nMIMANAINELIYINTesR s muaan ludgeans tae lduduanassdianszan

ﬂUEJ’J'VIEWl?WEJ'm‘i
ammnﬁmum'mmaa

qwmuwuﬁmﬂumwumqma‘ﬁm:mmumﬂamﬂ%mmmmmamumum‘mm
andgmalulanuenin Al anaansnisnwtnauazinatulagnienisiaw
ANEANENANARAT ARNAINTUINUNINENAE
tnsAnmn 2553

AUANDVBITAINTUNYNINENAY



DERTERMINATION OF EQUIVALENT LIGHTNESS OF SMALL STIMULUS
IN THE ELDERLY USING CATARACT EXPERIENCING GOGGLES

X

1
1l
i¥ |

AULINENINYINT
YRIASIRGI R,

Department of Imaging and Printing Technology

Faculty of Science
Chulalongkorn University
Academic Year 2010
Copyright of Chulalongkorn University



Thesis Title DERTERMINATION OF EQUIVALENT LIGHTNESS OF
SMALL STIMULUS IN THE ELDERLY USING
CATARACT EXPERIENCING GOGGLES

By Miss Patarin Wongsompipatana
Field of Study Imaging Technology
Thesis Advisor Assistant Professor Pichayada Katemake, Ph.D.

Thesis Co-advisor Professor Mitdue Ikeda, Ph.D.

. 7 \\1‘\ //
Accepted by tF "'H.h‘_- 1 2 “hulalongkorn University in

Partial Fulfillment of the'Réqiiitements fo r's Degree
Wy o

‘ /7 \\ Jean of the Faculty of Science

THESIS COMMI

sor Aran Hansuebsai, Ph.D.)

‘1:.

Thesis Advisor

: e, Ph.D.)

—— e e
‘ v'-tﬂ-v_ e toc e e ab aar s S s i S

Y.

W P e et WO
HWWFJWMM

B E xammeu

amaw 5Py rifeiabangy £
/&k 7‘7"(“’*_- ...External Examiner

(Uram Tangkijviwat, Ph.D.)

(Tomoko Obama, Ph.D.)

~. External Examiner



iv

iy aafmsiiiand: nmawrhafivuriwesdudmnadnludgeeglao
1$iiudiaeafonszen. (DETERMINATION OF EQUIVALENT LIGHTNESS OF
SMALL STIMULUS IN THE ELDERLY USING CATARACT EXPERIENCING
GOGGLES) 0. M/Inuiinmiinuindn: weas. fivgya inqus, 0. Mlinn

INuInus33: Prof. Mitsuo lkeda, 61 M.

iy,

utﬁi’uﬂmn 'mnhql.mﬁralam lightness ; L*eq) Tufjgang
ﬁwuﬁuﬂnaqi’anr*q slFtlges AT A as Ui luggeeny Taunns

naassutaiu 2 doude ' tlAan09zn 718N (normal viewing condition) Uz
nmaasanielda uBaTe (environment-stimulus

independent  condi] AasAIELA AN 19500 B UNA THvianasurAAguad

AT =7, v
Aanm 4 iﬁuumuﬂﬂ FailAnAdania- 0310 wilan aamnuldmmassdnmininliingd

ﬁ‘-wﬁ‘a'mmanmuuninupwm&da# prnaming) Tau g danaueninnmanandud
(Chromaticness) : iexngss) lupfauazuazuanfdures
Radhifis 4 ATndetliesdidann aanlutsddanaiiAin A

ArNBNE AT ATIAS et R FTAanas uaznmanes
melfanazmmessn @ndenussRaiudefidariy dunnsusuuamisnisinlgsn
qwundwqtﬁuﬂ 'l'maéd‘zm s w&lﬂﬂ iqﬁnﬁﬂﬁﬂmnﬂurﬂu
n'nun-mmim 200 Ix. 1m~muqn1¢dﬁ|:.numw&mn*m'l.uﬁﬂﬁmnL'iumﬂ':ﬁunum?
R B ) AT L o
wamdi padlFusnelithuindianefadiifduudiudassfanszan Aaruadnadiouinn
Wiustengetunnezdumuadnanislufesdfinm Jeinesnmmenssneldianioznimes
Un# -nnmmnna-a':ﬁ:-mn-:thuﬁﬂ'ﬁﬁudwﬁ'm'num"mﬁﬂum*u‘l.uﬁg«rw&uﬂﬂnﬁuﬁwﬁ'\
ANAINTBYIAY (L'achr), AARINAGIsTinaINRYesing (L chr) WATAIAIINATIeTINAN
anazuInfen (L'env)
medn  momanimenmde owdedeidn. dnds. andtuades .
uazina TuTatmamsfiu mﬂun-m o.mfinuineiinundn Fme)
mdn maluTagnanim mwiledo 0. TnunIneiinus i e, A —
Umsfinun 2553



## 5272472023 1 MAJOR IMAGING TECHNOLOGY
KEYWORDS : BRIGHTNESS/ LIGHTNESS/ EQUIVALENT LIGHTNESS/
COLOR APPEARANCE/ ELDERLY PEOPLE/ CATARACT EXPERIENCING
GOGGLES
PATARIN WONGSOMPIPATANA : DETERMINATION OF
EQUIVALENT LIGHTNESS ALL STIMULUS IN THE ELDERLY
USING CATARACT E SRIENCING GOGGLES. ADVISOR : ASST.

The researc /obtain o improve the equivalent lightness

perceived by eldetly experiencing goggles. Two

viewing conditions #ve . the : wing and the environment-
stimulus no T al viewing condition the
heterochromatic brigh ied out for four colored stimuli
under nine illuminance levé’ﬁgm 5.08 I t irough 800 Ix. The results showed the
equivalent lightness wﬂ%’#ﬁ‘ oEgles by the amount about 10 L* unit
at any illumin ] \" nt was also carried out by
the elementary colar naming me » chromaticness, whiteness, and
blackness were estime imuli. The-chromaticness decreased for

lower illu ance miﬁ e equiva htness to decrease. The environment-
u@ Y NE »1&@ df imeqivaen igtnss of

elderly peup high. A colored sgunulua was &aoed in a uepnrated room from the

h1l that of the
P MU (A 1103 o

effect of the environment light was reduced. The result showed that the
equivalent lightness was high even with goggles for all the room illuminance
unlike the normal viewing condition. It was found from the two experiments that
the equivalent lightness of elderly people was composed of L*achr, L*chr, and
L*env.

Department : Imaging and Printing Technology  Students Signature falarin. Wong®mpaatand
Field of Study : Imaging Technology Advisor's Signature /14 424,

Academic Year : 2010 Co-advisor's Signature mlm



vi
ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my advisor, Assistant
Professor Dr. Pichayada Katemake who provided me the opportunity to do
research under her supervision and for her invaluable advices. I would like to
acknowledge my co-advisor, Professor Dr. Mitsuo Ikeda for his tireless guidance
and encouragement throughout my,research work, who came to Chulalongkorn
University from Japan from time to time..d wish to thank Associate Professor

Porntawee Pungrassamee who gave me uséful'comments.
J

I would like*to thank Associate Professor Aran Hansuebsai, Associate
Professor Porntawee-Pungrassamee, Dr. Uravis Tangkijviwat and Dr. Tomoko
|

Obama for their invaluable’comments as committee members.
4 C

Special thanks to Due. TOI’IIO—I;;{OJ; Obama at Design Co., Panasonic
Corporation for providing the cataract eéa_periencing goggles, to the Department of
Printing Technology, Rajaman"ga:'Ia Un.ii;\;’éras'.ity of Technology Thanyaburi for a
spectrophotometer for the calibf_étion ofér?y seales, and to Prof.Ikeda for his

illuminometer. =

Thanks to-Mr. Ekachai Tholuluang, Mr. Chéirat Jongjarrernsook, and

Mr. Prueksa Pratdrnr_at for spending time as observers in this research. Thanks
to Ms. Chanprapa Puangsuwan and to Mr. Boonchai Waleetorncheepsawat for

their helps in carrying out:the research.

Finally, I would like to affectionately give all gratitude to my family for
their encouragement,.assistance and patient support,in.everything throughout

my entire study.



CONTENTS

PAGE

ABSTRACT (IN THAD....uiitineiiie e et e e et e e e e e e e e e e e v
ABSTRACT (IN ENGLISH)....ituuiiiiiieiiie et et e et e e e e e e e e e eae e e eaaeanas \'
ACKNOWLEDGEMENTS. ...ttt b die e eneinenenetneteneeneeetnenennieeenneeneees Vi
CONTENTS. ..ottt ateeiaeae e bt sttt n Vil
LIST OF TABLE. ...ttt e Lottt 1X
LIST OF FIGURES...... o S s oas s ssiiats e e veeneeeeeeseeeneeensneennnens X
CHAPTER I INTRODU@TION 408 8. 0t s T e 1

|
CHAPTER IT LITERATURE REVIEW. .50 4
CHAPTER III PRINCIPLE AND METHQDOLOGY OF EXPERIMENT......... 8
CHAPTER IV EXPERIMENTAL'APPARAT-US AND EXPERIMENTAL
CONDITION....coeees o e N e 12
4.1 GOgEleS .t e _" ......................................... 12
4.2 Experimental booth............. L s AR ~4 ................................................ 12
4.3 Stimuli and grayseales....................... e 13
4.4 Illuminance levels.: ......................................................................................... 15
4.5 SUDJECES..unnn Bl It e, 15
4.6 Procedure............... ettt e e e e s e 16
CHAPTER V EXPERIMENT - NORMAL VIEWING........ ..o ifteeiieieeeeeen 18
5.1 Apparatus and ProCedUTre...........uuuuiiiiieieeeeeeeeeieeeeeeececccrrereeeee e ereeeeeeeeeaens 18
5.2 Results 6f the equivalentdightndssiwithfand withott gogglesi y..i.l.......... 18
5.3 Transfer experiment and thefinal results of the equivalence lightness...... 25
5.4 Color naming experiment and results..............cccoeeviiiiiiiiiiiiiiieeieeeeeeeeeeeee, 30

5.5 Discussion on the equivalent lightness in the normal viewing condition.... 36

CHAPTER VI EXPERIMENT-ENVIRONMENT-STIMULUS INDEPENDENT39

6.1 Apparatus and ProCedure.............uuiieeeeeeeeeeeiieieeeiiccieeeeeeeeee e 39
6.2 Results of the equivalent lightness with and without goggles..................... 39
6.3 Transfer experiment and the final results of the equivalent lightness........ 40

6.4 Color naming experiment and results..........cccccveeeeieiiiieeiiiiiiicceeeee, 50



PAGE
CHAPTER VII GENERAL DISCUSSION......cccccoviiiiiniiinienieniecieeieeeee, 56
CHAPTER VIII CONCLUSIONS......ccciiiiiiiiiiiiiiiccitceccee e 58

AULINENINYINT
IR TN TN

viil



1x

LIST OF TABLE

TABLE PAGE

4.1 Experimental conditions.......cccccvveveeieeieiieeeeeiieieeeeeeeecccceeeeee e 17

AULINENINYINT
IR TN TN



LIST OF FIGURES

FIGURE
1.1 Shift of population distribution in time in Thailand.........................
2.1 Contour curves of B/L of color tiles............cccoeeiiiiiiiiiiiiiiiiieieeeeeee,

2.2 The equivalent lightness of red stimuli plotted for the room
illuminance. The four curves courespond to different Chroma.

Straight lines show the achromatielightness.........cccoovvveeeeeenn.
2.3 Hue coefficient of the contriﬁution to the brightness........ccccovveeeeens
2.4 Color appearance shift from|the normal eyes to the eyes with the
goggles........... . A 4K 'J, ..............................................................
3.1 Arrangement for thehetérochromatic brightness matching (a) and
for the eleméntafy €olor naming (b)......ci..iietiecreeeeieeieieeeeeeeee,
3.2 Arrangement fouthe transfer fég(periment ..........................................
3.3 Illustration of normal Viewing-;‘sixpué‘cion and environment-
stimulus independentSIuation. .. c..ocitirreeeereee e
S1ad 2
3.4 A block diagram to show the entire experiment of the present

research...............s e A [

4.1 Spectral ttansmittance-curveof the color filter Qsed in the

goggles. i I, o . ...........ccccunnernnnnnns

4.2 A scheme of the experimental booth, a, nornial condition; b,
environmentsstimulus independent condition...............ccccevvvvunnnnnn...

4.3 Subject’siview for stimulus andgray scale (a), and@a subject
looKing at the stimulus with goggles (b). Normal viewing
EXPEIIMENT...uiuviiiiieeieeeei e B e e e a8 e e,

4.4 The stimulus ‘and the'gray-seale in the-stimulus room. A'dotted
rectangle indicates the window size through which a subject is
looking at them...........oooiiiiiiiiiiieeeeeee e

5.1 Equivalent lightness of the subjects PW and MI for the red
stimulus. Open circles, without goggles; filled triangles, with

BOZELRS oot ———————

5.2 Equivalent lightness measured without (o) and with goggles (A)
from five subjects and the mean for four colored stimuli, a, red; b,
yellow; ¢, green; d, bIUe.......cccouuiiiiiiiiiiiiiiiiieeeeeeee e,



FIGURE

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

6.1

6.2

6.3

6.4

6.5

6.6

Mean equivalent lightness of five subjects without (o) and with
() ZOZELES ...ttt

Results of the transfer experiment taken from the subjects PW
and MI for five illuminance levels..........ccccceeeveciieiiieiirciiieeee e,

Equivalent lightness measured under the normal viewing
experiment without (o) and with goggles (o) expressed by the
normal eye perception from five subjects and the mean for four
colored stimuli, a, xred; b, yellow;c,green; d, blue...........ccccccunvnnnnnn.

Mean equivalentdightness (E’ five-subjeets without (o) and with
goggles (o) expressed by the normal 6VeS. .. ....ccoovvveeeeieeeieeeeeeeen,

Results of the.eolor@ppearance experiment taken from the subject
PW and MT for.the red st1mullus Only chromaticness and
whiteness are ShOWI. 4. ... o .. e i ssaate e e e e e e e e e e e e ee e seneneeeees

Results of the colorappearance experiment for all subjects. The
mean of the five subjects 1s shown at the bottom right. a, red; b,
yellow; ¢, green; d, blue........... fJ ..........................................................
Mean results of five subJects of the color appearance for
chromaticness and Whitenees....-‘f..-: ......................................................
'“

Mean equivalent hghtness by tlﬁlormal eyes (o), with goggles
but expressed by the normal eyes (e), and the calculated lightness
based on the filter reduction ()....c.cevevvevvenin.. £ohoo

The equlvalent lightness without the goggles (o) and with the
goggles (A) from the subject PWand MI for the red stimulus.........

The equivalentdightness without the goggles (o) and with the
goggles (A ) forall Gubjéctsiandthéit niedn forred (a), yellow (b),
green (65 and blue stimulus ()& ..ol et B

Mean equivalent lightnéss without (o)*and with (A) goggles...........

Results'of the'transfer'experiment taken from-the subjects PW
and MI for five illuminance levels........ccccccceveviiiiiiieeiiniiiieeeeeenieen,

Equivalent lightness measured under the environment-stimulus
independent experiment without (o) and with goggles (o)
expressed by the normal eye perception from five subjects and the
mean for four colored stimuli, a, red; b, yellow; c, green; d, blue......

Mean equivalent lightness of five subjects under the environment-
stimulus independent experiment without (o) and with goggles (o)
expressed by the normal eyes.......ccccovvuuvieiiiiiiiiiiiieeiieeeeeeeeeeeccc,

x1

PAGE

24

25

26

30

31

32

36

37

40

41

45

45

46

50



x11

FIGURE PAGE

6.7 Results of the color appearance experiment under
theenvironment-stimulus independent condition for all subjects.
The mean of the five subjects is shown at the bottom right. a, red;

b, yellow; ¢, green; d, blue........ccccceuviiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee, 51
6.8 Mean results of five subjects of the color appearance for

chromaticness and Whiteness......ccccoovviiiiiiiiiiiiiiiiiiie e, 55
7.1 Equivalent lightness determined by the normal viewing condition

(®) and by the envirc nt- st independent condition (A).

Both curves were obt: RABOEOLRS ... 56

7.2 Color saturatio soggles from the normal

viewing condit ®) a environment-stimulus independent
condition (A)w!.. BB e S RO 57

AULINENINYINT
RN IUNRINYIAY



CHAPTER I
INTRODUCTION

Population distribution for ages is rapidly changing in any country and so in
Thailand as seen in Fig. 1.1 for 1965, 2005 and 2050, which is taken from the UN
World Population Prospects, 2004 revision. The abscissa gives the percentage of the
total population and along the ordinate the ages in five years old steps. The ordinate

is divided to three sections, children, working people and elderly people. As we can

see in the figure the proportion of t!

e‘gr’ ly people to the working people increases
very rapidly year after year. A‘% this change is the increase of the
—_— ’

| — —

fermedial

Late 2060

L e
burden of the worki,r‘ﬁpeople to support t@‘ hat is the working people
is obliged to pay morg tax in the nea osent time. One solution to

solve this problem is ﬂgm;) 1

of th&ociety in many ways to suit
elderly people. What is tl;;earoblem in the .%quieﬂy people? There are many, but one of
the most seri obl 18 c 1 1sual ion. It deteriorates as age,
mostly becauﬁ% gﬂcm(@;ﬂl erce @nﬁﬂ Earact eyes is composed
of three elements, color, bri htnesg. and haze. The color element is related to the
reduceat Sfﬂllta’lg ﬂ ﬁlgutulm ,Qav 1%&] :)R a's%]hne lens, the
brightnegs element to the reduced transmittance at entire region of wavelength, and
the haze element to the opacity of the crystalline lens [1].

An important visual perception that is affected by the cataract is the brightness. By
the brightness we can identify objects and lights and scientists and engineers made
every effort to quantify it. The luminous efficiency function V() introduced by CIE in
1924 [2] was the first step in the effort and many photometric units were developed to

express the brightness based on the function. The luminance coming to the eyes from

surfaces of objects or from light sources expresses their brightness. The lightness is



another expression of the brightness of surfaces of objects. From the time of the
development of these photometric units, however, a discrepancy between those units
and the brightness perception has been pointed out by Kohlrausch already in 1935 [3].
A systematic measurement to show the discrepancy quantitatively was done by
Sanders and Wyszecki [4] for lights and by Wyszecki [5] for colored objects, and made
it clear that colored lights and colored objects are brighter than an achromatic light or
an achromatic object when the luminance was made equal. This phenomenon is now
called the Helmholtz-Kohlrausch effect.
To express the brightness of objects more p¥'operly therequivalent lightness L*eq was
introduced, which is the lightness-of al gray scale that matches the object in
brightness.
Ikeda et al. [6] and Ikeda and Ashizawa [7,|‘ 8] measured the equivalent lightness for
various colors and under vagious illumihance’_ Jlllévels and proposed that the equivalent
lightness L*eq is composed ofitwo lightness, t"Ihat' 1s

L*¢q f=  L*+L¥ehn (1.1
where L* is the lightness itself and L#chr théﬂi_ightness coming from the color of an
object. ' 4. J
By using the cataract experiencing goggles to.lsji_mjﬂate the elderly vision Tkeda and
Obama [9] found that colors desaturate because the envirohment light is scattered
into the eyes by the haze'filter of the goggles. There are lots of the environment light
around us and the light s scattered on the retina because of the haze filter. The
environment light is normally*white and desaturates the color of retina image. The
desaturation should cause L*chr smaller because the contribution of color to L*chr is
smaller. The color objects should appearless bright than normal eyes:
In this experiment we first measure the equivalent lightness-percewed by the elderly
people by using the heterochromatic brightness matching method with the cataract
experiencing goggles under various illuminance levels covering mesopic and photopic
vision and then investigate the color appearance to see how much the color changes in
the elderly people by using the elementary color naming method with the cataract
experiencing goggles. This experiment may be called the normal viewing experiment.
In the second step we will propose a way to improve the equivalent lightness of colored

objects in elderly people by introducing the environment-stimulus independent



condition that reduces the effect of environment light. In this experiment we use two
rooms, one for the subject and the other for the stimulus. We may call the experiment
the two rooms experiment. We will obtain the equivalent lightness and the color
appearance of objects in elderly people under various illuminance levels in this

experiment also.

)
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CHAPTER II
LITERATURE REVIEW

A systematic investigation on the brightness-luminance discrepancy for object colors
was carried out by Wyszecki [5] in 1967. He used 43 colored ceramic tiles as stimuli
and made the brightness matching with a set of 10 gray tiles. The luminance of the
matched gray tile was always larger than the luminance of those colored tiles and he
showed the results by the ratio of the luminance of the matched gray tile and of the
colored tile, which is called B/L ratio. The B/L was larger than 1.0 for all the colored
tiles. The contour curves of constant B/I.were drawn on the CIE xy chromaticity
diagram as shown in Fig. 2:1. It is clearly shewn.that the more saturated colored tiles

have larger B/L value.

Fig. 2.1 Contour curves of B/L. of color tiles.

In treating the-brightness.-of objects it is more useful-to.speeify it by the equivalent
lightness L*eq rather/than'the luminancé. It is/the lightness of a gray scale that
matches a stimulus object in brightness. Ikeda.et al. [6] measured the equivalent
lightness of coloredichips of the size 20°, 1., and 6  under illuminance-0.01 Ix to 1000 Ix
and showed that the equivalent lightness L*eq can be expressed as
L*eq = L*achr + L*chr (2.1

where L*achr is the achromatic lightness and L*chr the chromatic lightness. When
the illuminance is very low L*achr becomes the scotopic lightness and when the
illuminance is high it becomes the photopic lightness. In between the scotopic vision
and the photopic vision there is the intermediate vision called the mesopic vision.
L*achr shifts from the scotopic to photopic lightness smoothly in that region but the

authors concluded the shift can be expressed by a straight line. They concluded also



that the border from the scotopic vision to the mesopic vision locates at the
illuminance 0.02 Ix and the border from the mesopic to the photopic at the illuminance
2 Ix. They employed colored stimuli of three sizes and L*eq was obtainable for the
largest stimulus for all the three regions of scotopic, mesopic, and photopic vision, but
obtainable with the smallest stimulus only for the photopic region. It was clearly
shown that L*chr depends on the color of colored patch.

The dependence of L*chr on the color was further investigated by Ikeda and Ashizawa

[7] by employing colored stimuli of different Munsell Chroma but of a same Munsell

Hue and a same Munsell Value. Examples of the results are shown in Fig. 2.2 for the

stimuli 5R4/2, 5R4/6, 5R4/10, and 5R4/14. The-abscissa gives the illuminance E Ix in
J

Fig. 2.2 The equival'e-rtiit lightness of red stimuli plotted fo;'; the room illuminance. The

four curves correspond to different Chroma. Straight 1ineésh0w the achromatic

lightness.

log unit under:which ghe /brightness matching was eonducted and the ordinate the
equivalent lightness'L¥eq. Straight-solid lines'are'ls*achr. The horizontal lines at low
illuminance show L¥*achr of the scotopic visiomy, and the horizontal line at high
illuminance shows™L*achr of the photopic vision. Oblique linesyshow L*achr of the
mesopic 'vision. All the equivalent lightness locate above the achromatic lightness at
any region, but it is most high with the stimulus 5R4/14. A stimulus of a high Chroma
or a high saturation appears very bright compared to its achromatic lightness. The
effect of hue to the equivalent lightness was also analyzed and it was smallest with
the yellow hue among four hues.

Ikeda et al. [10] derived a hue coefficient formula to show the effect of hue to the
equivalent lightness, which is shown by a solid curve in Fig. 2.3. The coefficient is

large for hues 5R, 5P, 10B and so on, but it is smallest for 5Y, or yellow. The yellow



Fig. 2.3 Hue coefficient of the contribution to the brightness.

\

|
color does not contribute to.the brightneés much.

So far for the equivalentlightness of the i_;(;rmal vision and we review now literatures
about the vision of the elderly people. Soo&,l or later elderly people get cataract in their
eyes and it became impoutant in many‘_‘couptries to investigate about the visual
perception by the cataract eyes. (J)b:-ama et ql[l] developed the cataract experiencing
goggles so that young people can'néxperiélr‘{éé;tpe elderly vision. The goggles are in
principle composed of three filters; a color;ﬁifér, a neutral density filter, and a haze
filter. The first two_reduced the light tra;r{ér'.m'ftéd but the last haze filter scatters
incoming light. We" eall _the goggles the Panasonic geggles if it is necessary to
distinguish it from other goggles. g

By using the cataract _experiencing goggles Ikeda and Obama [9] studied the color
appearance of colored objects and showed that the color desaturates with the goggles
as shown on thie Munsell color' notation graphiin Fig. 2:4. Open circles indicate the
colored objectsfseen by one eye and the arrows indicate the shift of the color
appearance with the goggles.in the other, eye. All*the arrows of the colors, whether
under the illumination 10 Ixcor; 1000-Ix and whether the subject! MI or TK, point
toward the center of the graph implying the desaturation with the goggles. The
authors concluded that the desaturation was caused by the scattered light by the haze
filter. There is a lot of environment light surrounding us which is normally white and
the light is scattered by the haze filter of the goggles into the eyes. The white light
over lays on the retinal image of the colored stimulus and the color desaturates. Ikeda
et al. [11] investigated the effect of the stimulus size on the color desaturation. Color
stimuli of the size 0.7, 1.5, 2.2, 5.9, 10.3, and 24.1° of arc of visual angle were

employed and their color appearance was measured by the elementary color naming



method. It was shown that the color desaturation was large for the small three sizes. A
colored stimulus of a small size such as 2° may be used in investigation of the
equivalent lightness of the elderly people.

If this desaturation takes place in the elderly eyes the equivalent lightness L*eq
should become smaller because L*chr in Eq. (2.1) is smaller due to the less
contribution from the color. This is a serious change in the brightness perception in

the elderly people but there has been no investigation in the past about this.

a5 0

Fa o
Fig. 2.4 cmﬂ%&lﬁé}}% @W@Wl&‘kﬂﬂ@es with the goggles.
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CHAPTER III
PRINCIPLE AND METHODOLOGY OF EXPERIMENT

We are interested in determining the equivalent lightness of the elderly people and
naturally the persons who participate to the experiment as subjects would be elderly
people. But it is difficult to do precise psychophysical measurement for elderly people
by asking them to come to the laboratory and to spend many days for the experiment.
It is not practical. So we use young students and ask them to wear the cataract
experiencing goggles to simulate elderly vision. The Panasonic goggles will be used, of
which properties are well documented [1, 9J.

It was stated that the equivalent lighgless 15 influenced by the color saturation. In
the first step of the experiment we investigate the color saturation by measuring the
color appearance of coloredohjects and in the second step we measure the equivalent
lightness. We employ the'elementary claplor naming method for measuring the color
appearance. A colored patgh of a'small size'is presented in front of a subject as shown
in Fig. 3.1a and he/she logks at the colol'i* Patch and judges its color appearance in
terms of color elements, namely, chrc:gplélticness, whiteness and blackness, in
percentage. And then he/she judges the_'-':-’chr-‘omaticness in terms of unique hues,
namely red, yellow, green and blue, againﬁ"'iﬁ-percentage but by using only one or two
of them. The opponent hues, tfiét 15 the re&%—.ﬁ;é;"sus-green and the yellow-versus-blue
can not be used at the same time. For exéﬁ;ﬁl@-a bright yellowish green patch may

be judged as 60 %.for chromaticness, 32 % for Whitene;‘és, ‘and 8 % for blackness to

make 100 % altogetl&é_r. Finally, he/she may judge the‘v‘ehromaticness composing of
35 % of yellow and 65 % of green. The yellow and the blue are not opponent colors.
The color saturation thdt.we are interested in can be known by the ratio of the
chromaticness 0 the whiteness. It should'be understood that the elementary color
naming is the absolute judgment without any reference color unlike the brightness

matching.

colored patch colored patch

a _
- N

gray scale

(a) (b)

Fig.3.1 Arrangement for the elementary color naming (a), and for the

heterochromatic brightness matching (b).
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In the second step we measure the equivalent lightness by using the heterochromatic
brightness matching method. A colored patch is compared with a gray scale side by
side as shown in Fig. 3.1b and a subject moves the gray scale back and forth and find
out a patch in the gray scale that matches with the colored patch in brightness. The
lightness of the matched gray scale is now the equivalent lightness of the colored
patch. This matching is done for two patches of different colors and the method is
called the heterochromatic brightness matching. In normal situation the gray scale is
made of steps of achromatic patches and there might not be a patch that matches the
colored patch exactly in brightness. In this ¢ases@an interpolation between two gray
patches can be made. In some other time the brightness of a colored patch may appear
still brighter than the brightest gray patchJand an extrapolation can be made in this
case.

Whether for the color naminggor for the f‘ieterochromatic brightness matching the
judgment is made both with thé normal eyes?'_that is, without the goggles, and with
the goggles so that we can gompare reso_lts l;ﬁéween young eyes and elderly eyes. We
have to notice here, howevery that in: obtaining‘-’the equivalent lightness in this way
the subject wares the goggles when he/she looks not only at the colored patch but also
at the gray scale. In other words the brlghtnes;s ‘for the gray scale is the brightness
experienced by an elderly person as- 1llustrateJ 111 Fig. 3.2a. We are interested to
express the brightness of a colored patch expenenced by the elderly people by the
brightness of a gray scale experrenc'ed by 'the "yo‘ung people So the equivalent
lightness determined in- th_e_abole&a;Lshould_be_transferred to the equivalent
lightness based on the perceptlon of the young people. Therefore we do another
experiment where the brightness matching between two gray scales, one of which is
observed with the goggles and.the other is observed without the goggles, is made as

illustrated in Fig.3:2b. This experiment will be'called the transferiexperiment in the
D color patch
U110 T e———— i)

gray scale
goggles

gray patch i

gray scale

Fig. 3.2 Arrangement for the transfer experiment.
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present paper. It is of course possible in theory to do the heterochromatic brightness
matching between a colored patch observed with the goggles and a gray scale observed
without the goggles. But this is extremely difficult for subjects to do as the brightness
of patches of different colors should be made by memory of the brightness, one for a
colored patch and the other for an achromatic patch, with a time interval to wear or to
take out the goggles. Such matching between both achromatic patches can be
reasonably done even with the time interval.

It was anticipated that the equivalent lightness is smaller in elderly people causing
their brightness perception for any colored surfaces lower because of the color
desaturation caused by the foggy erystalline lens«and the environment light that is
scattered into the eyes as illustrated in Flg 3.3a.. We can expect then that lowering
of the equivalent lightness wouldhe‘avoided if we can reduce the environment light
without reducing the illumination oh the object that the elderly person is looking at as
in Fig. 3.3b. This situation‘€an be ealized by employing two rooms, one for the person

and the other for the object,andby;, illuminatiﬁg the rooms independently.

L i BN
///@
| #

(a) (b)
Fig. 3.3 Illustration of mormal viewing situation (a) and environment-stimulus

independent situation (b).

This experiment will be called the environment-stimulus independent experiment. In
the present.paper, we will build an.experimental booth:which is composed. of two rooms,
a subject room and a stimulus roem;iconnected by a window/between them. A subject
looks at stimuli placed in the stimulus room through the window while he/she is
staying in the subject room. We can investigate the effect of the environment light on
the color appearance and on the equivalent lightness by controlling both illuminations
for the subject room and the stimulus room. The environment-stimulus independent
experiment can be called the two rooms experiment, while the experiment under
normal illuminating condition may be called the normal viewing experiment or the
one room experiment. Fig. 3.4 shows the entire experiment of the present paper in a

block diagram.



l Experiment \
T J

One room Tw m
I 1
Equivalent ementary |
lichtness color n a\
e
Transfer
lightness

ﬂiJEI’J'VIEWlﬁWEI’]ﬂ‘i
’QW]NT]‘EEUNWTJWEH&EJ

11



CHAPTER IV
EXPERIMENTAL APPARATUS AND EXPERIMENTAL CONDITION

4.1 Goggles

The cataract experiencing goggles are made in principle of three filters, a neutral
density filter, a color filter, and a haze filter [1]. In reality the first two filters were
replaced by one color filter and the newest version of its spectral transmittance curve
is shown in Fig. 4.1 as given by Dr. Obama. The haze value of the haze filter is about
18 %. The haze value is defined as the percentage of the scattered light to the entire
transmitted light. The determination of /these filters was based on 48 cataract
patients who started to feel inconvenience“in.their daily life in seeing and who

operated for one eye to replagesthe erystalline lens with an intraocular lens IOL.

1 i T L A L R R e N

0.9+
0.8 [
0.5+
0.6 |3
0.5
04 |
03
02
0.1

0

Transmittance

350 400 450 500 550 600—650"/700 750
Wavelength (nm)

Fig. 4.1 Spectral transmittance curve of the color filter used in the goggles.

4.2 Experimental booth

A room of 100 cin wide, 175 cm deep, and 240 cm high was built and it was divided to
two rooms nsthe depth-to-make a-subject xoom-0f-150, em-deep, and asstimulus room of
25 cm deep, whichiis shown in Figii4.25In between the two rooms a-small window W
of the size 4.2 cm high and 12 cm wide was opened at a height 130 cm through which
a subject could just observe a stimulus and a gray scale placed in the stimulus room
in the environment-stimulus independent experiment (b). The window was closed in
the normal viewing experiment (a). The inside walls were pasted by a white wall
paper with a slight texture of the Munsell Value N8.2. The subject room was
illuminated by five fluorescent lamps of 3-bands type of 20 W each attached on the
ceiling. The stimulus room was also illuminated by a fluorescent lamp of 3-bands

type of 20 W attached on the dividing wall. Both illuminations were controllable in
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¢ o

illuminometer was put to measure-the 1o minance. The subject room was

00

his/her eyes were 130 c

i

r
plate which was put on thesshelf as shown bygT: in Fig. 4.2. The subject moved the

gray scale horizoﬂluﬂl’s@eﬂﬁ.‘ﬁﬁ)%ﬂ@sﬂ‘%'ﬂored stimulus by

him/herself followifig the experimenter’s requirement. In the environment-stimulus

e W RS A e S

subject pulleil or released a string that hung the gray scale to adjust its position. The

In the normal viewing e iment, stimuli and a gray Scm were placed on a tilted

experimenter used another string to select a stimulus.

4.3 Stimuli and gray scales

Four colored patches were selected as stimuli, 5R4/14, 5Y8/14, 5G5/10, and 10B5/10.
They were cut in the size 4.5 x 4.5 cm?2 and pasted in the order on a paper board for the
normal viewing experiment and on plywood for the environment-stimulus

independent experiment. The gray scale was made of 15 gray patches ranging from



14

N2.5 to N9.5 with NO.5 steps. They were also pasted on a board. The size of each patch
was 3 x 3 cm? for the normal viewing experiment and 4.5 x 4.5 cm? for the
environment-stimulus independent experiment. In the normal viewing experiment a
subject looked at the colored patch and the gray scale at the distance 40 cm. We
wanted to have the stimulus size of 2° arc of the visual angle to have a large
desaturation effect [11] and consequently a square window of the size 1.4 x 1.4 cm?
was placed on both the colored stimulus and the gray scale in the normal viewing
experiment. In the environment- stlmul‘u lZ?pendent experiment the window size

as the viewing distance was 115

was 4 x 4 cm?2 to give the same visual angle

cm.

-,
Figure 4.3a shows a set of the:s 1miﬂus and the gr@iﬁ. ']eplaced in the subject room

in the normal viewing experiment: The small upper window 1s for the colored stimulus

@) L) O
Fig. 4.3 Subject’s view Q stimulus and gray scale ?d\a.” subject looking at the

|
stimulus with goggles (b).yormal viewing expe: -

and any stimulus n ﬂﬂﬂ? Wﬂﬂi ‘meE\us board side way.
The lower window ﬂg its positi indow can be read out
through a large window below. Fig. 4.3b shows the instance when a subject is

cavaing 8 5 1) P | ) 34 o

measure thé room illuminance is seen in front of the stimulus-grayscale set. In the

case of color appearance experiment only the stimulus is shown without the gray
scale.

Figure 4.4 shows the set of the stimulus and the gray scale in the case of the
environment-stimulus independent experiment. The photograph was taken through
an enlarged window on the dividing wall. The stimulus and the gray scale were placed
side by side, the test stimulus on the left and the gray scale on the right. A small

window on the right is the window to see the position of the gray scale. A horizontal
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rectangular frame with a dotted line shows the size of the observing window opened
on the dividing wall. The size was made as small as possible just to see the stimulus,
the gray scale and the number of the gray scale by both eyes and it was 12 x 4 cm2.

This was to minimize the environment light coming from the stimulus room itself.

. W) 1!.’!/ B

. e
Fig. 4.4 The stimulus and the ¢ st:a}(ie in the stimulus room. A dotted rectangle
indicates the window size hich'a su‘ﬁﬁect is looking at them.
o -Ji-:.* 7
M, ’;f ‘ 1
A
In the transfer experiment a sli ng ,Hilask wa f)n the stimulus and the gray scale
-'J'-;g;
so that only one of them can be—seen to:tﬁe‘ sub]ect This made the difficult
measurement a little bit easier. =~ GEs - -
! L)
o -
L7 ; Y )
4.4 TMluminance levels o

Nine levels of illuminanceJivere prepared for the subject raom. They were 0.08, 0.25,
0.8, 2.5, 8, 25, 80, 250, and 800.1x covering thegmesopic to photopic vision. They were
taken to have a same 1nterval of 0.5 in log umt The level for the scotoplc vision was
not employed because the measurement can not be made for that level with the small
patch size of 2 degrees.square [6]... v 148 P -~ o

In the env1ronm‘ent sﬁr‘nulus 1ndep§ndent experlment the stlmult‘i:s,‘room was kept
constant at 200 Ix of the vertical plane illuminance on the stimulus surface.

In the transfer experiment the illuminance levels of the subject room were reduced to

five, 0.08, 0.8, 8, 80, and 800 Ix. Only four gray patches were transferred from the
goggles eyes to the normal eyes, N3.5, N5.5, N7.5, and N9.5.

4.4 Subjects
Five subjects participated in all the experiments, PW (24 years old, female), CJ (25,
male), PR (25, male), ET (36, male), and MI (77, male). They are all normal in the
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color vision as tested by the 100 hue test. The experiments were done binocularly.
Both eyes of the subject MI were operated for the cataract and installed with IOL. He

has a good visual acuity.

4.5 Procedure

Prior to the main experiment each subject except an experienced subject MI was
instructed about the heterochromatic brightness matching and the color naming, and
experienced both experiments for some stimuli.

The instruction for the brightness matching was “Please move the gray scale back and
forth and find a patch of which brightness is same*as that of the colored stimulus. If
there is no such gray patch that matchesjexactly with the stimulus in brightness,
please estimate a value in between two neighboring patches such as 11.5. If you have
no brighter gray patch available because a qolored stimulus appears very bright, you
may extrapolate the gray.scale responding such as 16.8. Please report the number of
the gray scale when you degide./There are f(fuf colored stimuli and the experimenter
will tell you which color should be prepared. E;Ie ‘will also tell you whether you observe
patches with or without goggles.” -

The instruction for the transfer expemment goes hke “Please slide the mask on the
stimulus so that you can see only the lower ngdow where a gray patch is presented
and observe it with goggles and reniember its bﬁghtness Then slide the mask so that
you can see only the upper window:. Take the goggies out and find a gray patch that
matches with the previeus patch in brightness by your memory. You can observe the
stimulus and the gray scale as many as you like to.” Rest of the instruction is same as
for the previous instruction.

The instruction for the colorsappearance was “Please look at the colored stimulus and
judge its color appearance.in terms of chromaticness, whiténess, and blackness in
percentage to makeithe total 100. You can judge from any element of the three. Then
judge the chromaticness in terms of unique, hues, réed, yellow,. green, and blue in
percentage. You can use only oneforitwo of the hues,;but you can’tirespond with red
and green together, nor yellow and blue together.”

Some tasks in the experiments instructed in the above instructions are carried out by
the experimenter.

The experiment was always started from 800 1x of the subject room. No particular
adapting time was prepared as subjects entered the subject room from another room
of which illuminance was comparable to the subject room. Further more it took a few
minutes before a subject could judge any. When the 800 Ix level was over the next 250

Ix level was investigated. No adaptation time was required as the illuminance level
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changes only -0.5 1x in log unit. When the lowest level of 0.08 1x was investigated one
experimental session was over. When the increasing series of the subject room
illuminance was employed it was always started continuously after the decreasing
series to avoid a long adapting time. No special adaptation time was set when a
subject wore the goggles because the illuminance change at the eyes from the normal
eyes to the eyes with goggles was only -0.24 in log unit.

Total of ten sessions were conducted for the equivalent lightness experiment and five

sessions for the color naming experiment.
' 4.1.
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CHAPTER V
EXPERIMENT - NORMAL VIEWING

5.1 Apparatus and procedure

This is the experiment of which principle was illustrated in Fig. 3.2a. The window on
the dividing wall was closed and only the subject room shown in Fig. 4.2 was used. A
subject sat down on a chair so that the viewing distance to the stimulus became 40
cm. A pole of 40 cm long was prepared so that the subject could estimate his/her eye
position. The room illuminance was adjusted by the subject at the highest level of 800
Ix in most cases. The adjusting time eventually worked as the adaptation time.

When the illuminance was adjusted j‘t a~certain level the measurement of the
equivalent lightness was carried out. The subjeet did the heterochromatic brightness
matching between the colered stimuli and the gray scale with the goggles in one case
and without the goggles in anether ¢ase for one colored stimulus. “With” or “without”,
and “which color” were selected by an experimenter randomly. When four colored
stimuli were finishedsthe next illuminaﬁceJ level was adjusted and the experiment
was continued until all/the/lluminance ‘%ip\}éls were treated, when one session was
over. Ten such sessions were done by each—i--subject at different time and on different
days. One session took between 30-vminute'jsfﬂand 2 hours depending on subjects.

Aol A

5.2 Results of the equivalent lightness with;arid without goggles

Examples of the results are shown in Fig. 5.1 taken from the subjects PW and MI for
the red stimulus of 57R4/14. The abscissa gives the room-illuminance Ix in log unit.
There are indicated the regions of the mesopic and the photopic vision. The scotopic

region is outside to the left.in the graph. The ordinate gives the equivalent lightness

100 100
%0 - PW 30 - Ml
o 80 - 80 =
o 70 =0
%60 L 8 b
5 20 50 F
-2 40 B - T T T T T T T s s E T a0 +
: -.‘a
& ol i 30 .- photopic
20 mesopic photopic 20 mesopic
10 + 10 L
0 1 1 1 1 1 1 1 | | 0 | | | | | .

-15-1050 051152 25 3 35
log Env lllum (Ix)

-15-1-050051 152 253 35
log Env lllum (Ix)

Fig. 5.1 Equivalent lightness of the subjects PW and MI for the red stimulus. Open
circles, without goggles; filled triangles, with goggles.
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L*eq. Open circles show L*eq obtained with the normal eyes or without goggles and
filled triangles show L*eq with goggles. The subject MI could not obtain L*eq with
goggles at 0.08 1x because he could not discriminate the stimulus from surrounding
any more. Standard deviations of ten determinations are shown by short vertical bars
but only for the normal eyes. They are not large implying good accuracy of the
equivalent lightness. A dotted line and a solid line show the nominal lightness or the
achromatic lightness L*achr according to Ikeda and Ashizawa [7].

The equivalent lightness increases monotonically for increasing room illuminance
with some saturation trend at very high illuminance, which is in accordance with
previous reports [6, 7]. The data show much*larger equivalent lightness than the
nominal lightness and inappropriatené)és of using the nominal lightness defined by
the CIE to express the brightness of objects. The equivalent lightness with goggles
shown by filled triangles came very: closq to the equivalent lightness without goggles.
Data from all the five.subjeets are showﬁ in Fig 5.2a forred stimulus, 5.2b for yellow,
5.2¢ for green, and 5.2d for blue ‘stimuk_l}is. Graphs at the bottom right show the
average of five subjects and standaird devi?tic)n among five subjects. Although detailed
shape of curves differ among individuals '%rnd (_:olors one property is common. That is,
they monotonically increase fdf :-higher_.: Ji‘llJﬁminance levels. There is individual
difference as to the height of curve'né. For é;éfggle in the red stimulus the subject PW
shows her curve at a high position whiles tﬁe—ms?ibject PR very low. In other words PW
has a large L*chr and PR has asmall L*chf'Ilt"ifvas shown by Ikeda and Ashizawa [7]
that there are subjects of C-type and those of Li-type, theformer having a large value
of L*chr and the lattet small value of L*chr. If we use theif expression the subject PW
is a person of the C-type who evaluates color very highly to the brightness, and the
subject PR is a person of the Li-type whose brightness perception is mainly determined
by the achromatic lightness L¥achy. This difference between the two subjects is also
seen for the greén and blue stimulus.

The equivalent.lightness_ of yellow locates very high .as.shown.in Fig. 5.2b. This is
understandable because the mominal lightness of this [stimulus is_already 80 and
should locate high. But we should notice that the elevation of L*eq from L*achr is not
high. That is, the contribution of color to the brightness is not large. It must be
remembered that both red and yellow stimuli have the same Munsell Chroma, 14, yet
the L*chr is quite different. The result is in accordance with that of Ikeda and
Ashizawa [7] and Ikeda et al. [10].

One other thing that we notice in Fig. 5.2 is the difference between the normal eyes

and goggles eyes. There is found almost no difference for the red and yellow stimulus,
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(a)
2 Equivalent lightness measured without (O) and with goggles (A) from five

subjects and the mean for four colored stimuli, a, red; b, yellow; ¢, green; d, blue.
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but the equivalent lightness with the goggles is systematically lower for the green and
blue stimulus in all the subjects.

Short vertical bars attached to the curve obtained without goggles in the graphs of the
mean indicate the standard deviation among four subjects. It is large with the red
stimulus whilst small with the yellow stimulus.

In Fig. 5.3 mean curves are shown for the four stimuli. The properties of the curves
were already pointed above. Curves increase monotonically for higher illuminance,
The elevation from the achromatic lightness differs among colors, large for red and
small for yellow, and two curves of the noumal eyes and of the goggles eyes are very

close with each other although there 1s a slightdifference with green and blue stimuli.
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Fig. 5.3 Mean equivalent lightness of five subjects without (O) and with (A) goggles.

The agreement of two curves without and with the goggles may pose us with a
problem. We may simply suppose that L*eq with goggles is smaller than L*eq without
goggles because the color desaturates with goggles and L*chr becomes smaller. But
the finding here is inconsistent with this prediction. Why? We already explored this
problem in Chapter 3 and pointed out a still new experiment, the transfer experiment.

We should transfer the equivalent lightness seen with goggles to the equivalent
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lightness seen without goggles, or in other words the equivalent lightness seen by

elderly people to that seen by young people, which will be done in the next section.

5.3 Transfer experiment and the final results

This experiment is to transfer a gray scale seen with goggles to a gray scale seen
without goggles as shown in Fig. 3.2b. Only four achromatic patches, N3.5, N5.5, N7.5,
and N9.5 were employed for the goggles eyes and five illuminance levels for the
subject room, 0.08, 0.8, 8, 80, and 800 Ix. The experiment was repeated for five times.

Results are shown for the subjects PW and MIin Fig. 5.4 with different symbols for
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L* (goggles) —— L* (goggles)

Fig. 5.4 Results of the transfer experiment t;f;ik'"eﬁ from the subjects PW and MI for five

illuminance levels. =

illuminance. Along the abscissa the lightness of gray patch seen with the goggles is
taken and along the ordinate the lightness of gray scale that is matched with the gray
patches seen with the normal‘eyes. Itis/ seen that all gray patches appeared slightly
darker when they are looked through the goggles. As it appears that each curve can be
approximated by a_straight line an equation to relate L*(goggles)'to L*(normal) was
derived for each iHuminancerand.it swas used to transfer thesequivalent lightness
shown by filled triangles in Fig. 5.2 to the final equivalent lightness expressed by
young people. Equations for other illuminance levels for which the transfer
measurement was not done were interpolated based on the two neighboring equations.
The L*(goggles) to L*(normal) curves were obtained for all five subjects.

The final equivalent lightness with goggles expressed by the normal eyes is shown in

Fig. 5.5 for five subjects and for the mean. Fig. 5.6 shows the mean results that are
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Fig. 5.5 Equivalent lightness measured without (O) and with goggles (@) expressed
by the normal eye perception from five subjects and the mean for four colored stimuli,

a, red; b, yellow; ¢, green; d, blue.
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Fig. 5.6 Mean equivalent lightness of five su.bgebts without (O) and with goggles (@)

gl

expressed by the normal eyes. . & W]

same as curves sho"qv‘rli at the bottom right in Fig. 5.5. The abscissa and the ordinate
are same as Fig. 5.2 and curves with open circles Weré already shown there as the
equivalent lightness determined by the normal eyes. The equivalent lightness with
goggles or we may say that of the elderly.people, is-always-lower than that of the
normal eyes by the:amountif about.8 inired, 10'in.yellow, 10 in green, and 13 in blue
stimulus in L* unit if we take difference in the photopic region. Objects appear darker

for the elderly peopie than young people.

5.4 Color naming experiment and results

In this color appearance experiment only a colored stimulus was presented in front of
a subject. He/she judged its chromaticness, whiteness, and blackness in percentage by
the elementary color naming method. The amounts of unique hues were also judged
for the chromaticness in percentage. Each subject repeated the judgment for five
times. Examples of results are shown in Fig. 5.7 from the subjects PW and MI and for
the redstimulus. The abscissa gives the room illuminance in Ix and the ordinate the

percentage of amount of elements, chromaticness by circles and whiteness by squares.
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Fig. 5.7 Results of the color appearance experiment taken from the subject PW and MI

. ¢ - .
for the red stimulus. Only chromaticness and whiteness are shown.

The results without the gogglesare shov(ln by open symbols and those with the goggles
by filled symbols. Short baus dundicate the standard deviation for the case of
chromaticness. The standard de\./igtiof_blis relatively large at low illuminance
indicating difficulty of detérmining the ar%;,ouint of chromaticness. It became smaller at
high illuminance. The chromatmness w11:"_h the normal eyes increases monotonically
with some saturation trend at h1gh 1llu1ﬁ;1;}allce and the whiteness increases firstly
and decreases with a peak. The chromatlcness curve obtained with the goggles is
much lower than that without goggles m btxt:h sub]ects indicating the desaturation of
color with the goggles in accordanée with tahe “report glven by Ikeda and Obama [9].
The whiteness curve wmh_gaggles_shlfts_towandﬂghijhowmg the peak at a higher
illuminance than that without goggles. The monotonic increase of the chromaticness
with and without the goggles indicate a monotonic increase of L*chr and agrees with
the result of the equivalent lightness gshown in Fig. 5.2a. Such increase of
chromaticness was found for other colors asjseen i Fig. 5.8, where results are shown
for all the subject and the mean results of the five subjects. The blackness is not

shown _here.but it.can be estimated ,from .the whiteness. and” the blackness by

subtracting them from*100.
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The mean curves in Fig. 5.8 are summarized in Fig. 5.9.
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Fig. 5.9 Mean results of five subjects of the color appearance for chromaticness and

d .l

whiteness.

The amounts of hues were also judged in the color appeérance experiment. All the
subjects judged only red hue for the red stimulus, only yellow for the yellow stimulus,
only green for the green'stimulus, and onlysblue for the blue stimulus. That is, the
appearance of the colored stimuli was/all unique hues, respectively. Thus the results

are not shown here.

5.5 Discussion on the equivalent lightness in the normal viewingicondition

The goggles are composed of a color filter and a haze filter. As we see the spectral
transmittance curve of the color filter shown in Fig. 4.1 all the lights in the visual
region are transmitted less than 60 %. This reduction of the transmittance reduces the
equivalent lightness by the amounts, 9, 16, 12, and 12 in red, yellow, green, and blue
stimulus, respectively for the photopic region. If we discount this reduction amount of
L* from the equivalent lightness obtained by the normal eyes we get curves indicated
by open diamonds in Fig. 5.10. Curves of open circles and filled circles appeared

already in Fig. 5.6 to represent the equivalent lightness of young people and that of
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Fig. 5.10 Mean equivalent lightness by the normal eyes (O), with goggles but
expressed by the normal eyes (@), and the calculated lightness based on the filter
reduction (). ‘

elderly people, respectively. It 1s surprising to see that the results shown by open
diamonds agree with those of the lightness of elderly people expressed by young
perception shown by filled circles. As far as the data indicate there seems to be no
effect of the haze filter. We anticipated L*eq to decrease more than a mere reducing
effect of the_color filter because L*chr decreases by the color desaturation with the
haze filter, but the-decrease appeats only becauseof the color filter. Does not the haze
filter give any effect on the equivalent lightness? Answer can be found in the results of
the color appearance shown already in Fig. 5.9. Here, we see the chromaticness with
the goggles decreases compared to that with the normal eyes, which means the color
desaturation and consequently the decrease of L*chr. But we see also at the same time
the whiteness with the goggles increases compared to that with the normal eyes,
which means the increase of brightness. One causes decrease of the equivalent
lightness, and the other causes increase of the equivalent lightness. It appears,

therefore, that the effect of the haze filter does not exist. If we calculate the



38

chromaticness difference between with and without goggles for all the colors for the
photopic range it turns out to be -17 for red, -13 for yellow, -15 for green, and -15 for
blue. On the other hand the whiteness difference is 10 for red, 10 for yellow, 7 for
green, and 7 for blue, respectively. The sum of chromatic difference and whiteness
difference becomes -7 for red, -3 for yellow, -8 for green, and -8 for blue. The fact that
there is no difference between two curves of open diamonds and filled circles in red,
green, and blue stimuli, the values -7 or -8 in the above calculation would give no
difference between the two curves. Then the value -3 in yellow stimulus means the
final equivalent lightness shown by filled circles.should be slightly elevated from the
calculated lightness based on the filter transmattance, which agrees with the result in
Fig. 5.10. 4
It is necessary to modify Eq.{T 1) to express the equivalent lightness to the following
equation for elderly vision. \
La€qs L+ L*Aclqr + L¥env (5.1)
L* is the nominal lightness defined by idhle CIE and it was expressed sometime as
L*achr in this paper and . *chr/is‘the lié*}ltness coming from the color of objects and
large in general for saturated color L*env 1s a new term derived by the present
experiment and it is the hghtness caused by the scattered light in the eye that comes
from the environment light. In the elderly people L*chr is decreased because of the
desaturation of the color of objects but L*emns increased because of the environment
light that is scattered in_their-eéyes. Both ;Il*ilﬂiir ‘and L*env are caused by the foggy

crystalline lens and by the environment light.



CHAPTER VI
EXPERIMENT - ENVIRONMENT-STIMULUS INDEPENDENT

6.1 Apparatus and procedure

It was shown in the previous chapter that the environmental light that comes from
our surroundings causes to change the equivalent lightness. Here in this chapter a
new technique to reduce the cause of the environment light is introduced. It is called
the environment-stimulus independent technique and uses two rooms, one for the
subject room and the other for the stimulus room. We use both rooms of the
experimental booth that was shown in Figs 4.2 in Chapter 4 by opening a small
window on the dividing wall so that alsubject can see a stimulus and a gray scale
placed in the stimulus room.asshown 1n Fig. 4:4.

The illuminance levels for*the subject! room were same as for the normal viewing
experiment, namely 0.08, 025, 0.8, 2.5, 8, 25, 80, 250, and 800 Ix. But the
illumination to the stimulus/and the grayscale was kept constant throughout the
experiment at 200 lx'on the vertical f)lape on the surface of stimulus. By this
arrangement we can inyestigate the effecnt':_of the room illumination without changing
the illumination condition for the stimulus -appearance.

Experimental procedures to obtain‘the eqﬁ'ivalent lightness, transfer equations, and
the color appearance were similar to thosei()-ij';"'the normal viewing experiment with
some minor change due to the-separation -"of.é- booth to two rooms. Subjects made
measurements while they were looking inside the window opened to the stimulus
room. Their central*parts of the eyes were always adapted to the illuminance of 200
Ix regardless the subject room illuminance. There was no need to pay attention to the

adaptation every time whien. the room illuminance was changed.

6.2 Results of the equivalent lightness with and without goggles

Results-are similarly shown as.for,thesprevieus,chapter. Figure 61 shows examples of
the results obtained from thelsubjects PW and MI for! the case of red stimulus with
the standard deviation for the results of the normal eyes. A short line drawn on the
abscissa shows the illuminance for the stimulus room. Above this line the subject
room was brighter than the stimulus room and below this line the subject room was
darker than the stimulus room. Both equivalent lightness without and with the
goggles show high values and they stay high regardless the room illuminance. There
is seen a slight tendency of decreasing for higher illuminance probably implying the

increase of the effect of environment light.
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Fig. 6.1 The equivalent lightness without the goggles (O) and with the goggles (A)
from the subject PW andsMT for the red stimulus.

Figure 6.2 shows the resultssof.all five lsubjects and their mean. There is individual
difference in the increaseof the equivalent lightness from L*achr. For example in the
red case (a) the subject PW shows a hi?éhrelevation of L*eq from L*achr, but the
subject CJ or PR does not. Such t.endencg)ﬁis? also found in other stimuli. The subject
PW is clearly a C-type subject. The subje_'cf-‘M‘I judged the blue stimulus very bright
with his naked eyes as seen in (dk Accoi:ding to his subjective report the stimulus
appeared the light source colokfor ‘the ré_ent‘ 1lluminance lower than that of the

stimulus room. He judged it very bright.ﬁ',aFi%_6.3 shows the mean results of five

subjects for four colors. All curves tend to decrease for higher room illuminance, and

particularly so with!gieen and blue stimuli at the highesf_two illuminances which are

higher than the stimulus room illuminance.

6.3 Transfer experiment and thefinal results of the equivalent-lightness

The transfer experiinent té'change the!brightness ' impression of four gray patches
seen with goggles to the brightness impression of.gray scale seengwithout goggles was
carriedsout for subjects and results! from the subjects PW and MI are shown for red
stimulusiin Fig. 6.4. The room illuminance of 250 1x was employed in these two
subjects in stead of 0.08 Ix. Slight difference was found here from the results obtained
in the normal viewing condition of Chapter 5. There, L* (normal) was always smaller
than L* (goggles), but here L* (normal) is greater than L* (goggles) for patches of N3.5
and N5.5 under 250 and 800 Ix, particularly in the subject MI. According to his report
the gray patches appeared brighter because of white scattered light over the gray
patches when the subject room light was high.
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Fig. 6.4 Results of the transfer experiment taken from the subjects PW and MI for five

illuminance levels.

By using the transfer curves obtained from each subject the equivalent lightness in
Fig. 6.2 was transferred to the equivalent lightness expressed by the normal eyes. The
results are shown in Fig. 6.5 for all the subjects, and their mean in Fig. 6.6 for the four

colored stimuli. We see in Fig. 6.6 the equivalent lightness with goggles is lower than
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Fig. 6.5 Equivalent lightness measured under the environment-stimulus independent
experiment without (O) and with goggles (@) expressed by the normal eye perception
from five subjects and the mean for four colored stimuli, a, red; b, yellow; ¢, green; d,
blue.
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Fig. 6.6 Mean equivalent lighthéss of five—_s_ixﬁj{ects under the environment-stimulus

independent experiment without (©) and with goggles (@) expressed by the normal

eyes. - -

that without goggles, but it remains about same for.all the illuminance levels. It
slightly goes down forghigher illuminanege indicating the effect of environment

increases slightly.

6.4 Color naming experiment.and.results

Results of eolor appearance experiment are shown in Fig. 6.7 as in' Fig. 5.8 of the
normal viewing experiment. All the subjects but PW showed rather constant
chromaticness and whiteness shown by open circles and by open squares, respectively,
for room illuminance when the red stimulus was observed without goggles as seen in
Fig. 6.7a. In the case of the subject PW the chromaticness increased rapidly and the
whiteness decreased also rapidly for higher illuminance. With goggles the
chromaticness slightly decreased and the whiteness increased for higher illuminance,
particularly at the highest three illuminance levels in most subjects. The subject PW

showed a different result with goggles also.
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Fig. 6.7 Results of the color appearance experiment under the environment-stimulus
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independent condition for all subjects. The mean of the five subjects is shown at the

bottom right. a, red; b, yellow; ¢, green; d, blue.
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The mean results of five subjects are summarized in Fig. 6.8. It is clearly shown that
the chromaticness stays constant for all the illuminance levels without goggles. This

should assure the equivalent lightness stays constant for all the illuminance levels
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Fig. 6.8 Mean resul’t's'"llof five subjects of the color appeaﬁhce for chromaticness and

whiteness.

and it can be confirmed in Kig.'6.6. With the ‘goggles the chromaticness stays almost
constant but it drops down at highest two illuminance levels, 250 and 800 1x in all the
stimuli..It should predict the drop.of the equivalentlightness.also.at the two levels but
as far as we see/imFig: 6.6 suchidrop is not clearly seen. The superposition of white
environment light over the test stimuli protected from the drop of the equivalent

lightness as discussed in the previous chapter for the normal viewing experiment.



CHAPTER VII
GENERAL DISCUSSION

The equivalent lightness was obtained in two viewing conditions, the normal viewing
condition and the environment-stimulus independent condition. We will compare the
two results in this chapter. The two curves obtained with goggles are plotted in Fig.
7.1, one by the normal viewing condition ( ) and the other by the

environment-stimulus independent condition (A). Four sections correspond to the
stimulus colors, red, yellow, green, and blue. Those are averaged results of five

subjects. As already pointed out in the previetiss¢hapters L*eq by the normal viewing
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Fig. 7.1 Equivalent lightness determined by the normal viewing condition () and by
the enyvironmeént-stimtlds lindependént €ondition) (A). Both! dutves were obtained

with goggles.

condition increases monotonically for higher illuminance but on the other hand L¥*eq
by the environment-stimulus independent condition gradually decreases. They
intersect at around 1.8 log 1x or 63 Ix in all the colors, not far from 200 Ix of the
stimulus room in the environment-stimulus independent experiment, when both
rooms appeared almost continuous in brightness. The gradual decrease of L*eq in the

environment-stimulus independent condition is certainly because of the increase of



57

effect from the scattered environment light. The effect is to reduce the color saturation
and consequently L*chr, which is lightness coming from color. In the other expression
the color saturation and thus the equivalent lightness can be increased by employing
the environment-stimulus independent technique and reducing the illuminance of the
subject room.

The change of the color saturation can be seen more directly by taking the ratio of
chromaticness to whiteness obtained in the color appearance experiments in Chapter

5 and 6. The results are shown in Fig. 7.2. Tendency of two curves is very similar to
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Fig. 7.2.Color saturation_.of stimuli observed.with' goggles from.the normal viewing

condition (#) andthe'environment:stimulus independent condition (A).

that found in Fig. 7.1. This should mean that the equivalent lightness is closely
related to the color saturation and confirms the validity of Eq. (1.1). But it was noticed
by subjects that the impression for the stimulus becomes very vivid when the room
illuminance was reduced in the environment-stimulus condition than the saturation’s
increase. This discrepancy suggests that the pattern perception is another important

feature to be investigated beside the equivalent lightness and the color appearance.



CHAPTER VIII
CONCLUSIONS

The cataract experiencing goggles developed by Panasonic Co. were used throughout
the present experiment. The goggles were developed to simulate the cataract vision of
which owners started some inconvenience in their daily life such as “everything
appears foggy”, “can’t see a TV clearly”, and “people’s faces are now clearly
recognized”. As every body gets cataract soon or later as age advances the
investigation using the goggles is useful to understand the elderly vision. Four young
students participated in the experiment and ene elderly person whose eyes were
operated for the cataract-and replaceo'Jl by the.amtraocular lenses, which made his
brightness and color perception normal.-

In the present paper the equivalent lightness which is an important visual perception
to express the brightness'of Ohjects was measured with the goggles and with the
normal eyes without the goggles for four colored stimuli and under nine illuminance
levels, 0.08, 0.25, 0.8,42.5, 8, 25, 80, 250;‘ aJnd 800 Ix covering mesopic and photopic
vision. The heterochromati¢ brightness f@afching method was employed. The color
appearance of test stimulywas also measﬁred? by using the elementary color naming
method. ] /3 '

The measurement was made“under two ge‘%mng conditions, the normal viewing
condition and the environment-stimulus indépéndent condition.

In the normal viewing condition the equivalent “lightness L*eq increased
monotonically as the<dlluminance level increased both without and with goggles. But
L*eq with goggles was always smaller than L*eq without goggles by the amount of
about 10 in L* unit. This. means that the;elderly people perceive brightness for
objects darker by 10 in L* unit.

The cause for ‘the change of the equivalent lightness was analyzed and it was
suggested that-the-equivalent-lightness L*eg-of-elderly-people-can,be expressed as
sum of the'achromatic'lightness/Ii*achy, and the'chromatic lightness L*chr, and the
environment lightness L*env. L*chr decreases as age but L*env increases as age
because of the foggy crystalline lens. As a consequence the equivalent lightness of
elderly people appears to be determined only by the transmission reduction of the
crystalline lens.

The environment-stimulus independent condition was proposed to keep the
equivalent lightness and the color appearance as much as high in the elderly person.
A stimulus was placed in a separated space and a subject observed it from a subject

room through a small window between the two rooms. The illumination of the
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stimulus room and that of the subject room were independently controllable by this
arrangement, and the scattering light into the eyes coming from the environment can
be reduced while the illumination for the stimulus was kept constant. The reduction of
L*chr could be minimized by this technique. The expectation was confirmed to some
extent.

It was true, however, that the expectation that the equivalent lightness could be kept
same as young eyes when the environment-stimulus independent technique was

employed was not completely fulfilled, partly. It was suggested that some other

visual perception should be also consi than the equivalent lightness and

the color appearance. Th ;.._—_-.. 1. All the subjects noticed that a
stimulus appeared clgw it v %n the environment-stimulus
experiment in spite of fact that the col pears nce did not change significantly. The
judgment for the brigh shat fot the color appear

stimulus itself and its

investigation.
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