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SANTRAUKA

Pagrindinis disertacijos tikslas buvo jvertinti dinaminiy kietakiinio
apSvietimo sistemy spalvinés kokybés parametrus bei pagrjsti juos
psichofizikiniais eksperimentais.

Disertacija sudaryta i§ 4 skyriy, suskirstyty j poskyrius. Kiekvieno
skyriaus iSvados yra pateikiamos atitinkamo skyriaus gale, 0 visos
disertacijos iSvados iSdéstytos prie§ cituojamos literatliros sarasa.
Disertacijos autoriaus su bendraautoriais iSpublikuoty publikacijy
sarasas yra disertacijos pabaigoje ir Sios publikacijos cituojamos tekste
su priesdéliu ,,P*, o konferencijy praneSimai su priesdeliu ,,K*.

Pirmame skyriuje pladiau aprasyti psichofizikiniai eksperimentai
kietakainio ap$vietimo vertinimui ir palyginimui esant Zemai ap3vietai
(3,3 Ix — 300 Ix). Atlikti trys eksperimentai: pirmojo metu ieSkoma
maloniausia susietoji spalviné temperatira su aukStos atgavos
kietakiinio apSvietimu lauko salygomis ir tikrinama Kruithofo
hipotezé. Antrasis eksperimentas papildo pirmgjj tiriant pradinés
adaptacinés spalvinés temperatiros daroma jtaka pasirenkamai
maloniausiai spalvinei temperattrai. Treciasis eksperimentas susietas
su spalvy rikiavimo ir skyrimo jvertinimu Zemos apsvietos salygomis
atliekant Farnsworth-Munsell 100 spalviy testa keiCiant apSvietimo
spalving kokybg ir apSvietos lygj.

Antrame skyriuje apraSoma metameriniy Sviesos Saltiniy spalvos
nesutapimo problematika ir atliekami du eksperimentai, kuriy metu
vertinami keturspalvés RpcGN sistemos metamery spalvos skirtumai
10 laipsniy stebgjimo laukui. Pirmuoju eksperimentu atliktas spalvos
koregavimas iSilgai izotemperatiirinés tiesés, kertancios Planko lanka.
Antruoju eksperimentu pademonstruotas tyrimo dalyviy suderinty
dviejy Saltiniy su CCT ir nuokrypio nuo baltos Sviesos valdymu
spalvio koordinaciy skirtumas.

Trec¢iame skyriuje apraSomas daugiaspalvio Sviestuky telkinio
modeliavimas j zmogy orientuotam aps$vietimui. Jvertinta apsvietimo
spalviné kokybé, cirkadinis poveikis, pirmenybinio apSvietimo ribos,
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kuomet baltas Sviestukas atitinka spalvy perteikimg su sumaZzintu
sodriu, o raudonos, Zalios ir mélynos spalvos Sviestuky telkinys
atitinka spalvy perteikimg su padidintu sodriu. Pademonstruota
penkiaspalvé apSvietimo sistema, sudaryta i§ raudono, zalio, mélyno
ir dviejy skirtingy CCT balty Sviestuky.

Ketvirtame skyriuje pateikiami fotochemiskai su UV apSvietimu
sendinty pigmenty spalvio kitimo rezultatai ir jy atstatymas naudojant
matematinj modelj su praktiniais bei teoriniais LED spektrais.
Aptariamos kietakiinio apSvietimo ribotos galimybés atstatyti
konkreCig spalviniy bandiniy aibg. Praktiniam meno kiriniy
apSvietimui ir neinvaziniam spalvy atstatymui pagamintas prototipinis
10 spalviniy kanaly Sviestuvas, kuris leidzia pademonstruoti
doktoranto su grupe sukurtas apSvietimo technologijas.
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INTRODUCTION

Shuji Nakamura in 1994 demonstrated the high brightness blue
light-emitting diode (LED) and the solid-state lighting revolution
started. This invention was noticed by the Norwegian Nobel
committee and Isamu Akasaki, Hiroshi Amano and Shuji Nakamura
were jointly awarded The Nobel Prize in Physics 2014 "for the
invention of efficient blue light-emitting diodes which has enabled
bright and energy-saving white light sources”.

Spectral power distributions from the quaternary AlGalnAs,
AlGalnP ir AliInGaN materials can be mixed into the metameric white
light clusters which will appear the same colour for the average
observer. Solid-state white light sources based on direct emission blue
and phosphor converted (pc) yellow spectral components partially
replaced the general light sources like fluorescent or incandescent
lamps. Lighting composed of red, green and blue colours disrupted the
general colour rendition index [1] which was replaced with more
advanced indices [2, 3]. The evaluation of this qualitative lighting
colour rendition enabled to adapt solid-state light sources for the art
lighting with high colour rendition requirements. The discovery of the
intrinsically photosensitive retinal ganglion cells in the eye at the
beginning of XXI century related human circadian system with the
light [4] and a new idea of human centric lighting was raised.

Light sources can be described using a luminous intensity
(Im/sr — cd) and it is the only one of the International System of Units
(SI) main units which is directly related to human body by using an
eye luminosity function. On the other hand, human colour vision is
very subjective as a result of biological, physical and mental
characteristics. Therefore, lighting evaluation can differ based on
subjective parameters and this should be taken into account. This led
to the creation of so called Kruithof curve [5] where the evaluation of
correlated colour temperature (CCT) depends on illuminance level and



development of the uniform colour space CIECAMO2 [6] based on
observed colour and the background.

Regardless of variety of LEDs, niche applications of solid-state
lighting and subjective lighting evaluation, dynamic solid-state
lighting systems are not fully investigated under a low outdoor
illuminance levels at different dynamically tuned colour quality and
correlated colour temperature.

Main goal

Psychophysical and theoretical assessment of the dynamic LED
lighting systems with controlled colour quality parameters.

Obijectives

1) To demonstrate the outdoor lighting system with tunable
correlated colour temperature and circadian action and perform
the most pleasing lighting psychophysical research;

2) To evaluate the colour rendition created chromaticity shifts of
juxtaposed colour samples under low illuminance levels;

3) To demonstrate the metameric light source chromaticity
matching method,

4) To model solid-state lighting for human centric lighting with
minimal independent colour components.

5) To perform the degradation test of merchandise pigments under
the UV lighting and to theoretically and practically demonstrate
temporal visual restoration under multichannel solid-state
lighting.

Scientific novelty

e The Kruithof hypothesis was tested in different outdoor
environments using a tetrachromatic solid-state lighting system
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under a low illuminance levels and the most pleasing correlated
colour temperatures were found.

e The Farnsworth-Munsell 100 hue test was done under a
different colour rendition lighting at 3000 K and low
illuminance level.

e The method for a partially matching metameric RpcAGN
cluster chromaticity at 3000 K along the isothermal line was
demonstrated.

e  The Pentachromatic solid-state lighting system consisted of red,
green, blue, warm white and daylight LEDs was created for the
human centric lighting with the possibility to control colour
quality, colour temperature and preferential colour rendition.

e The non-invasive chromaticity restoration of UV-degraded
merchandise pigments was demonstrated using a theoretical
multichannel light source model or 10 colour channel practical
luminaire.

Statements to defence

1) The most pleasing correlated colour temperature 3000 +
200 K and 3500 + 250 K was subjectively chosen in the
outdoor environment with a 1900 K adaptation correlated
colour temperature at 5 Ix and 50 Ix illuminance, respectively.

2) A partially correction of the 3000 K metameric RpcAGB
cluster chromaticity can be performed by tuning the
chromaticity along the isothermal line.

3) A pentachromatic merchandise RGB+W_ +Wy LED system
is suitable for human centric lighting, changing correlated
colour temperature, circadian action, colour quality and can
create preferential colour rendition.

4) A chromaticity renewal of the UV-degraded merchandise
pigments can be performed by the illumination device with
spatially controlled spectral power distributions.
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LAYOUT OF THE THESIS

This thesis is consisted of four chapters and finalized by the
concluding summary. The articles and conference contributions of the
author with co-authors are listed at the end of the thesis before
information about the author. The layout of the chapters is organised
as follows.

1. PSYCHOPHYSICAL ASSESSMENT OF THE
TETRACHROMATIC SOLID-STATE LIGHTING

The subjective selection of the correlated colour temperature
(CCT) at low illuminance level is topical in the outdoor and indoor
environments. The most pleasing correlated colour temperature
interval and its width based on Kruithof research [5] depends on the
illuminance level and those intervals can be found in any case. Here
we present the results of the most pleasing correlated colour
temperature at 5 Ix and 50 Ix illuminance levels in three outdoor
environments. A lighting system with a tetrachromatic white light
cluster of red, phosphor converted amber, green and royal blue LEDs
was used in every experiment. The second psychophysical experiment
was based on the anchor effect during the chromatic adaptation. The
third experiment was done to find the colour juxtaposing at different
illuminance levels under colour quality controlled lighting. Results are
published at P2, P7, P8, C1, C3, C4, C7, C8, C9, C10.

1.1. Investigation of Kruithof hypothesis at low
illuminance levels

Kruithof curve has no experimental verification at low illuminance
levels in outdoor scenes [7]. The following research was done to
confirm the most pleasing CCTs under the street lighting conditions.
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Kruithof hypothesis under low illuminance levels was investigated
by using two tetrachromatic street lamps consisted of red, pc amber,
green and royal blue (RpcAGN) LEDs [P1]. The luminaires were
placed in the outdoor environments at 4.2 metre height with 6 metre
spacing. The outdoor scenes were chosen at historical campus and
botanical garden of Vilnius university and near the Lithuanian
National Gallery of Art. Each scene represents old town, park and
modern city, respectively. The illuminance levels were set at 5 Ix and
50 Ix with starting 1900 K CCT. The research participants (40 at old
town, 22 at park and 24 at modern city scene) had to select the most
pleasing CCT at 4 illumination modes. The first illumination mode
was constant illuminance mode at 5 Ix, second — constant circadian
irradiance mode at 5 Ix, third — constant illuminance mode at 50 Ix and
final - constant circadian irradiance mode at 50 Ix. Constant circadian
irradiance mode is the higher dimming with increasing CCT due to the
increased  melatonin o
suppression [9]. Colour WL -
quality of the luminaire
is set to the highest
value of a general
colour rendition index

-
(8]
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Experiment took Fig 1.1. Color rendition indices of the
place at night with tetrachromatic light engine as functions of
background  ambient  CCT: general CRI (solid grey line); IES TM-
illuminance below 1 Ix.  30-15 color fidelity score R¢ [8] (solid black
The research line); statistical indices of color fidelity
participants had to (dashed line); color saturation (dotted line);
select the most pleasing color dulling (dash—dotted line); and hue

CCT after adapting to distortion (dash—dot dotted line) [P7].
12



each lighting mode while using a CCT slider in the smartphone app
with black background colour. They had a CCT adjustment trail before
the experiment to learn the control of the luminaires.

The most pleasing CCT selections were grouped in intervals of 50
mireds (reciprocal CCT) and approximated by Gaussian distribution
for evaluation of average mean and standard deviation (Fig. 1.2.). The
illuminance at constant circadian mode is described as arbitrary
illuminance units (arb. u.). Despite the fact of wide distribution, we
can see that mean CCT value change from 2800 K to 3300 K with
increased illuminance from 5 Ix to 50 Ix. Those CCT values are higher
than in original Kruithof curve. This can be explained by the different
colour quality of used illumination devices and limited CCT interval
in the original experiment. In the other hand, our results coincide with
other research data [10, 11, 12], where warm white light is preferred
in outdoor scenes. The most pleasing CCT increases from 2400 K to
3300 K at constant circadian action mode with 5 arb. u. and 50 arb. u.
illuminance, respectively. Research participants at lower circadian
illuminance prioritized illuminance than CCT compared to 5 Ix
constant illuminance mode but at higher circadian illuminance CCT
was prioritized than illuminance compared to constant illuminance
mode at 50 Ix.

The collected data can be defined as a Gaussian distribution using
a Lilliefors test except the most pleasing CCTs from averaged data at
5 Ix constant illuminance in all the outdoor scenes and city scene at
constant 50 Ix. This shows that our CCT adjustment interval is not
limiting CCT selections. Mann-Whitney test was used to investigate
the average CCT difference at different lighting modes to show the
statistically significant change. In all cases expect 5 Ix to 50 Ix and 50
Ix to 50 arb. u. in the city scene and 50 Ix to 50 arb. u. in the old town
scene the average CCT change was statistically significant. It shows,
that increased illuminance increased the most pleasing CCT interval.
This correlates with Kruithof curve qualitatively but not
quantitatively.
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Fig. 1.2. Distributions of selected CCT for the “pleasing” illumination.
Columns, experimental data for the university courtyard environment
grouped in intervals of 50 mireds; lines, Gaussian distributions with the
peaks and widths corresponding to the means and standard deviations of the
selections. (a) Constant illuminance conditions for 5 Ix (harrow columns
and solid line) and 50 Ix (wide columns and dashed line). (b) Constant
circadian irradiance conditions for 5 arb. u. (narrow columns and solid line)
and 50 arb. u. (wide columns and dashed line), corresponding to 5 Ix and
50 Ix illuminance at 1900 K, respectively [P7].
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The most pleasing CCT intervals and average values at 5 Ix and 50
Ix constant illuminance are shown in Fig. 1.3. The average CCT values
are higher than in the original research. This can be related to the
anchor [13] of 1900 K adaptation CCT. On the other hand, a standard
deviation (green bars) is widely distributed and CCT can be adjustable
in some cases as it was done in offices [14, 15].

II

10* =
N
Q 10° ’,,/
c 7=
@© 7 —
E 102 // ==
= /’l;’, = =
= /', ~

101 //

I
10°
2000 2500 3000 4000 6000 8000

Correlated color temperature (K)
Fig. 1.3. Kruithof hypothesis: the area between two curves is claimed to
define the conditions of the “pleasing” illumination, which corresponds to
increased CCT with increasing an illuminance level [5]. The points, thin
bars, and thick bars show mean values, confidence intervals of the mean
values, and standard deviations of “pleasing” CCT established for the
cumulative data on three outdoor environments in this work [P7].

1.2. Investigation of the anchor effect at
different correlated colour temperatures

The second pilot psychophysical experiment was done after the first
experiment with the purpose to investigate the anchor effect of
adaptation CCT at different starting CCTs and two illuminances. This
experiment was moved to the lab in order to ensure stable conditions.
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Fig. 1.4. The most pleasing CCT dependence on the adaptation CCT.
Dashed line marks the CCT selection at 50 Ix and dotted line marks the
selection at 250 Ix. Black bars correspond to confidence intervals. The
black line represents the linear function for finding the identical point for
both CCTs.

The experiment was updated with a reciprocal CCT control to
represent the real perception of CCT and the smartphone was
eliminated in order to avoid other light sources. The RpcAGN
luminaire [P1] was mounted on a 70x70x80 cm grey colour lighting
booth with no colourful objects and controlled by a gamepad. Two
illumination levels of 50 Ix and 250 Ix was used with randomly
selected anchor CCTs of 2100 K, 3000 K, 4000 K, 5000 K, 6000 K
and 10000 K. The first illuminance was set to 50 Ix and after selecting
all six the most pleasing CCTs at each anchor CCTs it was increased
to 250 Ix and selections repeated. 20 research participants performed
the CCT selections and they were tested with Ishihara plates test.
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The investigation of the anchor effect shows (Fig. 1.4.) that the
adaptation CCT has a significant effect of selecting the most pleasing
CCT. It can be seen that two illuminance levels have no difference for
selecting CCTs. The most pleasing CCT interval starts at 2700 K with
the 2100 K adaptation CCT and continues to 4200 K with the 10000
K adaptation CCT. Universal CCT where a linear function crosses
data points is about 3350 K. This neutral adaptation colour
temperature should be chosen as the most pleasing CCT. The CCT
interval difference from 2700 K to 3350 K and from 3350 K to 4200
K corresponds to A72 and A60 mireds, respectively. The average value
of selected CCTs is 3470 K and 3520 K for 50 Ix and 250 Ix,
respectively. In that case, average CCT independent of illuminance
was at 3500 K. This value is close to 3350 K neutral CCT. Our results
had the 200 K difference from other research [16] but their adaptation
CCT interval was limited from 3000 K to 4400 K. Other research using
the 3000 K — 8000 K CCT interval [17] concludes that the selected
CCT has the significant impact on adaptation CCT, CCT interval and
adaptation time. In our work, we used the widest CCT control interval
and the software provided smooth control with no fixed CCT
endpoints which helped to get the best results.

1.3. Farnsworth-Munsell 100 hue test results at
low illuminance levels

The third psychophysical experiment was done to investigate the
colour quality effect on performing colour juxtaposing with the
Farnworth-Munsell 100 hue (FM100) test at different illuminance
levels. The same tetrachromatic RpcAGN luminaire was used at 3.3
Ix, 67 Ix and 300 Ix illuminances which corresponds to 0.5 cd/m?, 10
cd/m2and 45 cd/m? luminances, respectively, in the same grey lighting
booth. Luminance values were measured with imaging photometer-
colorimeter Lumicam 1300 color because research participants see the
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luminance but not illuminance. The luminaire was set to one of five
colour qualities using a linear equation between colour dulling and
saturating LED clusters:

StomaL (ﬂ*) = 03¢y (’1) + (1_ G)S DUL (/1) (1.1)
There Sq,;(4) ir RGN LED cluster, S, (1) is pcAGN LED cluster

and o is a colour quality control parameter. Then o =0, we have only
a pcAGN cluster with low colour quality (CRI = 81) and gamut area
(GAI = 55). At o = 0.15 we have the highest colour rendition with
CRI1=93. Then o =0.31, colour rendition is set to preferential (CRI
= 85) with slightly increased colour saturation [P1]. o =1 is a RGN
cluster with the highest colour saturation values (CRI = 14) and o =
0.65 is the values between saturation and preferential colour rendition
(CRI =50).

Five well-trained participants performed the FM100 test 3 times at
each colour quality and illuminance levels. There were 225 FM100
tests in total to minimize errors and to achieve a good confidence
interval. FM100 error scores of juxtaposed colour caps were averaged
and 95 % confidence intervals were calculated. Results at each colour
palette with colour caps show that the lowest score is achieved in pallet
no. 4. due to constant royal blue spectral component in the spectral
power distribution. All hues in this palette are illuminated with a red
or a wide pc amber spectral component and it is sufficient to
distinguish them. The similar results are in palette no. 1 with red hues.
The Narrow red or wide pc amber spectral component is sufficient for
juxtaposing red hues. The increased error score at the lowest
illuminance is related to the luminosity function shift in ar of? a blue
spectral region which determine the worse colour discrimination in red
hues. Yellow-green hues in palette no. 2 are not distinguished at higher
colour quality control parameter due to the absence of a pc amber
spectral component. Green-blue hues in palette no. 3 are not
distinguished at the lowest illuminance due to the absence of a cyan
spectral component. As we can see, the main errors are determined by
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the absence of spectral components or the colour vision change in
mesopic lighting condition.

T T T T T T T T T

50t 4 —=—331x -
o- —e— 67 IX )
aor —a— 200 Ix ]

30 - -

20 - -

10 ! :i—
L -+

ES I 4+ I
T t
— t

w
o
T

N
o

:
T

=
o
T

n ;
} +
1

} +

o o

EPEE,
?4%43::%

A
40 -

FM100 error score at hue sector
N w B (42

o o o

T T T T T

[
o
—T—
1

a
o o
T

L
1

30 | -
20 - -

0 015 031 0.65 1

Colour quality control parameter (o)

Fig. 1.5. FM100 error scores for each of four colour palettes at three
illuminance levels dependence on the colour quality control parameter [P8].
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The total error score
(TES) of FM100 test is
shown at Fig. 1.6.
Represented colour
rendition indices (Rq —
colour gamut score [2],
CRI, GAI — gamut area
index [18], HDI — hue
distortion index [3])
indicate  that TES
correlates with Ry, GAI
and HDI. This leads to
the conclusion that hue
distortion and a gamut
size is related to the
colour discrimination
and juxtaposing. TES
values increases with
increasing the colour
quality control
parameter and can be
linearly defined with a

IN
o
T

Colour quality index value
N [=2]
o o
T T

0
140
120
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80

TES
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a0
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T 1 1 1 1 1 1 1 1
0 015 031 0.65 1

Colour quality control parameter (o)

Fig. 1.6. Dependance of colour quality
parameters and FM100 test total error scores
at diferent illuminance levels on colour
quality control parameter. Linear regresion
(dashed lines) shows the correlation of
collected data [P8].

high correlation value. On the other hand, TES have no statistically
significant difference for o =0, 0.15 and 0.31 and the high fidelity or
preferencial colour quality lighting have no advantage over the colour

dulling lighting.

Our results of TES an be interpolated for other o and luminance
values using a regresion model:

TES =11,72+4+36.16/L+32.71 x o

(1.2)

There L —Iluminance value (cd/m?), o—colour quality control

parameter.
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1.4. Chapter summary

Investigation of tuneable high colour quality outdoor lighting
system revealed that the most pleasing CCT increases with increasing
illuminance level. Those CCT values of 3000 £ 200 K and 3500 £
250 K qualitatively but not quantitatively coincide with Kruithof
curve at 5 Ix and 50 Ix illuminance, respectively. The average
subjectively selected CCT has no dependence on the illuminated
outdoor area. The constant circadian irradiance mode at 50 Ix has no
effect on a CCT selection but at the 5 Ix mode CCT values were lower
because of higher illuminance.

CCT anchor effect showed that the most pleasing CCTs are from
2700 K to 4200 K at the adaptation CCTs from 2100 K to 10000 K.
The adaptation CCT is equal to the most pleasing CCT at 3350 K.
Latter effect should be taken into account for the static lighting
evaluation.

Farnsworth-Munsell 100 hue test results correlated with the
increasing colour gamut size. The main errors of placing colour caps
are from the lack of spectral components in spectral power
distribution. Total error score is higher at mesopic illuminance due to
a lower colour discrimination and a colour dulling: high fidelity and
preferential colour rendition lightings have the same colour
juxtaposing results. This indicates that natural or preferential colour
rendition lighting has no visual benefits at mesopic illuminance.

2. INVESTIGATION OF THE METAMERIC
TETRACHROMATIC SOLID-STATE LIGHT
SOURCE

Metametic light sources with different spectral power distributions
should be the same colour to the observer. The chromaticity
discrepancy of metameric white light sources was noticed during the
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research and also described in a literature. In this case, the 10-degree
metameric 3000 K red, phosphor converted amber, green and royal
blue LEDs cluster was investigated to find the degree of a chromaticity
shift. Research data was published in P6, C11 and C14.

2.1. Metameric light source and experimental
booth

There are metameric light sources with the same chromaticity to
standard photometric observer, but observers can also be metameres
with the different colour vision. It was shown by using a Monte Carlo
simulation that a perceived chromaticity shift of theoretical
photometric observers can be up to 10 Aa* in the CIELAB colour
space [19]. This shift is more than 10 MacAdam ellipses [20]. In this
case, metameric light sources can be a different subject to observers.
Third experiment in the previous chapter revealed that metameric
RpcAGN spectral power distributions at different colour quality
control parameter are not the same chromaticity. Further experiment
was done to find a way of matching the chromaticity of metameric
light sources at 3000 K with fixed
300 Ix illuminance (Fig. 2.1.). In the
first part of the experiment two
well-trained participants used a
monocular vision to adjust the
chromaticity of 11 metameric
spectral power distributions

(random & value from 0 to 1 with 0.1
step). Another fixed luminaire was
randomly set to ¢ =0, 0.5 and 1. The
luminaires, closed eye and
adjustable luminaire was changed in
order to minimaze the errors. The 3
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Fig. 21. 10 x 10 cm
experimental booth with the 3

mm diameter white colour
reflectance sample devided into
two parts for  separate
illumination [P6].



mm white colour sample was illuminated from the top with different
SPD to the left and right sides. Researh participants were sitting in
front of the sample at a 18 cm distance. This distance for observation
can be desribed using a 10° photometry. Luminaires were calibrated
for 10 ° colour matching functions at 3000 K to reflect the real sample
observation condition. Subjects had to match the chromaticity of two
metameric RpcAGN light sources by adjusting one of the along the
isothermal line by using a gamepad. Later the experiment was updated
with chromaticity control along the Planckian locus (Fig. 2.2). The
second part of the experiment was done due to insufficient
chromaticity collation using only a Dy adjustment. 20 research
perticipants had to match pcAGN chromaticity to RGN with binocular
vision one single time at the same observation distance. This time the
fixed luminaire was set to around 3000 K using a 2° colour matching
functions in order to represent current lighting evaluation in common
scenes.

0.430 :
—e— Planckian locus
0.425 | — 3000 K isothermal line
>
2 0.420 . «
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o415
8 CCT adJustrﬂ S e o— 1 o
> 0.410 = —®$-—""2900 800 2700
=  e—— 3000
8 " e 3200
© —
,gw 3400
600 | ) / D adi ;
S 0.400 Negative W adjustmen
©
—
0.395

035460 0.465 0.470 0475 0.480 0,435 0.490 0.495 0500 0.505 0.510
10° chromaticity coordinate (x)

Fig. 2.2. Adjustment of the metameric RpcAGN light source along the
isothermal and (D adjustment) line and Planckian locus (CCT adjustment)
at 3000 K starting CCT point [P6].
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2.2. Results of chromaticity matching

Two participants in the first part of the experiment performed over
700 SPD matchings and averaged results with confidence intervals are
displayed in Fig. 2.3. The data shows that chromaticity of the RGN
LED cluster is shifted to the purple hues in order to compensate
greenish appearance. On the other hand, the chromaticity of a pcAGN
cluster is shifted to the greenish hue. This shows that the natural
lighting at ¢ = 0.3 was not adjusted compared to pcAGN and RGN
clusters. The chromaticity of a RGN cluster is more shifted compared
to a pcAGN. Participants stated that adjustment along the isothermal
line is not sufficient to compensate the chromaticity difference.
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Fig. 2.3. Chromaticity matching of metameric light sources at different
colour quality control parameter. Results are normalised to ¢ = 0.5 [P6].

Results of the second part of experiment (Fig 2.4. and 2.5.) are

recalculated by using a 2° and 10° photometry. Spectral power

distributions were measured with Avantes AvaSpec-ULS2048x64T

spectrometer. The calculated mean chromaticity shift from the

reference RGN point is Dy = 0,0082 £ 0,0027 and 0,011 + 0,0025 for
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the 10° and 2° colour matching functions, respectively. Those shifts
have no statistically significant difference but the 10°photometry is

more accurate though it should be ideal.
0.420

2° chromaticlty coordinate (y)
o
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05 0420 0425 0430 0435 0490 0445 0450 0455
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Fig. 2.4. Chromaticity matching of pcAGN and RGN LED clusters at the
CIEXYZ colour space using a 2° photometry. Fixed RGN reference point is
marked as a black square with the 3-step MacAdam ellipse. pcAGN
selections are marked as black circles [P6].
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Fig. 2.5. Chromaticity matching of pcAGN and RGN LED clusters in the

CIEXYZ colour space using a 10° photometry. Fixed RGN reference point is

marked as a black square and pcAGN metameric point using a 2° photometry

is marked as white circle. pcAGN selections are marked as black circles [P6].
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Another matter is the wide adaptation of the 2° photometry for all
colour renditions and colorimetric calculations. We know that human
colour vision depends on a high number of factors like age, gender,
pregnancy, fatigue, ambient temperature, colour vision deficiencies,
ophthalmic or oncological diseases, background colour and
brightness, observation angle etc. Despite the possible factors using
the different well described photometry colour matching functions we
can see that royal blue LED (~450 nm) has about 2 times higher
luminous flux using a 10° colour matching functions compared to 2°
colour matching functions. All solid-state light sources have a higher
luminous flux at a higher observation angle and this leads to a
chromaticity change of the multicolour LED cluster at different
observation distance. We recommend the approach of applying the
solid-state lighting by a fast lighting approval test with the
chromaticity control on-site for selecting the best lighting parameters.

2.3. Chapter summary

Subjective evaluation of metameric white light sources depends on
the colour vision of research participant as a photometric observer.
Chromaticity of the metameric RGN and pcAGN light sources can be
partially matched by using the chromaticity control along the
isothermal line. Light sources with a higher red spectral component
are more distinguishable from the white light than sources with lower
spectral component. Chromaticity matching of the 10-degree
photometric observer based white light sources is not precisely
described with neither 2-degree not 10-degree photometric functions.
The universal tunable metameric light source should be interpreted
with caution for the dynamic applications.
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3. COLOUR RENDITION ENGINEERING FOR
HUMAN CENTRIC LIGHTING

Solid-state lighting has been rapidly developing for the past 25
years and field of applications is expanding. One of them is a human
centric lighting. It requires an tunable circadian action and a good
colour rendition. The evaluation of the pentachromatic LED cluster is
discussed in this chapter. Results were used in the patent [P5].

3.1. Investigation of tetrachromatic LED cluster

Novel light sources are mostly optimised for the highest colour
fidelity for a desirable colour quality index [21] or a preferential colour
rendition [22]. Another approach to the novel lighting is a CCT
tuneable spectral power distribution with the high colour rendition [23,
24, 25].

Human centric lighting raised the question about circadian lighting
effects and now requires the same impact for a human circadian
system [26] as natural light sources like sun and fire. This requirement
of the circadian evaluation can be expanded with a tunable colour
quality and the ability to create the preferential lighting. Similar
lighting system were adapted for TVs and phones [27, 28, 29, 30], but
no ordinary lighting solution was proposed for general lighting based
on solid-state light sources. Another example is the tetrachromatic
system consisted of 4000 K white, royal blue (~460 nm), green (~530
nm) and deep red (~660 nm) LEDs? for repeating the sun CCT during
the day [31]. This system has tunable CCT from 4000 K to 6500 K
with a high colour quality and a similar to the sun circadian action
factor [32].

We investigated the available tetrachromatic RpcAGN LED cluster
[P1] for thehuman centric lighting using a melanopsin response
function [33]. The highest colour fidelity was found by optimising the
spectral power distribution using a eq. 1.1. Colour quality was
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calculated using a CRI, colour fidelity index — CFI [3], colour fidelity
score — Rf [8] and updated CRI in 2012 [34].

The results (Fig 3.1.) show that CRI is higher than 91 at any CCT.
R+ values reaches 90 and CF1 is increasing with CCT. Circadian action
control cannot repeat the standard illuminant A action and hardly
repeats the Dgs action at the same CCTs. The highest fidelity RpcAGN
and colour dulling pcAGN clusters have similar circadian actions and
colour dulling is very close to the natural lighting. Those results do not
meet energy efficient lighting requirements when high colour quality
is not required.
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Fig. 3.1. The highest fidelity colour quality and circadian action of the
RpcAGN LED cluster at different correlated colour temperatures. The Des
and A lines at lower graph show the circadian action of standard illuminants.
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Further modelling was done with the RpcAGB LED cluster in
order to increase the circadian action. Blue LED has a peak at ~475
nm in electroluminescence spectrum and it is perfect for a melatonin
suppression. Results showed that circadian action had increased but
at Des CCT the value is too high. The highest colour fidelity is
decreasing with increasing CCT and there are almost no colour
dulling using only the pcAGB cluster. A pc amber LED was changed
with a white LED on purpose to increase the colour dulling and
decrease the circadian action
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Fig. 3.2. Colour quality parameters of RGB+W LED clusters using a TM-
30-15 method [2]. The curved line with an arrow shows the increasing colour
quality control parameter.

29



Six different CCT white LEDs were used with low (CRI < 80) and
high (CRI > 95) colour quality. Results (Fig. 3.2.) shows that low
colour quality at 2900 K, 3900 K and 6100 K have lower gamut size
and fidelity than 3200 K, 4200 K and 6600 K high fidelity white LEDs.
In this case, a pc amber LEDcan be changed to a low colour quality
white LED. In the other hand, a circadian action depends on a white
LED CCT inthe RGB+W cluster. A low CCT white LED in the cluster
lowers the circadian action but a colour fidelity is decreasing at higher
CCT. A 3900 K LED in the cluster limits the circadian action control
and has a lower colour fidelity at lower CCT. A 6100 K white LED in
the cluster determine almost no circadian action tuning and poor
colour quality at low CCT. A colour dulling range at high CCT
RGB+W\ cluster is expanded like the 2900 K LED does at low CCT
in the RGB+W,_ cluster. This led to the conclusion that the
replacement of a pc amber to a white LED is not sufficient for the
human centric lighting.

3.2. Investigation of the pentachromatic LED
cluster

Previously discussed tetrachromatic RGB+W cluster has its
limitations and the practical LED system was supplemented by an
additional white LED. This LED cluster consisted of red, green, blue,
warm white and daylight LEDs (RGB+W_+Wy) was investigated
using the same calculation as in Fig. 3.1. Results in Fig. 3.3. shows
that the highest fidelity is rather constant at all CCTs. CRI is above 95,
CFI - 87, Rf — 89 and CRI 2012 — 93. It is known that light sources
with CRI > 95 can be not distinguished from the natural light sources
while comparing the illuminated colours for the unpractised observer.
Preferential colour rendition is achieved from ¢ =0.31 to ¢ = 0.53
where colour saturation index (CSI) and CFI ration is between 0.3 and
3 [P5]. The pentachromatic LED cluster can be used for general
lighting as a natural light source. Circadian action tunability is 4 times
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from Wy at 2900 K to RGB at 6500 K. Circadian action equal to
standard illuminants are at preferential colour rendition and it can be
applied to the most lighting cases.
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Fig. 3.3. The highest fidelity colour quality and circadian action of the
RGB+W_+Wy LED cluster at different correlated colour temperatures. The
Dgs and A lines at a lower graph show the circadian action of standard
illuminants.

The main colour quality parameters are shown in table 3.1. Values
are provided for colour dulling, saturation and the highest fidelity
lighting at 3000 K and 6500 K CCTs.
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Table 3.1. Colour quality parameters of the RGB+W _+Wy LED cluster.

CCT CRI CFl | CSI | CDI

@ | | CRY sorp| Rl ReJGALL ool any | (o)

0 65 64 64 91 | 53 19 1 62
3000 | 0.27 | 97 95 93 | 104 | 62 95 0 2
1 11 27 35 | 101 | 64 4 79 4
0 7 76 74 93 | 86 24 1 50
6500 | 0.21 | 95 95 91 | 102 | 100 | 89 0 3
1 23 30 39 | 105 | 130 3 74 7

Fig. 3.4. Colour quality icons of colour dulling, saturating and high
fidelity RGB+W _+Wy LED cluster at three CCT. Red curve sshows the
chromaticity shift using a testing LED cluster. Grey dashed circle shows
natural colours.
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Fig.3.4. indicated the chromaticity shifts of illuminated colours
based in TM-30-15 method and using a CIECAMO02 colour
appearance model. Colour dulling decreases the saturation of green
and red hues and increases saturation of yellow and blue hues, whereas
the saturation behaves conversely but in a higher amount.

3.3. Chapter summary

Practical pentachromatic lighting system consisted of red, green,
blue, warm white and daylight LEDs has a tunable correlated colour
temperature from 2700 K to 6500 K with high fidelity lighting (CRI >
95) and it is suitable for the human centric lighting. Low colour gamut
and quality white LEDs are more eligible for a high colour quality
LED cluster than high colour quality white LEDs for having a colour
dulling possibilities.

4. NON-INVASIVE COLOUR RENEWAL OF THE UV-
DEGRADED PIGMENTS WITH TEN COLOUR
CHANNELS SOLID-STATE LIGHTING ENGINE

The chromaticity restoration of the art display now is based on the
non- invasive chemical treatment or application of a new coating. The
solid-state lighting can restore the chromaticity of degraded pigments
by selecting an optimal spectral power distribution. In this chapter the
chromaticity restoration of merchandise pigments affected by the UV
lighting is investigated using a theoretical and practical LEDs. The ten
colour channel luminaire prototype was created to partially restore the
chromaticity of UV-degraded pigments. Research results are
published and presented: P3, P4, C5, C6, C9, C12, C13.
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4.1. Photochemical degradation of merchandise
pigments using a UV illumination

Art display lighting has one of the most demanding requirements
[35]. Solid-state lighting based on LEDs can naturally satisfy high
demands and offer the flexible spectral power distribution control.
Paintings can be photochemically degraded over the time [36] and
non-invasive chromaticity restoration can be applied [37, 38].

Our work is related to
the practical application of
the solid-state lighting.
Therefore, 25 merchandise
pigments used in artwork
restoration were treated with
the UV light (Fig. 4.1.) for
R 153 days under 1000 Ix
mo w0 w0 = w7 w w0 j|lyminance at 40°C

Wavelength (nm)

Fig. 4.1. Spectral power distribution of ~ {€mperature. This was done
UV lamp . to investigate the

chromaticity shift after a
long-term photochemical degradation. Reflectance spectrums were
measured at the beginning and in the end of the UV-treatment. The
colour change can be seen for several pigments before and after
photochemical degradation (Fig. 4. 2)

--- ----
9 10 - 7 8

212

j &

Spectral power (arb. u.)

Fig. 4.4. Colour of the merchandise pigments before (left) and after (right)
photochemical degradation.
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Chromaticity shifts are displayed in CIELAB colour space for the
accurate evaluation (Fig. 4.3.). Pigments with copper or lead had the
most noticeable chromaticity shifts.

8 8

Colour coordinate (b*)
& 8 o

8

60 -40 -20 0 20 40
Colour coordinate (2*)

Fig. 4.3. Chromaticity shift of degraded pigments under UV lighting in
CIELAB colour space.

Pigments are used with a vehicle though it has no impact for
chromaticity shift. It was investigated by measuring the reflectance
spectrum only from vehicle.

4.2. Modelling an optimal solid-state lighting for
chromaticity restoration

Simulation of spectral power distributions for the non-invasive
restoration of collected reflectance spectrum can be performed in two
ways: a) by using theoretical LEDs; b) by using merchandise LEDs.
We did it/this in the both ways. LED SPD of a Gaussian distribution
was used to create theoretical light sources. It was shown that all
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pigments can be
illuminated with no
chromaticity distortion
as in the natural lighting
by using 15 different
colour theoretical LEDs.
Metameric SPDs of such
theoretical light sources
at 6504 K CCT are
displayed in Fig. 4.4.
CRI of such metameric
SPDs varies from 99 to
99.7. LED peak
wavelengths are

Spectral power (arb. u.)

i
400 450

1 1 1 1
500 550 600 650 700
Wavelength (nm)

Fig. 4.4. Metameric daylight spectral power
distributions, their average SPD (green
curve) and Dgs SPD (blue curve).

distributed from 414 nm to 669 nm. Simulation of chromaticity
restoration showed that only three or less pigments from the 1, 2, 3, 5,
9, 18, 20, 22, 23, 24 set can be restored using theoretical or practical
LEDs. Any pigment from the 4, 7, 8, 13, 14, 19, 21 set makes it
impossible to restore the chromaticity together with other pigments.
Simulation for restoring four or more pigments at the same time was

unsuccessful. Each
pigment can be restored
separately by using
trichromatic LED
clusters calculated to
white or other
chromaticity point. The
reflectance from the
original and degraded
pigments are displayed
in Fig. 45. We can
conclude based on the
results that the accurate
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Fig. 4.5. Original and restored reflectance
from1,2,3,5,9,18, 20,22, 23, 24 pigments.
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chromaticity restoration of degraded pigments can be done in a very
limited set of pigments with the same solid-state lighting. Each colour
can be restored separately but most of the practical scenes are not
single coloured. In this case, ordinary luminaire with tuneable SPD is
inappropriate and spatial SPD control for each pigments should be
used.

4.3. Universal prototype luminaire with a ten
colour channels

Simulation in the -
previous section was wl
partly done  with £ sl
merchandise LEDs. 2 w|
Those 10 different g |
colour LEDs (Fig. 2 =f
4.6.) were selected for ¥ |
a prototype luminaire 10:-
in order to create the St X
natural lighting and e
have a wide colour Bangos ilgis (Am)

gamut control. A 730  Fig. 4.6. Spectral power distributions of the
nm far red LED was ™Merchandise LED used in prototype luminaire.

not used due to a low luminous efficacy of the radiation. LEDs below
450 nm were not included because they cause a high photochemical
damage.

Luminaire prototype was created to have a high light output and a
compact functional design. 38 Philips Lumileds Color C and Cree XQ-
E family LEDs were used with 10 current drivers and a
ATxmegal6U4A microcontroller and a Bluetooth 2.0 module. A
membrane fan was used to cool the heatsink. A One-layer metal core
printed circuit board was designed using an Altium Designer software
(Fig. 4.7.). LEDs were mixed in the centre of the board to maximize
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the colour mixing. 3D drawing of the assembled luminaire prototype
was drawn using a SolidWorks software.

Fig. 4.7. Soldered metal core prlnted circuit board (left) and 3D drawing of
the assembled luminaire prototype (right).

Luminaire control software was created using a Visual Basic.NET
programing language in a Visual Studio software. User interface has
two windows. In the first window the lighting pre-sets and three
dynamic modes are presented.
Second window is called as
advanced control (Fig. 4.8.)
with the precise white point or
the independent each colour

channel control. Eq. 1.1. was ——
adapted for controlling 10 —
independent channels. Blue
channel is a  linear e
combination of royal blue and — — 1

blue LEDs. Green channel
consists of cyan, pc lime and

green LED combination. Pc Close App
amber channel is a linear Fig. 4.8. Advanced mode window of

Write to memory All OFf To demo mode

combination of a pc amber or  the user interface.
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a4000 K white LED. Red channel consists of red-orange, red and deep
red LEDs. Software allows changing the CCT, o, Duyv and each LED
luminous flux in the composed SPD. It has implemented natural
lighting mode at any CCT from 2100 K to 10000 K (Fig. 4.9.).
Theoretical CRI value is above 99 at any CCT. Those SPDs are
consisted of 8 LEDs — N, B, C, pcL, W, pcA, O and D (Fig. 4.6.).
Green and red LEDs were not used as they have no effect for higher
CRIlvalue atall CCTs. . . . . . .

White light CCT (K)

The colour quality 2100
icons for available T ;% ]
trichromatic SPDs at ¢ 3500
. . 8L 4500 .
3000 K is shown in 5 6500
i —— 8000
Fig. _4._10. _ The % 0o |
chromaticity shift of 3
illuminated  colours @

can be shifted in
various ways and - s s s -
. 400 450 500 550 600 650 700 750
general gamut size Wavelength (nm)
can be turned. The Fig. 4.9. Simulated spectral power
highest colour dulling  distributions for natural lighting at different
is achieved with N, W  CCTs.
and pcL LED cluster is not shown in the figure. Colour saturation in
yellow hues can be increased by adding the direct emission of an
AlGalnP yellow LED with ~595 nm peak wavelength. However, this
LED is one of the most instable and temperature sensitive due to the
high Al amount in AlGalnP.

This prototype luminaire combines all solid-state lighting
technologies created by the author and lighting research group at
Vilnius university. Luminaire can create firelight spectrum [P2], has a
tuneable colour quality [P1], can limit photochemical damage using a
software [P3, P4], reproduce preferential colour rendition [P5], be
tuned along the isothermal lines [P6] and used in psychophysical
experiments [P7, P8].
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Fig. 4.10. Colour quality icons of trichromatic LED clusters from the
luminaired at 3000 K CCT. Red curve shows the chromaticity shift using a
testing LED cluster. Grey dashed circle shows natural colours.

4.4. Chapter summary

Photochemical degradation of merchandise pigments due to UV
illumination depends on chemical structure. Non-invasive
chromaticity restoration can be done for a limited number of pigments
using a theoretical or practical spectral power distribution of LEDs.
Chromaticity of each pigment can be restored with a merchandise
LEDs. Full set of pigments can be restored by using an illumination
device with spatially controlled spectral power distribution.
Demonstrated illumination device with 10 independent colour
channels can be used for a partially chromaticity restoration of UV-
degraded pigments.
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CONCLUDING SUMMARY

The average most pleasing correlated colour temperature using
a tetrachromatic lighting system was found to be 3000 £+ 200 K
and 3500 £ 250 K at the 1900 K adaptation colour temperature
with 5 Ix and 50 Ix outdoor illuminance, respectively.

The most pleasing correlated colour temperature coincides with
the adaptation correlated colour temperature at 3350 K.
Tetrachromatic lighting with colour dulling, high fidelity and
preferential colour rendition was evaluated with comparable
colour juxtaposing and rendition at low illuminance.

A colour gamut size correlates with the incorrect colour
juxtaposing and it depends on the chromaticity distortion.

The chromaticity of the metameric red, phosphor converted
amber, green and royal blue LED cluster at 3000 K can be
partially matched by adjusting the chromaticity along the
isothermal line.

The practical and dynamically controlled pentachromatic
lighting system consisted of red, green, blue, warm white and
daylight LEDs is suitable for human centric lighting with an
adjustable circadian action, a correlated colour temperature and
a colour quality.

The chromaticity of UV-degraded pigments can be restored by
using a solid-state lighting for each tested colour separately.
The chromaticity of three or more photochemically damaged
pigments cannot be restored using a single illumination device
and each pigments should have an independent lighting with the
controlled spectral power distribution.

The luminaire prototype with ten independent colour channels
can partially restore UV-degraded pigments and is characterised
with flexible colour gamut and rendition control.
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