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ABSTRACT

With the widespread use of CMSs (color management systems), users are now able to achieve device
independent color across different media. However, most of the current CMSs guarantee the same color
only if one sees color under a controlled viewing condition. If one sees color under a different viewing
condition, the reproduced color does not match the original. The effect of the ambient light on the color
appearance of softcopy images is discussed in this paper. In a typical office environment, a computer
graphic monitor with a CCT (correlated color temperature) of 9300K is widely used under F6 fluorescent
light of 4150K CCT. In such a case, the human visual system is partially adapted to the CRT monitor's
white point and partially to the ambient light. A new adaptation model: S-LMS is proposed to
compensate for the mixed chromatic adaptation. Visual experiments were performed to evaluate the
mixed chromatic adaptation 2 3. Experimental results indicated that human visual system is 60%

adapted to the monitor’s white point and 40% to the ambient light when viewing softcopy images.



1 INTRODUCTION

With the widespread use of OS-based CMSs (color management systems) such as ColorSync 2.5 on
MacOS or ICM 2.0 on Microsoft Windows, users are now able to achieve device independent color across
different devices and media. These CMSs utilize ICC profiles* which store necessary information for the
color characteristics of the devices. However, current CMSs hold some inevitable technical problems 3.

These problems include:

1. Device instability

2. Gamut differences between the devices

3. Color appearance differences

4. Lack of standard device characterization method

5. Lack of standard measurement method (including fluorescent measurement)

6. Lack of standard reference viewing condition

All of the above problems should be solved to achieve WYSIWYG (What You See Is What You Get) color
reproduction 8. In this paper, appearance differences are discussed. Most of the current CMSs on PC
market guarantee the same color only if one sees color under a certain controlled viewing condition ¥. If
one sees color under a different viewing condition, the reproduced color does not match the original. On
the other hand, the network environment enables users to send color images from one place to another
that has a different viewing condition. In such a case, it is impossible to achieve the same color

appearance with these CMSs.



Table 1 Comparison of Color Reproduction

Application Matching
Input Output Time Place Method
1 * Color DTP
Monitor Print o o SMB
2 Color Copy
Print Print o o SMB
3 * Internet Monitor
Monitor [Print o [x X SMH
4 Color Fax
Print Print o [x X SMH
5 Video/Still
Camera Real Life Monitor X X MEM
6 | Photography
/Printing Real Life Print X X MEM

o :same, x : different
SMB: Simultaneous Binocular Matching Method
SMH: Simultaneous Haploscopic Matching Method
MEM: Memory Matching Method

Table 1 shows a comparison of various color reproduction applications. In the photography and the
printing applications, one usually sees the reproduction sometime after one saw the original. In this case,
the human visual system processes the image in one’s memory and this process causes more saturated
colors than the original color as a preferred color reproduction?’. In the DTP (desktop publishing)
applications, softcopy image and hardcopy images are viewed and compared simultaneously. Here, color
appearance matching between the softcopy and the hardcopy image is necessary. Furthermore, in the
internet publishing applications, images are often made on the CRT monitor screen as softcopy and then
distributed to other places that has different viewing conditions. In these cases, compensation for the
appearance differences caused by the different viewing becomes very important. The last column in the
table 1: “matching method® ” indicates the appropriate matching method for the visual experiments.
When original image and its reproduction are compared simultaneously, either simultaneous binocular
(SMB) method or simultaneous haploscopic (SMH) method would be an appropriate technique.

Furthermore, when images are compared under same viewing condition, i.e., at the same place,
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simultaneous binocular (SMB) method is to be used 3 3 and when images are compared under different
viewing conditions, i.e., at the different places, simultaneous haploscopic (SMH) method is used to
simulate different viewing condition for each eye 4%41.42_ In this study, the simultaneous binocular (SMB)
method was applied for softcopy-vs-hardcopy matching experiments to simulate the DTP environment,
and the simultaneous haploscopic (SMH) method was applied for softcopy-vs-softcopy matching

experiments to simulate the network environment.

Matching between softcopy and hardcopy image involves another complicated issue, since softcopy
images are self-luminous colors while hardcopy images are illuminated colors. The human visual system
has two types of mechanisms for chromatic adaptation; sensory and cognitive °. Sensory mechanisms are
those that act automatically in response to the given stimulus, such as retinal gain control. Cognitive
mechanisms are those that rely on the observers’ knowledge of the scene content. When hardcopy images
are viewed, it could easily be perceived as an illuminated object, and both sensory and cognitive
mechanisms are active. On the other hand, when softcopy images are viewed, cognitive mechanisms are
not active and only sensory mechanisms are active, since it could not easily be interpreted as an
illuminated object. CRT (cathode ray tube) monitors are often used as a soft proofing device for the
hardcopy image output. However, what the user sees on the monitor does not match its output, even if
the monitor and the output device are characterized with colorimetric values such as CIEXYZ or CIELAB.
This is especially obvious when the CCT (correlated color temperature) of the CRT monitor's white point
significantly differs from that of the ambient light. In a typical office environment, a computer graphic
monitor having a CCT of 9300K is widely used in a room illuminated by F6 fluorescent light of 4150K
CCT. Under such a viewing condition, it was hypothesized that the human visual system is partially

adapted to the CRT monitor's white point and partially to the ambient light.

Several color appearance models 1°-16.43.44 have already been proposed and some of the models produce
very accurate predictions of color appearance 18, However, since they tried to predict color appearance for

the complete range of viewing conditions, these models need a significant humber of viewing condition
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parameters and are rather complex to implement. Furthermore, softcopy images viewed under mixed
chromatic adaptation have not yet been evaluated. According to the CIE guideline for coordinated
research to test color-appearance models for cross media color reproduction, it is assumed that observers
have a fixed state of single adaptation **2°, However, in a practical situation, when one is viewing an
image on a CRT screen under a certain viewing condition, one’s state of adaptation is affected by both the
monitor’s white point and the room illumination that are different. Also, one’s eyes are not fixated at the
CRT screen all the time, but sees the surrounding at intervals. Thus, one’s state of chromatic adaptation
is not a fixed at a single state. In this paper, the unfixed state of mixed chromatic adaptation on softcopy
images is discussed. A new adaptation model: S-LMS is proposed to compensate for the mixed chromatic
adaptation. This model is fundamentally based on von Kries adaptation model ?* and, in addition,
“contrast difference” and “mixed adaptation” for the softcopy images are taken into account. Since the
objective of this study was to provide a practical method for appearance matching for softcopy images,
only the typical office environments were considered. Also, from an industrial point of view, compatibility
with CIELAB should be very important, since CIELAB is currently accepted widely as a standard
interchange color space. Thus, proposed adaptation model: S-LMS can be transformed to S-LAB, which

is compatible with CIELAB.

The effect of ambient light on color appearance of CRT has been studied by several people. Brainard, et
al. 22 and Choh, et al. %2 used an achromatic color matching method under a fixed state of chromatic
adaptation. In the experiments of Brainard, et al., it was found that the adaptation shift from the
monitor’s white point caused by the ambient light was about 10-20% in CIE 1931/xy coordinates for a
small test patch (1.35 x 1.35 deg.). Choh, et al. used a test patch of 2 x 2 deg. and defined the adaptation
shift ratio in CIE 1976/u’'v’ coordinates. They performed the experiments for three different types of
illuminants and at three levels of ambient luminance. When the CRT was set to 9300K and the ambient
illuminance was F2, the shift from the monitor’'s white point was about 15%. In both Brainard's and
Choh’s experiments, the shift caused by the ambient illumination was subtle. This could be mainly

explained by the fact that the observers’ eyes were fixated at the CRT screen, thus the state of chromatic
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adaptation was more complete. Katoh 2 and Berns, et al. 2 used pictorial images for cross-media color
reproduction at mixed chromatic adaptation. In Katoh’'s experiment, softcopy images on the CRT screen
were compared with the hardcopy image under an F6 illuminant. It was found that the human visual
system was 60% adapted to the monitor's white point and 40% to the ambient light, when seeing
softcopy images on a CRT screen (note that the adaptation shift from the monitor’'s white point was 40%).
Berns, et al. have also performed visual experiments for a softcopy image viewed at a mixed state of
chromatic adaptation compared with the hardcopy image. In their experiments, the luminance of
monitor’s peak white was set to 56.8 cd/m? and the luminance of paper white was 75.7 cd/m?. Their
results were similar to Katoh'’s previous experiment; an image with an adaptation shift of 50% was most
preferred. For the cross-media comparisons, since ones’ eyes are not fixated, it could be assumed that the
human visual system is more affected by the ambient illumination than above achromatic experiments

at a fixated state of chromatic adaptation.

2 DEVICE CHARACTERIZATION

Precise device characterization is essential for color matching experiments. Characterization methods for

the CRT monitor and the continuous ink-jet printer used for the visual experiments are briefly described.

2.1 Monitor Characterization:

The CRT monitors used in the experiments were four computer graphic monitors: “Macintosh 16"
Monitor”, Sony “GDM-2036" and two Sony “GDM-2000TC'’s”. These monitors were characterized by the
method proposed by Berns > and CIE %5 The model mainly consists of two stages; the tone-curve
correction for the cathode-ray-tube characteristic and the additive color mixture of red, green and blue
phosphors. The parameters necessary for the gamma-curve correction were derived from the eight ramp

data of the primary colors (red, green, and blue), and the additive color mixture matrix was obtained by



the regression technique#® from thirty-two colors in IEC 61966-34¢. Minolta color analyzer: CA-100 was

used for the measurements. All the measurements were performed in dark room with black background

to eliminate the flare 46, and flare term was added later according to surround luminance, as described in

section 3. The performance of the monitor characterization is shown in table 2. It was evaluated by the

twenty-four color patches that simulates the tristimulus values of Macbeth ColorChecker®.
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Table 2 Performance of the Monitor Characterization

1)

2)

Monitor Modd

Ave. Color Difference = Std. Deviation

N W N P H®

Apple 16" Monitor
Sony GDM-2036
Sony GDM-2000TC (A)
Sony GDM-2000TC (B)

DE*ab =190+ 1.28
DE*ab=0.97+ 0.41
DE*ab =0.83+ 0.54
DE*ab =0.63+ 0.70

2.2 Printer Characterization

The continuous ink jet printer Iris SmartJet 4012 was used as the hardcopy output device. A three-

dimensional Lab-to-CMY look-up-table (LUT) was generated from measurement data of a 9x9x9 color



chart evenly sampled in device color space by the method proposed by Hung?’. For the colors that were
outside the gamut of the printer, it was clipped to the surface of the printer's gamut. The gamut mapping
technique will be discussed later in section 4. Gretag spectrophotometer: SPM-100 was used for the
measurements. It has 45/0 measurement geometry, and F6 illuminant and 2 degree observer was used.
The performance of the characterization was evaluated using the twenty-four color patches of the

Macbeth ColorChecker® and shown in table 3.

Table 3 Performance of the Printer Characterization

Printer Mode Ave. Color Difference = Std. Deviation
Iris SmartJet 4012 DE*ab =1.92 + 0.96

3 ADAPTATION MODELING

Adaptation modeling used here essentially consists of three stages: 1) compensation for contrast

variation, 2) transformation from tristimulus values to cone signals, and 3) compensation for chromatic

adaptation.
@(U Contrast éX @ ét , Chromatic ? L/ Ln l,] ? LS l\:I
&Y (Y. TT @ 6V (5,990 &V U, 9998® v/ M, U= €M, U
&8 &4 &S H 8§9s H 8sH

3.1 Contrast Compensation:

First, the contrast variation for softcopy images caused by the ambient light must be compensated. An
important effect of ambient light is the variation of the perceived image contrast in accordance with the

surround's luminance level. This contrast difference is mainly caused by the reflection of the ambient



light on the CRT screen. The black on the CRT screen will not be dark enough because the reflection of the
ambient light still exists, although most of the monitors have anti-glare filter on the surface of the CRT
screen. Monitors have no means of producing black darker than this reflection. Since the human visual
system is more sensitive to dark areas and less sensitive to light areas as the CIELAB equations imply,
the contrast of the softcopy image will be weaker if the black is not dark enough. Therefore, in this
experiment, this reflection was taken into consideration. This reflection of the ambient light on the CRT
screen was added to the colors produced by the phosphors 2845, “Ry” is the reflectance factor of the CRT
screen surface, usually 0.03 to 0.05. The subscript “crr)’refers to the CRT monitor and “amoienty refers to
the ambient light. After adding this reflection, the maximum value of *Y’cr7)’is normalized to one. The

subscript “n” indicates the maximum value and “” indicates normalized value.
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3.2 Transformation From Tristimulus Values To Cone Signals

Then, the tristimulus values are transformed into the human visual system'’s cone signals. The Hunt-
Pointer-Estevez transformation matrix normalized to an equi-energy illuminant (E) is used here, since it
is desirable to normalize the cone signals for equality for the self-luminous colors 1°. This matrix is also

used in Hunt's color appearance model .

N

Lcrn U ¢0.3897 0.6890 -0.07870 €X¢crn)U

i

eMcrnU=6 02298 1.1834 0.0464 0 €Y¢crn U ®)
&Sl & 00 00  1.0000 8 §Z¢cen !

For the chromatic adaptation compensation which will be described next, the tristimulus values of

monitor’s white point must be transformed into cone signal beforehand.

€Lncrn U ¢0.3897 0.6890 -0.0787(1 €XGcr) U
Vincrn U= 8-0.2208  1.1834  0.0464 U & Gycrr U ©)
&Sl 8 00 00  1.0000 H_EZtcan |

2

3.3 Chromatic Adaptation Compensation

Finally, compensation is made for the change in adaptation according to the surroundings. The human
visual system changes the cone sensitivity of each channel to get an image white-balanced as in color
video cameras . Basically, the simple von Kries adaptation model ?* is used, in which the signals of each
channel are divided by the reference white's signals. However, the reference white point to which the
human visual system adapts was investigated further in this study. There are two steps for the

calculation of the adaptation white point; incomplete adaptation and mixed adaptation.
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3.3.1 Incomplete Adaptation

The first step in the adaptation point calculation is the compensation for the incomplete chromatic
adaptation of the human visual system for the self-luminous displays. Even if the monitor is placed in a
totally dark room, the human visual system’s adaptation to a CRT monitor's white point will not be
complete. Adaptation becomes less complete as the chromaticity of the adapting stimulus deviates from
the illuminant E and as the luminance of the adapting stimulus decreases 2°- 33 The incomplete
adaptation point can be expressed as below. “p., pm, ps” are the chromatic adaptation factors for the

illuminant E used in Hunt's color appearance model °,

LGcrry = Ln(crr) / P
V(E(CRT) = Mn(CRT)/ Pu (7)
St(crr) = Swicr / Ps

P. = (1+Yn$:RT)]l3 +IE)/(1+Yn(PCRT)J‘3 +1/|E)
Pu :(1+Yng’CRT)1I3 + rnE)/(1+Yn¢CRT)]l3 +1/mE) @8)
P = (1+Y,$CRT)]'3 +sE)/(1+ e [ +]/sE)

|E = 3><|__n(CRT)/(|__n(CR17 + mn(CRT) + én(CRT))
me :3><Mn(CRn/(_Ln(CRT) +M r(crT) +_Sn(CRT)) )
s: =3%Sncrn)/(Lrcrry + Min(crny + Siccrn)

Or, in matrix form:

éLGcrn) U él/p, 0 0 BLncrn U

M acrnU=€ 0 Yp, O UM n(crm U (10)
8§¢n(CRﬂ H &0 0 ]/pSEE_Sn(cRD LUJ
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3.3.2 Mixed Adaptation

The next step is the compensation for mixed chromatic adaptation. In a typical office setting, softcopy
images are rarely seen under dark conditions. The room is normally illuminated with fluorescent lighting
having a CCT around 4150K. The CCT of the widely-used computer graphic monitor's default white point
is much higher than this lighting, usually around 9300K. In cases where both white points are different,
it was hypothesized that the human visual system is partially adapted to the monitor's white point and
partially to the ambient light's white point. Therefore, the adapting stimulus for the human visual
system for softcopy images can be expressed as the inter-mediate point of the two as shown in the
equations below. “R.g” is the adaptation ratio to the monitor's white point, “Y'ncrn ” is the absolute
luminance of the monitor’s white point, and “Ynamsieny ” 1S the absolute luminance of the ambient light.
When the ratio equals 1.0, the human visual system is assumed to be completely adapted to the
monitor’s white point and none to the ambient light. This case is conceptually close to CIELAB matching,
which incorporates complete white point adaptation in CIEXYZ coordinates. Conversely, when the ratio
is 0.0, the human visual system is assumed to be totally adapted to the ambient light and none to the
monitor’s white. This case is conceptually close to CIEXYZ matching, which is merely colorimetric match
without white point adaptation. These two cases assumes that the human visual system is at single

-state chromatic adaptation.

13 1/3

— s 0 — & 0 _
Ldcrr) = Radp < ng:CRT)+ XL Gycrr) +(1- ngp) @M+ XL n(Ambient)
e Yadp 2 e Tap 9
%( 61/3 w 61/3
M_(m(CRT) = Radp @M— ><I\T¢'1(CRT) +(1- &ﬁp) @M+ xM n(Ambiebt)
e Y e Yup 2 (11)
&( 61/3 a{ 61/3
Sthcrn =Ry "9@‘ Sthcrm +(1- Rygp) 0= 58 amvienty
e Yy O e Y O

where Yy, ={R. Y& P +(1- Ry) ¥ apan®}
adp dp n&IRT) p. n(Ambient)
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The weighting factors: “(Y'ncrt) /Y adp,) ™3 (Ynambienn /Y adp) ¥ IN equation (11) were introduced to correspond

to the luminance difference. When the luminance of the CRT: “Y’ cr)” equals the ambient luminance:

“Y'nambient)’, €quation (11) is reduced to the equation (12).

L_@m(CRT) =Ry xtq;(CRT) +(1- Ry,) XL Ambient)
Mcrr) = Radp XM Gcrr) + (1- Rddp) XM n(Ambiebt) (12)
Sthicrn = R Scrm) +(1- Rygp) Srcanvient)

With the newly-defined white points for the softcopy images, the von Kries adaptation model is applied.

Thus, the viewing-condition independent index: S-LMS can be expressed as below. The subscript “s

stands for the “Softcopy”.

Ls = Licem/ Lhcrm
Mg :l\—/l(CRT)/ M @Gcrr) (13)
S :-SCRT)/ §KE(CRT)

Or, in matrix form:

LU YTh,, 0 0 WL
?MSL,J:? 0 VM%RT) _0 l:IA_(CRT)l:I (14)
gslt & o 0 1/ S l€Rcrn U

For the hardcopy, the simple von Kries chromatic adaptation without contrast compensation, incomplete
adaptation and mixed adaptation is used. Here, the media white (or “paper white”) is chosen as the
reference white, because the eye tends to adapt according to the perceived whitest point of the scene#. It

should be noted, however, that reference white must be carefully chosen when paper white is not white

enough.
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e'\/In(Prlnt) =6 0.2298 1.1834 0.0464 a e'Yn(Prlnt) U (15’)
g% (Print) H @ 0 O 0 O 1 OOOO HE gn(Pnnt) lLJJ
LS E(Prlnt)/ [n(Print)
M (Prmt)/ n(Print) (16)
SS nnt)/ Sn(Prmt)
Or, in matrix form:
eLS U ?‘/_ (Print) 0 0 L'?L(Prlnt) U
eNI l:I ? 0 ]/ Mn(Print) _0 ueM(Prmt)u (17)
8% H 8 0 0 1/51(Print)LE$Pr|nt) H

If necessary, S-LMS could be transformed into S-XYZ using the inverse of the Hunt-Pointer-Estevez

transformation matrix normalized to illuminant E, and then to S-LAB or S-LCh.

X0 @.9102 -1.1122 0.2019 €L U
éy,U=60.3709 0.6291 0.0000U MU (18)
&.H € 00 00  1.0000 &S ¥
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L = 126XY5)" - 16
a} = 5004 ()" - (vo)*} (19)

b, =200 (%)" - (2"}

) 1%%59 (20)

4 IMAGE TRANSFORMATION

The flow of the image transformation is indicated in figure 1. In this adaptation model, necessary viewing
condition parameters are; 1) absolute luminance of the monitor’s white point, 2) the chromaticity of the

ambient light, and 3) the absolute luminance of the ambient light.

GB .
:8 Input Device's
Profile

Output Device's
Profile

XYZ o N
Adaptation o ) Viewing Condition
Modeling S MS Parameters
i — Viewing Condition
Independent Color
S-LCh
Gamut e ) Input & Output Device's
Compression * Color Gamut
S-LCh
<[ Device
Independent Color
S-LMS — —
Adaptgtion ) \Filewmg Condition
Modeling C_x‘ arameters
]
A

RGB

Fig. 1 Flow of the Image Transformation
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RGB data are transformed to XYZ using the input device’s device characteristics.

XYZ data are then transformed into S-LMS using the above adaptation model with the input
device's viewing condition parameters at a certain adaptation ratio. For softcopy image
transformation, equations (5), (6), (10), (14) are used and for hardcopy image transformation,
equations (15), (17) are used.

If necessary, S-LMS are transformed into S-LAB or S-LCh using equations (18), (19), (20) for gamut
compression. Colors outside the output device’'s gamut were mapped towards the achromatic axis
while keeping hue: “hs” and lightness: “Ls” constant. Then, the mapped S-LAB or S-LCh are
transformed back to S-LMS.

S-LMS data are transformed back to XYZ using the inverse of step 2 with the output device’s viewing
condition parameters at the same adaptation ratio used above.

XYZ are transformed to RGB using the output device’s device characteristics.

Many gamut mapping techniques are proposed for various applications 3. However, the investigation of

gamut mapping is out of the scope of this study. Instead, the images that do not contain much out-of-

gamut colors were chosen and used for the experiments (see figure 9 and 10).

5

VISUAL EXPERIMENTS

The following visual experiments were performed to find the best adaptation ratio: “Rag’. Three images

were used; image A and B were portrait images and image C was an image of macaws. The image A was

the portrait of a lady wearing a yellow shirt, a red cap and holding blue and green objects, with grayish

background and the image B was the portrait of a lady sitting at a table with many still objects. The

image C is the image of two macaws with greenish background; one macaw is cyan and yellow and the

other is red. The images are shown in figure 9 and the histograms of the image pixels in a*b* coordinates

are indicated in figure. 10.
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Table 4 Configuration of Visual Experiments

Exp. [ Matching Monitor’'s White Point Ambient Light (Paper White)| Images [# of Obs.| Method
#1: ~6500K (87.4 cd/m?)
#1 | SCvs. HC | #2: ~9000K (121.0 cd/m? F6: 4150K (=100 cd/m?) A 15 SMB
F6: 4150K (183.4 cd/m?)
#2 | SCvs.HC | # 2:9340K (99.8 cd/m?) F6: 4150K (297.8 cd/m?) | A, B, C 18 SMB
#3: 6530K (80.2 cd/m?): A 4180K (124 cd/m?)
#3 | SCvs. SC VS. A, B 24 SMH

3490K (150 cd/m?)

#4: 9370K (80.5 cd/m?: B

SC: Softcopy image / HC: Hardcopy images
SMB: Simultaneous Binocular matching method

SMH: Simultaneous Haploscopic matching method

5.1 Experiment #1: Softcopy-vs-Hardcopy Matching at the Same Luminance Level

First, visual experiments were performed between softcopy image and hardcopy image at similar
luminance levels. The room had a fluorescent (F6: 4150K) lighting. A white paper set next to the monitor
had a luminance around 100 cd/m>2. In our experiments, paper white was chosen as the reference white
point for the hardcopy reproduction, as described earlier. The same experiments were replicated for two
monitors with different white points; 6500K (87.4 cd/m?) and 9000K (121 cd/m?). Image A was used in
this experiment. Fifteen color-normal observers (12 male and 3 female: ages from 23 to 38) participated.
The image (1536 x 1024 pixels: RGB 8 bits) was displayed on the CRT screen at 72 dpi at a half of its size
(177 mm x 267 mm), so that image size will be similar to hardcopy reproduction. An image displayed on
the CRT screen was surrounded by 100% white proximal field of 5 mm wide, with 100% white patches as
a reference in the 20% uniform gray background. An. Hardcopy images transformed through the
procedure above were reproduced by the Iris SmartJet printer at a resolution of 150 dpi (171 mm x 256
mm). Images at six levels of the softcopy adaptation ratio: “R., ” (0, 20, 40, 60, 80, 100%) were
reproduced and used for the paired comparison experiment. Since the luminance levels were similar,

equation (12) was used instead of equation (11). Fifteen pairs were formed from these six images. Before
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the experiment, observers were given approximately five minutes to adapt to the viewing conditions of
the room. The observer was instructed to sit approximately 50-60 cm from the screen and to identify the
better matched image to the softcopy image on the monitor from a given pair of hardcopy images. The
simultaneous binocular (SMB) matching method was applied. The observer could move the pair of
images anywhere he desired, but not on the screen next to the softcopy image, so that the observer had
to move his eyes at some distances for the image comparisons. No time restriction was placed on the
observers. Using Thurstone's law of comparative judgment 8, ordinal-scale visual decisions were
converted to the interval psychophysical scale. Examples of output images at different adaptation ratio

are shown in figure 11.

5.2 Experiment #2: Softcopy-vs-Hardcopy Matching at Different Luminance Levels

Next, two other series of experiments were performed under two different luminance levels of the
fluorescent (F6: 4150K) lighting. A white paper set next to the monitor had a luminance of 183.4 cd/m?
and 297.8 cd/m?, respectively. The absolute luminance of the CRT monitor’s white point was set to 99.8
cd/m? ,; and its CCT was 9340K. Other configurations were the same as in experiment #1. Three images
(A, B, C) were used for the visual experiments. Eighteen color-normal observers (16 male and 2 female:
ages from 25 to 41) participated. Examples of output images at different luminance levels are shown in

figure 12.

5.3 Experiment #3: Softcopy-vs-Softcopy Matching

Finally, visual experiments were performed for the softcopy image matching between two monitors with
different white points. The experimental setup is indicated in figure 2. A simultaneous haploscopic
(SMH) method was applied in this experiment to simulate different viewing conditions for each eye. A

chin rest was used to fixate observer’s face and a dividing wall was placed between two monitors, so that
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each eye will adapt to a different viewing condition. There was no ceiling over the top of the box, so that
ambient illumination could light both of the observer’s eyes. All the walls of the viewing box was set to
gray at Munsell value of N8. It should be noted that observers could not view the images on the two
monitors at the same time and had to move their eyes for the image comparison, since the monitors were

placed at a certain distance.

Q ) o000 OO0 000
/7 /7 1 N N\ /1N /TN /TN
- 55cm —— 55cm - 150cm _
|
N8 N8
7ocm 85cm
Monitor A Monitor B Q - o Monitor B
.¥. |
Front View Side View

Fig. 2 Setup for Visual Experiment #3

Monitor A’s white point was set to 6530K and its luminance to 80.2 cd/m?, and monitor B’s white point
was set to 9370K and its luminance to 80.5 cd/m? The same experiment was replicated under two
different fluorescent lamps; 4183K (124 cd/m?) and 3486K (150 cd/m?). Two portrait images (A, B) were
used for the visual experiments. Twenty-four color-normal observers (23 male and 1 female: ages from 26
to 55) participated. The original image (512 x 341 pixels: RGB 8 bits) was displayed on the monitor A at
a size of 163 mm x 108 mm with a 100% white proximal field 5 mm wide in a 20% uniform gray
background. Images at six levels of the softcopy adaptation ratio: “R.q,” Were reproduced on monitor B
with the same proximal field and background as monitor A, and were used for the paired comparison

experiment. Observers sat 70 cm from the screen and were instructed to identify the better matched
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reproduced image on monitor B to the original image on monitor A from a given pair. An X-window

program was used for displaying and switching between the pair of images.

6 RESULTS

6.1 Experiment #1: Softcopy-vs-Hardcopy Matching at the Same Luminance Level

Figure 3 shows the results of visual experiment #1. The abscissa is the adaptation ratio defined in 3.3.2,

and the ordinate is the psychophysical scale that indicates which image was most preferred. The error

bars show the 95% confidence interval.
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Fig. 3 Results of Experiment #1

The most preferred image was 60% adapted to the CRT monitor for both cases. The 40% CRT-adapted
image was the next preferred one. The 100% CRT-adapted and the 100% ambient-light-adapted (i.e., 0%
CRT-adapted) image had the two lowest scores, meaning that images at single-state chromatic
adaptation were unacceptable reproduction for the softcopy color. Even though the two monitors used in

this experiment had different white points, almost the same trend was found in both experimental
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results. This indicates that the adaptation ratio is independent of the CCT of the monitor's white point.
6.2 Experiment #2: Softcopy-vs-Hardcopy Matching at Different Luminance Levels

Figure 4 shows the result of visual experiment #2 for all the three images at two different luminance
levels. It should be noted that the adaptation ratio was calculated differently, because the weighting
factors in equation (11) was determined after this experiment. The weighting factors without the third
power in equation (11) was used for image transformation and the ratio was later transformed to fit
equation (11). Thus, the abscissa differs from experiment #1 (0, 20, 40, 60, 80, 100%). It was found that
the images at adaptation ratio around 50% was most preferred and the single-state adapted images (0%

and 100%) had low scores.
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Fig. 4 Results of Experiment #2

Figure 5 shows the experimental results of experiments #1 and #2 at different luminance levels on the
same plot. Although experiment #1 had a slightly different configuration from experiment #2, very similar
trends were found for all the luminance levels. This indicates that adaptation ratio is independent of the
luminance levels of ambient light. Figure 6 shows the results for visual experiment #2 for each image at

two different luminance levels. As readily seen from the figure, the results did not depend on the image
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content. It should be noted, however, that Image C in figure 6 b) indicated different behavior than other
images at 0% adaptation ratio. This is due to the fact that S-LMS involves white point shift, when the
adaptation ratio was set to small. In such cases, some of the high-light colors will be out-of-gamut and
these color will not be reproduced correctly. Since image C included many of yellow pixels which are
high-light colors, and simple chroma-clipping was used for the gamut mapping, images at small

adaptation ratio had a gamut mapping problem.
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Fig. 5 Experimental Results at Different Luminance Levels
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Fig. 6 Experimental Results with Different Images
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6.3 Experiment #3: Softcopy-vs-Softcopy Matching

Figure 7 shows the results of experiment #3 at two different ambient illumination conditions. The most
preferred images were at an adaptation ratio of 60%, while the image at the adaptation ratio of 0%
adapted image had the worst scores for both cases. These results were similar to the previous

experiments of softcopy-vs-hardcopy matching experiments, in which the adaptation ratio was also 60%.
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Fig. 7 Results of Experiment #3

For all the experiments (#1 to #3), the reproduced softcopy image with adaptation ratio around 60% had
the best scores. Most of the observers stated that these images using S-LMS had an acceptable match to
the original image and had much better reproduction than single-state adapted images; i.e., CIEXYZ-

matched or CIELAB-matched images.

7 DISCUSSION

It has been believed that the adaptation mechanisms take as long as tens of minutes or even an hour.

But this belief only applies to the lightness adaptation, not to the chromatic adaptation. Fairchild and
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Lennie have measured the time course of chromatic adaptation % and found that the chromatic
mechanisms were very rapid, in the order of tens of seconds. Fairchild and Reniff later extended their
study % and indicated the possibility of two mechanisms for chromatic adaptation, the first being a rapid
mechanism with a time constant of 0.9 to 1.5 second, and the second being a slower mechanism with a

time constant of 38 to 53 second. The general form of such a function is expressed as;

Y =10- K, exp(- X t) +K, exe(- X1)] (21)

where “Y” is the proportion adapted, “t” is the adapting duration, “K;” and “K;” are scaling factors and
“X1” and “X;"are the exponential time constants of the two mechanisms 3. The overall average response
for six conditions and three observers from their experimental results is shown in figure 8°. According to
their result, the human visual system’s adaptation reaches 60% very quickly in a few seconds, but after

that it takes almost two minutes to reach 100% adaptation.

Proportion Adapted

0 1 : 1 : 1 : 1 : 1 : 1

0 20 40 60 80 100 120

Time (sec.)
M. D. Fairchild (1993)°

Fig. 8 Degree of Adaptation as a Function of Adapting Duration
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In the present experiments, no time restriction for the image comparison was posed on observers. Most
of the observers viewed the images back and forth at a few seconds intervals. If the basic state of
observer’s adaptation was 0% adapted to the monitor and 100 % to the ambient light, his state of
chromatic adaptation would quickly be shifted to the monitor's white point as in figure 8 when an
observer starts viewing a monitor. And when the observer’s eyes go away from the softcopy image on the
CRT monitor, his state of adaptation would quickly go back to the basic state. These results would
explain why the 60%-adapted images had the best score in the present experiments. However, when the
state of chromatic adaptation is fixed to single state, i.e., when observers were forced to see each image
for a few minutes, his state of chromatic adaptation becomes almost complete to each viewing condition.
This also explains why experimental results of both Brainard? and Choh? had a very little shift from the
complete adaptation. Therefore, the experimental results would have been different, if successive

binocular method (SCB) & 1% 20 with time restriction was applied for the visual experiments.

8 CONCLUSION

The experimental results indicated that the human visual system is 60% adapted to the monitor’s white
point and 40% to the ambient light comparing softcopy image with other images under ambient
illumination. This applies both for softcopy-vs-hardcopy matching and softcopy-vs-softcopy matching
experiments. The adaptation ratio was found to be independent of the image content, the ambient
luminance level and the monitor’'s white point. Appearance-matched images using the S-LMS adaptation
model reproduces much better matching images than the reproduction of CMSs that assumes a single
state of adaptation. This method could be used from hardcopy input to softcopy display, and conversely
from softcopy display to hardcopy output since this method is reversible. Therefore, this mixed chromatic

adaptation model: S-LMS can improve the softcopy color reproduction.
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Fig. 9 Images Used for the Visual Experiments

Fig. 10 Pixel Histogram of the Images in a*b* Coordinates

(Luminance Level 100 cd/m?)

Adaptation Ratio 0% Adaptation Ratio 60% Adaptation Ratio 100%

Fig. 11 Hardcopy Output at Different Adaptation Ratio

(Adaptation Ratio 60%)

Luminance 100 cd/m2 Luminance 200 cd/m? Luminance 300 cd/m?

Fig. 12 Hardcopy Output at Different Luminance Levels
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