheduled tiniBesides,

for evaluating théiological effects of SPD characteristics on participantgastionnaire

is designed The questionnairefahe study consists gierceived performance test and
Karolinska Sleepiness Scale (KSS) test. Investigating the effects of SPD characteristics on
hue differentiation performance of users can be helpful to improve lighting design
technologies foworkspacs, whichwould enhance better work performance amel welt

beingoffice workers.

3.1.1.Research Questiosand Hypotheses

Themain research questisif the study aras follow:

Q1: Is there angignificantdifference in terms adccuracyandspeedn performng
hue differentiation task under light sources with different spectral power

distribution (SPD) characteristics?

Qla: Are the huedifferentiationchips sensitive to SPD characteristics of

the light sourcs?
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Q1b: Is there any significantifference inthe alertness levebf the
participants aftebeing exposed tthe experiment under light sources with

different SPD characteristics?

Qlc: Is there any significance difference in perceived performantieeof
participantsafter being exposed to the experimenter light sources with

different SPD characteristics?

Thehypothessof the study aras follow.

H1: Theaccurag andspeedf performing hudifferentiationtask aresignificantly
higher under D65 light sourcéhan LED and CFL it can be due wide and

continuousspectral power distribution (SPDharacteristic.

Hla: The huedifferentiationchips are sensitive to SPD characteristics of

the light sources.

H1b: There is significandlifference inthealertness level dheparticipants
after being exposed tthe experiment under light sources with different

SPD characteristics.

Hlc: There is significance difference in perceived performancéhef
participantsafter being exposed to the experimenter light sources with

different SPD characteristics.
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3.2.Method of the study

Method of the study presents information abaxperimental set up, technical
specificatiors of light sources, color differentiation modedst, questionnaire, sample
group processand phases of the experiment. In the experimental setctiprsethe light
booth and its placeme in the lighting laboratory ardescribed. Inthe next section
technical specificationsf light sources such as their CCTs &RD graphs are described.
In the color differentiation section, the determined Hifeerentiationtask is explained.
The questionnaire part consists of fegceived performance questiarsd KSS question.
Then the demographic information eample groupthat participated in the studis
explained.In the process of the experiment part, frecess of participation in the
experimental study is explainetihe last partcovers thephases of the experimetitat
consist of five main parts Ishihara color blindness test, KSS test before the hue
differentiationtask, huedifferentiationtask, KSSafter the hudifferentiationtask and

perceived performance test.

3.2.1.Experimental set up

The study waperformednside a lightoooth thais in the lightinglaboratory roonof the
Department of Interior Architecture and Environmental Design at Bilkent tBiiyeThe
dimension of the room is 4.10m to 4.18m with the height of8.85the ceiling. The
ceiling and walls of the room are painted in matte wiNt€ %S 0300N) The floor of the

laboratoryis covered with 30*30 cm gray tile3.he room is a laboratprwithout any
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windowsto excludedaylight and contrathe environmental effect3he placement of the
light booth isin the right down corner of the roonfihere are also cabinets in the room,
which are used as storage for light measurement equipigentigure 23 and 24 and

Appendix figure B2)

mirgor
wall 2

seating

Cabinet

wall 1 wall 3

'| Cabinet

wall 4

Figure24: Placement of the light booth in the experimental room
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Light boothis adevicethat can simulateghting conditions. It is the proper apparatus for
testing products under a variety of lighting conditions independent of environmental
influences. The ser can accurately perform color tasks under a variety of conditions inside
the light booth. Light booths are primarily used in the painting industry to test the finish
color of products under controlled conditioffe light booth that issed in this sty has
0.75m height, 0.5m length and 0.5m depth. The inner and swrtiace of the light booth

are coated with black paint (NGS9000N), maintaining the surfaceflectance at zero

percento preventhe effects of surrounding colors.

Other equipmentof the experimerati set up should be prepard according tothe
ergonomics ofheworkspace in order to prevent any discomfort for the participants while
doing the hudifferentiationtask. Consequently, aadjustable chaiwas prepared and
placed in front othe light boothThe backresand seat part of the chauereadjustable.
Every participantould adjust the seat part of the chiair adjusting the eye level according
to his/her comfortability. The eye level height veaustedn between the range aB0-
150cmwithregardt o t he par t The digtaace besweatiffereritiajitntask
suface and the participant was@f. The huedifferentiationtask was placed with 40
degreetilted task surfaceThis is because the position of the participdatthe task can
affect the reflections of surfaces, which may leadveiling reflection and discomfort
(Egan, 1983CIBSE, 1984) Besidesthe setup was designed in a way that participants
organized 4@alegree sitting line of sight and -@@gree cone of sionfor preventing glare

(IESNA, 1993)(see figure 2b
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85cm
max eye height: 150cm

1min eyé'héidit: 130cnh,

<

Figure25: Section of thdight booth set ugnot to scale)

During the experiment, the general lighting of the room was turned off so that the
participants were not affesd by the surrounding environment and they could concentrate

on the hualifferentiationtask n the light booth (see figure 26

Figure26: Huedifferentiationtask inside the light booth while the general lighting wasdd
off.
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3.2.2.Technical specification of light sources

Light Emitting Diode LED), Compact Fluorescent ligh€fFL) and simulator of daylight
(D65) were used as light sourdesthis study.OneOSRAM LED star @a 9,5W/4000K
(natural white),one OSRAM compadiiuorescent 20W/4000K (natural white) and one
D65 Philips TLD 18w/6500Kcool daylight)were usedin this study, 4000K (cool white)

as according to literature it is the most proper CCT for color task performamt&00K
(cool daylight)due to its wideand continuous band spect@CTs were used. According

to CIBSE high color rendering index (CRI) values of light sources is needed for
performing coloforiented task accurate(§t984). According tolESNA, proper range of
CRI value for performing coleoriented tasks 80-90 Ra (1993). All of the light sources

in this studyhadCRIo f O 8wiere mémsuted by theiranufactured company (see table

3). The lamps were placed in the middle top of the light booth during the experiment
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Table3: Technical specifications of light sources.

Picture Brand CCT llluminance CRI | Wattage| Lumen
Level
LED OSRAM 4000K 610lux >80 9,5W 806

CFL OSRAM 4000K 600lux >80 20W 1300

D65 PHILIPS | 6500K 590lux >80 18W 1055

4 |
\ g

The illuminance meter nhica Minolta F1 IlluminanceMeter (range of 0.01 to 99,900
lux) on working surface was used for measuring the illuminance |8fesneasurements
wereappliedat one point below the center bEtlight sourceby replacing the illuminance
meter at theenter of the working surfasehile the general lighting of the room was turned
off (see figure 2) Theacquiredilluminancelevelswereapproximately the same for the

light sources; for LED lightin@10ux, for CFL 600lux and for D6%590lux.
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Figure27: Measurement withluminance meter on the working surface.

The Spectral Power Disbition (SPD) of CFL and LED light source were measured with
a calibrated optical spectrum analyzer Thorlampact CCD spectrometefrerson
2.0.507.1175. This version of compact CCD spectrometers is for wavelengtls adinge
500-1000nm. This spectrometervgth graphical user interface which meatis acquired

the SPD of the light source, the background and peaks in a single graptlevibéshas a
peak track modér analyzing It tracks the position, amplitude and width of peaks in the
spectrum over timerhe measurement was performed through the cable of the spectrum,
holding the cable on the light bulb tightly leads to acquiringR® graphn the monitor
connected to the deviog@horlabs, 2014)see figure 28 and 29LED and CFL light
sources have line SPD characteristics as can be seen in their SPD grapiMageneer,
D65 has a continuous SPD characteristic and its @&Eacquired from its marfacturer

company.
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Figure28: Spectrum analyzer Thorlakompact CCD

m D65
m LED
m CFL

Figure29: Spectral power distribution graphtbielight sources.
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