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Characteristics of color memory for natural scenes
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To study the characteristics of color memory for natural images, a memory-identification task was performed
with differing color contrasts; three of the contrasts were defined by chromatic and luminance components of
the image, and the others were defined with respect to the categorical colors. After observing a series of pic-
tures successively, subjects identified the pictures using a confidence rating. Detection of increased contrasts
tended to be harder than detection of decreased contrasts, suggesting that the chromaticness of pictures is
enhanced in memory. Detecting changes within each color category was more difficult than across the cat-

egories.
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OCIS codes: 330.1720, 330.5510.

1. INTRODUCTION

In our daily lives we use the memory of colors as one of
the cues for seeking and identifying objects. In spite of
its importance, the characteristics of color in a memorized
image are incompletely understood, particularly for natu-
ral scenes. The aim of this study was to elucidate the na-
ture of color memory in such complex colored images.

There has been a considerable amount of research into
the importance of color in memory.!® Some reports sug-
gested that hue was retained correctly in memory even
though saturation was increased.!™® Newhall et al.?
compared the performance for successive matching and
for simultaneous matching. They reported that succes-
sive memory matching yielded higher purity and lumi-
nance. Uchikawa and Ikeda® reported that discrimina-
tion between colors under successive comparison was half
as good as that under simultanéous comparison. In re-
search dealing specifically with memory color,®'® which
is memory of color associated with a particular object, it
was reported that the memorized color for familiar objects
was more saturated than the colors of the real objects.

The categorical characteristics of color have also been
considered as a basis of color perception and color
memory.'” 1 In Uchikawa and Shinoda’s experiment,'®
subjects tended to misidentify two different colors that
happened to belong to the same color category and to dis-
tinguish two colors that were in different color categories.
This property of categorical color may have a neurophysi-
ological basis.?’

It has been traditional to use a single-color stimulus to
investigate the characteristics of color in memory in order
to reduce the possibility of confounding effects caused by
chromatic and spatial context in a scene, for instance,
chromatic contrast and chromatic assimilation. How-
ever, this approach is not suitable for investigating the
nature of color in memory for complex scenes, where there
is a natural juxtaposition of multiple colored surfaces.
There have been some studies of visual memory with com-
plex pic‘cu1‘es.21‘23 Gegenfurtner22 and Wichmann
et al.?? reported that subjects’ performance for color pic-
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A multiple mechanism that processes color differences and categorical colors is briefly considered.

tures in a memory-identification task was superior to that
for black-and-white pictures. They suggested that color
information could be useful for recognizing pictures.
What remains unclear, however, is how color memory and
categorical color perception influence the visual memory
of colored scenes.

In the present study, we performed a memory-
identification task for a variety of natural images with
color contrasts as variables. The visual information in-
cluded in a natural scene can be divided into chromatic
and luminance components. To investigate how each of
them may be influenced by visual memory, we manipu-
lated chromatic and luminance contrasts, independently
and together as variables, in experiment 1. In experi-
ment 2 we defined three other kinds of color contrast to
address the effects of categorical color perception. In ex-
periment 3 we used simultaneous comparison to test sub-
jects’ performance of image-identification without
memory. The results of experiment 1 show that subjects
tended to misidentify the pictures as being the same as
the memorized pictures in spite of the contrast of the pic-
tures being higher than when they were memorized.
This suggests that the chromaticness of a picture might
be enhanced in visual memory. In experiment 2, sub-
jects’ performance was better with color manipulations in
which the colors in an image were translated to color cat-
egories different from the original color categories than
when the colors were within the same color categories.
From the results of experiment 3, we were able to show
that the effects found in the memory-identification task
were indeed attributable to visual memory. As it was dif-
ficult to explain all of these findings by a single mecha-
nism, we therefore speculated that visual memory for col-
ored scenes involves multiple mechanisms based on
categorical color perception and color differencing.

2. METHODS

A. Apparatus
The stimuli were presented on a 20-in. color CRT display
(Sony Corp., GDM-2000TC, Japan) with a resolution of
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600400 pixels, which was controlled by a personal com-
puter (Apple Computer, Power Macintosh 7600/132,
U.S.A)** with a full-color video board (ATI Technologies
Inc., Xclaim VR 4Mb, Canada). The intensities of the
phosphors of the CRT were calibrated with a spectroradi-
ometer (Topcon, SR-1, Japan) to obtain the nonlinear re-
lationship between digital values and luminance with
each gun. The 1931 CIE (x, y) chromaticity coordinates
for the R, G, B phosphors were (0.618,0.347),
(0.276, 0.604), and (0.152, 0.061), respectively. The ho-
mogeneity in luminance across the display was achieved;
errors in the 1931 CIE (x, y, Y) coordinates for a
simulated-color patch were <0.005 in (x, ¥) and <*5% in
Y. The display was viewed in a darkened booth. View-
ing distance was 125 c¢m, at which the stimulus subtended
15X 10 deg of visual angle.

B. Stimuli

The stimuli were pictures of natural scenes. These pic-
tures were obtained from color photographic packages,
whose color resolution was not less than 16 bits, that is,
65,500 colors. The experimenter selected pictures in ad-
vance so that they included various colors. Monochro-
matic images (e.g., images including only desert or sea),
and artificial images (e.g., defocused or retouched images)
were not used. Some examples are shown in Fig. 1. We
did not categorize the content of the pictures.
Gegenfurtner?® and Wichmann et al.?® used natural im-
ages and clustered them into four categories (green land-
scapes, flowers, rock formations, and man-made objects)
in a memory-identification task. They reported that the
performance in the identification was equally good for all
the categories (almost 75% correct or higher). This sug-
gests that the difference in the image contents would not
affect the image identification. In the present experi-
ments, such an effect was also minimized by using a va-
riety of pictures. The pictures were shown only once to
each subject during an experiment. In total, more than
5000 pictures were used in all of the experiments. The
average luminance of the pictures was 18.9 cd/m?, and the
averaged chromaticity coordinates were (0.313, 0.329) in
the 1931 CIE (x,y) coordinates [corresponding to
(0.198, 0.468) in the 1976 CIE (u’, v') coordinates].

We used chromatic, luminance, chromatic and lumi-
nance, and concentrated contrasts as the variables (the
details of each definition are given in the following sec-
tions). These variables were calculated in a color space
defined by the luminance axis and the 1976 CIE (u', v’)
uniform color space. The original distribution of chroma-
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ticity and luminance in each image was defined as 100%
contrast, that is, the contrast value of the original image
without any manipulation.?’ The contrast value of an
experimental stimulus was calculated from the distance
of chromaticities of each pixel in the 1976 CIE (', v')
color space. The ratio of distances is referred to as the
index K, defined as AD/D .., where D ., is the maxi-
mum distance from each pixel’s chromaticity, luminance,
or both to the origin defined in each contrast, and AD is
obtained by manipulation of D ,,. The contrast is de-
fined as K X 100[%]. Manipulations of the contrast val-
ues were achieved by changing the index value, that is, by
manipulating AD.

1. Chromatic Contrast

The chromatic index was defined by the distances be-
tween the chromaticities of all pixels in a picture and the
D65 white point W (0.198, 0.468) [Fig. 2(a)l. C,,.y is the
maximum distance from W to the chromaticities of each
pixel. The chromatic index K is defined as the ratio of
Cax to AC; that is, Ko = AC/C.,,x. The chromatic con-
trast is represented as Ko X 100 [%]. Changes in chro-
matic contrast were achieved by changing AC. The lu-
minance value of each pixel was kept constant. An
image with 0% chromatic contrast becomes a black-and-
white image with the same pattern.

2. Luminance Contrast

The luminance index was defined for black-and-white im-
ages; chromaticity coordinates of all pixels in a picture
were translated to D65 white. Luminance level of the
pixels was kept constant. L, ., is the maximum differ-
ence in luminance from each pixel to the averaged lumi-
nance Wyy [Fig. 2(b)l: The luminance index K7, is defined
as the ratio of L, to AL; that is, Ky, = AL/L,.. The
luminance contrast is represented as Ki X 100 [%].
Changes in luminance contrast were achieved by chang-
ing AL.

3. Chromatic-Luminance Contrast

The chromatic-and-luminance index (CL index) was de-
fined when both chromatic contrast and luminance con-
trast were changed together [Fig. 2(b)]. CL,, is the
maximum distance from each chomaticity in color space
to the averaged luminance with chromaticity coordinates
the same as for D65 white. The CL index K, is defined
as the ratio of CL_, to ACL; that is, K¢,
= ACL/CL,_,,. The chromatic contrast (CL contrast) is




Amano et al.

D65 Wh

Vol. 19, No. 8/August 2002/J. Opt. Soc. Am. A 1503

Luminance
(D65 white)

Averaged
luminance
plane

®)

Border colors (B)

pA
71

Focal colors (F)
{u -7

(©)

Fig. 2. Schematic explanation of definitions of the contrasts: (a) chromatic contrast, (b) luminance contrast and CL contrast, (c¢) focal
concentrated contrast, (d) border concentrated contrast, and (e) nonborder concentrated contrast. For the luminance contrast, the chro-
maticities of all pixels were transformed to D65 white chromaticity to make a black-and-white image. For concentrated contrasts, cat-
egories in the middle of the diagram are the achromatic categories; the concentrations in the achromatic categories are invariant among
the three kinds of concentrated contrasts.

represented as K¢p, X 100 [%]. Changes in chromatic—
Iuminance contrast were achieved by changing ACL.

We used the contrast values of 0%, 25%, 50%, 75%, and
100%. Since the screen would appear uniform gray with
luminance contrast and CL contrast of 0%, we did not use
this value. We therefore used the values of 10%, 25%,
50%, 75%, and 100% for luminance contrast and CL con-
trast. A picture with chromatic contrasts and CL con-
trast of 100% means that it underwent no change of chro-
maticity and luminance, that is, it coincided with the
original picture; a picture of 100% luminance contrast
had the same luminance values as the original picture.
All combinations of these values were tested at each con-
trast: 25 (5X5) combinations multiplied by 3 conditions.

C. Concentrated Contrasts

Concentrated contrasts were defined with respected to
the distribution of each of the 11 color categories. These
color categories were obtained at nine luminance levels in
a preliminary experiment (see Appendix A). The lumi-
nance distribution of an original picture was also clus-
tered in the nine levels. A picture without any color ma-
nipulation is defined as a 100% concentrated-contrast
picture. There was no significant difference in appear-
ance with and without the luminance clustering. We
used the following three kinds of concentrated color con-

@ (®

trast, distinguished by the points at which the chroma-
ticities in each color category were clustered [shown in
Figs. 2(c)-2(e).

1. Concentration toward Focal Colors

All colors in each color category were concentrated toward
a focal color of that category, shown in Fig. 2(c); Fp,, is
the maximum distance from the chromaticity (C) of each
color in the color category to its focal color (). AF is ob-
tained by manipulation of F,,,. The index Ky of concen-
tration toward focal colors was defined as Ky = AF/
F .. The focal concentrated contrast is represented as
Ky X 100 [%]. Changes in the contrast were achieved
by changing AF. We refer to this manipulation as focal
contrast.

2. Concentration toward Border Colors between
Categories

We chose border colors (B) between each pair of color cat-
egories, except for achromatic color categories (black,
white, gray), as shown in Fig. 2(d). For the achromatic
categories, we chose the focal colors (F) as B. The num-
ber of B was the same as that of F' at each luminance
level. B has saturation similar to that of F. Colors were
concentrated into the nearest B in color space. This con-
centration was not dependent on the basic color catego-
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ries, and colors did not go beyond their original catego-
ries. B,y is the distance from a chromaticity (C) to a
border color (B); AB is obtained by manipulation of B .
The index Ky for concentrations toward border colors was
defined as Kg = AB/B.,- The contrast is represented
as Kg X 100 [%]. Changes in the concentrated contrast
were achieved by changing AB. We refer to this manipu-
lation as border contrast.

3. Concentration toward Focal Colors of Different Color
Categories

The colors included in a color category were concentrated
toward a focal coler of a nonadjacent category, as shown in
Fig. 2(e). The combinations of concentrations were: red
to brown, erange to green, brown to green, yellow to blue,
green to purple, blue to pink, purple to red, and pink to
orange. The eolors in the achromatic color categories
(black, white, and gray) were concentrated at the focal
colors of each category as well as in focal contrast and bor-
der contrast. '

However, it is possible for one of the color pairs of the
combinations deseribed above to disappear at some lumi-
nance levels (Fig. 8 below, in Appendix A). Then the col-
ors were concentrated at the nearest focal color. N, is
the distance fram a chromaticity (C) of each pixel in a pie-
ture to a focal color (V) of the category that is different
from the category to which C happened to belong. AN is
obtained by manipulation of N max- The index Ky for con-
centrations toward focal colors of different color catego-
ries is defined as Ky = AN/N ... The contrast is repre-
sented as Kx X 100 [%]. Changes in the contrast were
achieved by changing AN. We represent this manipula-
tion as nonborder contrast below. '

A picture with 100% of any of the three concentrated
contrasts is one in which there is no change of chromatic-
ity. A picture consisted of the nine luminance levels.
When the colors in a picture were concentrated, that is,
when the picture had a lower concentrated-contrast
value, the number of colors used to present the picture de-
creased. A 0% eoncentrated contrast means that the pic-
ture was represented only by eolors F, B, and N of each
contrast at each luminance level.

We used the contrast values 0%, 25%, 50%, 75%, and
100% for focal contrast and border contrast and the val-
ues of 0%, 50%, and 100% for nonborder contrast in the
memory-identification experiment. All combinations of
these values were tested at each contrast: 25 (5X5) for
focal and border contrasts and 9 (3X3) for nonborder con-
trast combinations.

D. Experimental Conditions and Procedure

1. Experiments 1 and 2: Memory Identification

The experiment had two phases: a memory phase and a
test phase. In the memory phase, after adapting to the
D65 white display on the CRT at 30 cd/m? for 3 min, the
subject viewed 20 successively presented pictures. All 20
pictures were different in pattern and contrast; the dura-
tion of each picture was 2 s, and the interstimulus inter-
val was 1s. Each picture differed in chromatic contrast,
luminance contrast, CL contrast, or concentrated con-
trast. The pictures were presented in random order. A

Amano et al.

30-s blank interval followed. During the interval, the
subject remained in the booth?L26-28; yniform D65 white
(30 cd/m?) was displayed on the CRT screen. Next, in the
test phase, the subject viewed 40 successively presented
pictures and judged for each picture whether the picture
had been seen in the memory phase by giving a confidence
rating: 3 (certainly yes), 2 (probably yes), I (probably
no), 0 (certainly no). The pictures in the test phase con-
sisted of 20 of the memorized pictures and 20 new pic-
tures. Half of the memorized pictures (10 pictures out of
20) had decreasing or increasing changes in chromatic
contrast, luminance contrast, CL contrast, or one of con-
centrated contrasts altered within a session., The re-
maining half of the memorized pictures (10) were exactly
the same (in spatial structure and colors) as those pre-
sented in the memory phase. The 20 new pictures also
had contrast manipulation and were presented in random
order. The different contrasts were almost equally in-
cluded in each session (40 pictures), The number of tri-
als for each combination of contrasts was at least 10.

The confidence rating was used in order to extract am-
biguity in the judgment.?® Subjects would respond “yes”
when they could not find any color manipulations in the
picture from in the memory phase. The subjects would
respond “no” when they could find any changes in color of
the pictures from in the memory phase, or when they ob-
served the new pictures. Subjects were therefore in-
structed to pay attention to the color of a picture as well
as to its pattern.

Changes in chromatic, luminance, and CL contrasts
were varied within a series of sessions. Changes in the
three concentrated contrasts (focal, border, and nonbor-
der) were varied in a different series. Accordingly, these
effects are discussed separately, in Section 3 (experiment
1) and Section 4 (experiment 2).

2. Experiment 3: Simultaneous Comparison

Two pictures were presented at the same time side by side
on a CRT display. One of the pictures was the test pic-
ture and the other was the standard picture. These pic-
tures were selected from the images used in the memory-
identification experiments. An image was divided into
three pieces. Then one of the three, which included the
main feature of the original content, was chosen as a
stimulus for this experiment. The constraint for the se-
lection of the pictures (see Subsection 2.B) was also
placed here. Each picture subtended 5X10 deg with a
gap of 2 deg between pictures. Using the confidence rat-
ing, the subject had to judge whether the two pictures
were the same. The pictures were presented until the
subject responded.

For the chromatic, luminance, and CL contrasts, com-
binations of the contrast values of the test and the stan-
dard pictures were chosen from among the contrast val-
ues used in the memory-identification experiment: 0%
(10% for luminance and CL contrast), 25%, 50%, 75%, and
100%. In addition, 12.5%, 37.5%, 62.5%, and 87.5% were
used to estimate subjects’ deteetion ability more precisely.
For the concentrated contrasts, the combinations were
paired with the contrast values of 0%, 25%, 50%, 75%,
and 100%. Each combination was presented in random
order and repeated at least ten times.
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3. EXPERIMENT 1: CHROMATIC, .
LUMINANCE, AND CHROMATIC-AND-
LUMINANCE CONTRASTS

A. Subjects

Subjects were YY (male, 31 yr), YI (female, 25 yr), TS
(male; 24 yr), KM (male, 25 yr), and KS (female; 24 yr).
All had normal color vision. They were aware of the pui-
pose of the experiment.

B. Results

1. Weighted Response v
Results are shown in terms of weighted response defined
as follows:

weighted response

(2 X nl) + (1% n2) — (1Xn3) — (2 X nd)

eh)
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where n3, n2, nl, n0 are the frequencies of the rating
categories (3, certainly yes; 2, probably yes; 1, probably
no; 0, certainly no). N is the total population of re-

sponses. The weights were 2, 1, =1, —2 for each rating
category of 3, 2, 1, and 0, respectively.

2. Resulis of Memory Ident1ﬁcat10n

The results are showi in Fig. 3. Weighted responses were
represented as a function of chromatic contrast, lumi-
nance contrast, and CL contrast of the pictures in the test
phase. We use averaged values over subjects in the fol-
lowing estimates, as individual values were similar. The
abscissa shows the contrasts in the test phase, and the or-
dinate shows the weighted response. Each symbol shows
a different contrast in the memory phase. Error bars
represent *1 standard error. For the 50% contrast pic-

ture in the memory phase (open squares), the top and bot-
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Fig. 3. Results for the memory-identification eéxperiment (experiment 1) for (a) chromatic, (b) luminance, and (c) CL contrast.
abscissa shows the contrast values in the test phaseé; the ordinate shows the weighted response.

The
The data were averaged over subjects.

The left-hand panel of each figure shows the results of 0% (10% for luminarnce and CL contrast), 50%, and 100% contrast and the newly

added picture; the right-hand panel shows results for 25% and 75% contrast.

Error bars represent *+1 standard error.
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tom of the error bar was shifted slightly to distinguish it
from the others. If the standard error was smaller than
the symbols, it was not shown. For clarity, the results for
0% (10% for luminance and CL contrast), 50%, 100% con-
trast pictures, and the newly added picture are shown in
the left-hand panel of Fig. 3; the results for the 25% and
75% contrast pictures are shown in the right-hand panel.

We first analyze the results for the changes in chro-
matic contrast {Fig. 3(a)l. For 0% chromatic contrast in
the memory phase (solid circles) the weighted response
decreased along with the change of the contrasts from the
“hit condition,” in which the picture presented in the test
phase was exactly the same as in the memory phase in
both pattern and chromaticities. Only this curve has
characteristics different from the others. Here, the
weighted responses did not reach —2 (the minimum of the
weighted responses) even though the difference in con-
trast value between phases was maximum (100%). This
means that subjects tended to misjudge the 0% contrast
picture to be colored despite it being black and white in
the memory phase.

When subjects observed the 50% chromatic contrast
picture in the memory phase (open squares), the weighted
response for the 75% test picture was higher than the
value for the 25% test picture despite the fact that the dif-
ference in the contrast value was 25% in both cases.
Similar characteristics appeared for the 25% chromatic
contrast in the memory phase (open triangles). For the
25% contrast in the memory phase, weighted responses
reached a maximum at 50% contrast in the test phase,
not at 25% at which the pictures in the test phase were
exactly the same as in the memory phase; that is, the pic-
tures did not have any manipulation between the two
phases (the hit condition). From these results, it is clear
that subjects tended to judge a picture with an increased
chromatic contrast as being the same as that observed in
the memory phase, which suggests that the chromatic
contrast of a picture might be enhanced in visual memory.
However, this effect was not obvious for the 75% contrast
in the memory phase (solid squares), suggesting that the
enhancement effect might have a limited range.

For the pictures with 100% chromatic contrast in the
memory phase (solid triangles), the weighted response
changed gradually with the changes in the chromatic con-
trast.

The effect of chromatic contrast in the memory phase,
the effect of the contrast in the test phase, and the inter-
action were significant (Fygq = 10.3, Fyg64 = 12.0, p
< 0.001). For 25% chromatic contrast in the memory
phase, the difference in the weighted responses between
incremental and decremental contrast from the hit condi-
tion was significant (Tukey’s multiple comparison, p
= 0.05).

Figure 3(b) shows the results of the memory-
identification task for the change of luminance contrast.
The profile of the curves is similar to those in Fig. 3(a).
However, the overall levels of the weighted responses
were closer to O than those for chromatic contrast. This
suggests that the judgments for change in luminance con-
trast with black-and-white images are more ambiguous
than for colored images. The hit responses for the 0%
contrast picture are quite low. The enhancement effect
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on the contrast also appeared for the 50% contrast picture
in the memory phase (open squares).

The effect of luminance contrast in the memory phase,
the effect of contrast in the test phase, and their interac-
tion were significant (Fygs = 16.7, Figg4 = 7.75, p
< 0.001). For 50% and 75% luminance contrasts in the
memory phase, the differences from the hit condition be-
tween the weighted responses for incremental and decre-
mental contrasts were significant (Tukey’s multiple com-
parison, p = 0.05).

Figure 3(c) shows results for changes in CL contrasts.
The profile of the curves is similar to those of chromatic
contrast [Fig. 3(a)l. Subjects’ performances were more
sensitive than with luminance contrast [Fig. 3(b)]. This
suggests that the chromatic components in the pictures
function more significantly than the luminance compo-
nents in the identification task. Results for the 25% and
50% CL contrast pictures are similar to the enhancement
effect on chromatic contrast.

The effect of CL contrast in the memory phase, the ef-
fect of contrast in the test phase, and their interaction
were significant (Fy 16 = 20.0, Fig64 = 26.2, p < 0.001).
For 75% CL contrast in the memory phase, the difference
from the hit condition between the weighted responses for
incremental and decremental contrast was significant
(Tukey’s multiple comparison, p = 0.05).

In each of these contrast changes, the weighted re-
sponses for the newly added pictures in the test phase
(open circles) was almost —2, implying that subjects’ judg-
ments for these pictures were clearer than for the memo-
rized pictures despite the variety of contrasts in the pic-
tures.

4. EXPERIMENT 2: CONCENTRATED
CONTRAST

A. Subjects

Subjects were MS (male, 23 yr), YS (male, 23 yr), and KK
(male, 24 yr). All had normal color vision and were
aware of the purpose of this study.

B. Results

To make color changes on the basis of the notion of cat-
egorical color, we first examined the distributions of each
of the basic 11 colors in the 1976 CIE (', v') color space.
We performed a preliminary categorical-color-naming ex-
periment. Colors to be presented in a picture were allo-
cated nine luminance levels (0 <L <2, 2<L <35,5
< L=10,10<L =<=20,20<L = 30,30 <L = 40, 40
< L=<50, 50 <L <60, 60<L[cdm?]), and test
stimuli were chosen from these levels (see Appendix A).
The results shown in Fig. 8 below were used to define the
three concentrated contrasts.

The results of the memory-identification experiment
with concentrated contrasts are shown in Figs. 4(a), 4(b),
and 4(c) for focal, border, and nonborder contrasts, respec-
tively. The abscissa shows the focal [4(a)] and concen-
trated [4(b),4(c)] contrast in the test phase, and the ordi-
nate shows the weighted response. Each symbol shows a
concentrated contrast in the memory phase. Error bars
represent +1 standard error.
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Fig. 4. Results for inemory identification for (a) focal, (b) border, and (c) nonborder contrasts.
trast in the test phase; the ordinate shéws the weighted response.

contrast in the memory phase.
results for 50% and 100% contrast in the meihory phase.

The results were plotted separatély; those for the 0%,
50%, and 100% concentrated contrasts in the memory
phase were plotted in the left-hand panels of Figs. 4(a)
and 4(b); and those for the 25% and 75% contrasts were
plotted in the right-hand panels of Figs. 4(a) and 4(b).
For focal contrast and border contrast [Figs. 4(a) and 4(b),
respectivelyl, the average data across subjeets wére used
because the characteristics of the subjects’ responses were
similar. Since, however, there was a serious difference
between subjects for 0% nonborder contrast in the
memory phase, the results for each subject are shown in
Fig. 4(c).

First we analyzed the characteristics of the results for
the changes in foeal and border concentrated contrasts
[Fig. 4(a) and 4(b)]. Although the whole of the response
curves weére riearly asymmetric at the 50% contrast in the

The abscissa shows concentrated con-

In (a) and (b), the averaged results over subjects are shown; on the
left, results for 0%, 50%, and 100% contrast in the memory phase and for the newly added pictute; on the right, results for 25% and 75%

In (¢), 6n the left, each subject’s results for 0% contrast in the memory phase; on the right, the averaged
Error bars represent =1 standard error.

test phase, the weighted responses of both conditions
were flatter and closer to 0, even at hit conditions, than
for chromatic and luminance contrasts (in experiment 1).
This means that subjects’ judgments were more ambigu-
ous, suggesting that it might be difficult for subjects to de-
tect changes in focal contrast and border contrast.

For 50% and 75% contrasts in the memory phase (open
and solid squares, respectively), the weighted responses
became higher with the increment of the contrast in the
test phase. This effect might be similar to the enhance-
ment effect shown in chromatic contrast (experiment 1);
the possibility will be addressed in Section 6. For 100%
focal and border contrasts in the memory phase (solid tri-
angles), the weighted responses changed along the con-
trast values in the test phase (abscissa) with a shallow
gradient.
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The effect of the focal contrast in the test phase and the
interaction between phases was significant (F,g = 7.05,
p <0.01, Fg16 =24, p = 0.02). In border concentrated
contrast, the effect of the contrast in both the memory
phase and the test phase was significant (F,g = 3.88,
p =0.05 F,g =895 p <0.01). For 50% focal contrast
in the memory phase, the difference between the
weighted responses for incremental and decremental
change in the contrast was significant (Tukey’s multiple
comparison,

p = 0.05).

Next we analyze the results for nonborder contrast.
For the 0% nonborder contrast in the memory phase, the
weighted responses were significantly different between
subjects [left-hand panel of Fig. 4(c)]. Subject KK’s
weighted responses for the hit condition was lower than
those for the other contrasts. On the other hand, the re-
sponses of the other two subjects reached the maximum
at the hit condition, although subject YS’s sensitivity was
lower. dJudging from these results and subjects’ intro-
spection, the picture with the 0% value of nonborder con-
centrated contrast might include an attribute that made
it difficult to recognize the picture. We have to remem-
ber that the manipulation of nonborder contrast might
cause an unusual color appearance of objects in an image.

For the 50% and the 100% contrast pictures in the
memory phase (solid squares and solid triangles, respec-
tively), in the right-hand panel of Fig. 4(c), the character-
istics of the curves were different from those of the focal
contrast and border contrasts. Thus subjects could de-
tect the change in concentrated contrast between phases.
The weighted response reached maximums at the hit con-
dition and changed along with the contrast in the test
phase. Sharper curves suggest subjects’ higher sensitiv-
ity.

For nonborder concentrated contrast, the interaction
effect of contrast values between phases was significant
(Fg16=7.68,p = 0.01). For 50% nonborder contrast in
the memory phase, the difference in the performance be-
tween incremental and decremental changes was signifi-
cant (Tukey’s multiple comparison, p = 0.05).

As made clear in Section 2, for the focal and border con-
trasts, colors in a picture never translated beyond the
color category to which the colors originally belonged.
For the change in the nonborder contrast, however, the
colors could be translated to different color categories
when the contrast value was small. Sensitivity with
changes in nonborder contrast was higher than with
other contrasts. It is possible therefore that a
categorical-color mechanism makes some contribution to
detecting changes of concentrated contrasts. However,
for the manipulation of the concentrated contrast used
here, it was impossible to identify what contrast value
was just on the category border. Alternatively, it is also
possible that the detection of the change of concentrated
contrasts might depend on color differences, not on color
category. We consider this possibility in Section 6.

In these concentrated contrasts, subjects could clearly
distinguish the newly added pictures (open circles),
regardless of the kind of concentrated contrast and
its value. This result is similar to that in experiment

1.
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5. EXPERIMENT 3: SIMULTANEOUS
COMPARISON

A. Subjects

Subjects YY, YI, TS, KM, and KS participated in this ex-
periment to measure chromatic and luminance contrast.
Subjects MS, YS, and KK, who participated in experiment
2, also took part in this experiment. All subjects had par-
ticipated in experiment 1.

B. Results

Figures 5(a), 5(b), and 5(c) show the results for chromatic,
luminance, and CL contrasts, respectively. Figures 6(a),
6(b) and 6(c) show the results for the three kinds of con-
centrated contrasts: focal, border, and nonborder, respec-
tively. In all of the plots, the abscissa shows the con-
trasts of the test picture and the ordinate shows the
weighted response. The weighted responses were aver-
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Fig. 5. Results for simultaneous comparison: (a) chromatic, (b)
luminance, and (¢) CL contrast. The abscissa shows the con-
trast of the standard picture; the ordinate shows the weighted re-
sponse. The different symbols correspond to the contrasts of the
test pictures. The data were averaged over subjects. Error
bars represent +1 standard error.
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aged across subjects since their results were quite similar.
Each symbol shows a different contrast of the standard
picture. Error bars represent =1 standard error. Sub-
jects made judgments using the confidence-rating cat-
egory 3 or 0 for most of the conditions.

In Fig. 5, for each kind of contrast—chromatic, lumi-
nance, and CL—subjects were able to make a clear judg-
ment. For luminance contrast [Fig. 5(b)], however, the
performance for the condition in which the standard pic-
ture was exactly the same as the test picture was lower
than that for other contrasts. Ambiguity of judgments
for the luminance contrast occurred even without
memory. Performance in detecting the contrast differ-
ence was much higher than in memory identification (Fig.
3). When there was a 25% difference in contrast between
the standard and the test pictures, subjects clearly de-
tected it. That is, the interval of 25% contrast used in
the memory-identification task was sufficiently large in
chromatic, luminance, and CL contrasts.

For each contrast value of the standard pictures, the ef-
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fect of the contrast values of the test pictures were signifi-
cant for all three contrasts (it was worst for the 100% con-
trast picture, F'y 4 = 19.1, p < 0.001).

For the concentrated contrasts in Fig. 6, subjects could
also clearly detect the difference between the standard
and the test pictures. However, we see that the gradi-
ents of the response curves for focal and border contrast
are shallower than those in Fig. 5 (for instance, chromatic
contrast), suggesting that the sensitivity for focal contrast
and border contrast were lower. There might be confu-
sion in subjects’ judgments for changes in the same color
categories even in the simultaneous comparison. We
speculate that this might reflect a characteristic of
categorical-color perception. FEven in comparing the
standard picture of 0% contrast with the test picture of
100% contrast, the weighted response was not —2. How-
ever, it could be an artifact depending on the particular
picture, because all subjects misjudged the stimulus. For
nonborder concentrated contrast, it was clear that the
subjects could detect the difference in the contrasts.

For each of the three concentrated contrasts, subjects
could distinguish the difference between the contrast val-
ues of the standard picture and the test pictures signifi-
cantly (it was worst for the standard picture with 0% con-
trast, Fyg = 24.8, p < 0.001).

It was obvious that performance was much higher than
that in the memory-identification task. This shows that
the characteristics that emerged in experiment 1 and 2
could be obtained with visual memory.

6. DISCUSSION

In experiment 1, with chromatic, luminance, and CL con-
trasts as variables, we found the enhancement effect on
the contrast of memorized pictures, particularly in chro-
matic contrast. This suggests that chromaticness of pic-
tures is expanded in visual memory. In experiment 3 we
showed that sensitivity in detecting color manipulations
without memory was much higher. This suggests that
visual memory made subjects’ judgments ambiguous and
caused the enhancement effect.

We considered how the effect would be interpreted in
some supplementary experiments. Although we tried to
explain the results in terms of the difference in contrasts
between the memory phase and the test phase,?® and the
ratio,® we had limited success. We also considered the
possibility that the results might be based on the subjec-
tive similarity of the appearance of pictures with different
contrasts, because it was possible that if the enhancement
effect was not an effect of visual memory, the effect might
be dependent on subjective appearance. In a preliminary
experiment, however, we found that the enhancement ef-
fects persisted, suggesting that visual memory produced
the effect. We also considered that the enhancement ef-
fect might correspond to the tendency to shift toward
naturalness in the appearance of colored pictures, since a
picture with higher chromatic contrast is closer to the
original picture with no manipulation. Two of us inves-
tigated performance in memory identification with hue
changes as a variable®? because the hue change made the
appearance of a colored picture unnatural. From the re-
sult of this experiment, the performance of the memory-
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identification task was never affected by this manipula-
tion. This suggests that the naturalness of a picture may
not affect performance in merory identification, consis-
tent with previous research.’

In experiment 2, we used three different kinds of con-
centrated contrasts to investigate the role of categorical-
color perception in visual memory. For focal and border
contrast, the ecurves of weighted response had flatter char-
acteristics. These might represent the confusion of sub-
jects’ judgment for the color changes within color catego-
ries to which the color originally belonged. We attempt
to interpret this result as follows. Suppose that the cat-
egorical color process is an internal representation of the
memorized colored picture. When the subject observed
an original picture (100% focal contrast, for instance), col-
ors in the picture would be clustered in each color cat-
egory, and then the inner representation would be close to
the pictures with decreased focal contrast, 50% for in-
stance. It would therefore be possible that, when observ-
ing the picture with 50% focal contrast, the subject could
not distinguish between the observed picture and the in-
ner representation. The response to a change in nonbor-
der contrast was clearer than with focal and border con-
trast. Uchikawa and Shinoda!® reported that colors
identified with memory tended to remain within their
own color category or their neighboring color category.
This might be consistent with the present results. That
is, the category effect in color memory might be included
in the color memory of natural images. However, it may
also be possible to explain this performance by color dif-
ferences, as in the following analysis (Subsection 6.A).

A common feature in experiments 1 and 2 was that
newly added pictures were judged correctly regardless of
the kind of contrast and its value. This means that some
of the information included in the memorized pictures,
possibly pattern information, may be kept in the memory
robustly enough to distinguish those pictures from the
newly added pictures. Such a property may represent a
particular capacity of picture memory, which has been
considered elsewhere.33-35

A. Comparison of Color Differences

We have defined the color diffefence as the averaged color
difference over all color manipulations of all pixels in a
picture. We calculated this quantity for 200 pictures cho-
sen arbitrarily from the pictures used in the experiments.
The reestimation in each of the concentrated contrasts
(focal, border, and nonborder contrasts) are plotted as a
function of color difference in Figs. 7(a) and 7(b), which
show the difference in the value of contrast in the memory
phase, for 50% and 100%, respectively. The abscissa
shows the color difference, and the ordinate shows the
weighted response. The different symbols indicate the
three kinds of concentrated contrasts. Error bars repre-
sent =1 standard error.

For the 50% contrast picture in the memory phase [Fig.
7(a)], the weighted response for focal contrast and border
contrast almost overlapped over a range of color differ-
ences (solid circles and open triangles, respectively).
This suggests that detection for these two contrasts are
subserved by a common mechanism. In addition, at color
difference 0 on the abscissa, that is, at the hit condition,
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the ordinate shows the weighted response. Each symbol shows
a different concentrated contrast. Each column shows the dif-
ference between the contrast values in the memory phase: (a)
50%, (b) 100% contrast.

the weighted responses for focal and border contrasts
were lower than for the nonborder ¢concentrated éontrast,
which had a different outline. It therefore may be neces-
sary to consider additional mechanisms.

On the other hand, for the 100% contrast picture in the
memory phase [Fig. 7(b)], the weighted responses for the
three kinds of concentrated contrasts declined along with
the color difference, and the curves of all three contrasts
were close. This suggests that color difference might
play a role in the detection of changing concentrated con-
trasts from a 100% concentrated-contrast picture. -

It may therefore be impossible to describe the whole
performance exactly by a single mechanism or fufiction of
color difference. It is possible that other mechanisms,
possibly cognitive ones; could be active, especially with
natural images. We discuss this issue in following sub-
section.

B. Colored Pictures of Natural Scenes

Here we compare our present results with previously pub-
lished research on memory for color. We also consider
the effect of color in pictures of natiural scenes.

In classic research on color memory a single color
stimulus is used. It is well known that the color appear-
ance of a colored target is affected by the context in a dis-
play. Newhall et al.? used a single color patch as a visual
stimulus and performed color matching for simultaneous
presentation and successive presentation (memory
matching). They reported that systematic increases in
purity were required for memory matching compared
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with simultaneous matching of the same test colors. By
manipulating chromatic contrast3 (defined in the present
study) of colors in their experiment (Fig. 5 in Ref. 2) we
found that the manipulation of chromatic contrast could
simulate their results; the increment of saturation in
memory matching was nearly 25% or less. Additionally,
in the experiment of Newhall et al., the increment in
saturation was significant for colors of medium chroma,
in the Munsell notation. The enhancement effect in the
present experiment also appeared in the middle of the
contrast values, for instance, at 50% chromatic contrast.
Additionally, Newhall et al. reported that the darker col-
ors tended to be remembered as even darker, and brighter
colors as even brighter. Such characteristics seem also to
correspond to our results in the manipulation of lumi-
nance contrast. We therefore speculate that there may
be a common mechanism in memory of color for a single
color and for various colors in a natural scene. However,
in the present research, the enhancement effect of chro-
matic contrast appeared for pictures with 0% chromatic
contrast in the memory phase. That is, the subject mis-
judged the black-and-white picture as a colored picture.
This suggests that the direction of the expansion of chro-
maticness might be similar between a single color image
and a natural scene image but the magnitude of the effect
may be different.

Other attributes should be considered in interpreting
such characteristics. We can recognize objects in a scene
automatically and effortlessly, exploiting our knowledge
and past experience. It may be reasonable to suppose
that the cognitive processes could work for colors in the
memory of natural images or equivalents even in the ex-
perimental situation.'®'2 In memory color studies®10-16
such attributes have been reported. Bartleson® wrote
that the increments of saturation and lightness “tended to
be more characteristic of the dominant chromatic at-
tribute of the object in question; grass was more green,
bricks more red” (p. 73). Spile and Springer!® suggested
that such an increment of chroma might be specialized for
recognition of particular objects: for example, color infor-
mation is an important attribute for food. Ranter and
McCarthy'® reported that typical colors of particular ob-
jects were remembered accurately. Note that the “typical
color” in their words referred to “appropriateness”; for in-
stance, the red of a stop sign. They discussed that
memory color would be accounted for by the cultural vari-
able, that is, typical knowledge of or the label for the ob-
ject. Despite there being a considerable number of re-
ports, it is still not clear what causes the perceptual
differences between the actual color of an object and its
memory color. It is also worth noting that Wurm et al.?”
reported that color improves object recognition and con-
cluded that the mechanism may be sensory rather than
cognitive.

Some researchers®” have studied the nature of color
memory in terms of a physical property of visual process-
ing, that is, responses of photoreceptors. However, such
approaches still do not specify an exact mechanism. dJin
and Shevell” compared the accuracy of color memory on
the L/M and the S dimensions (L, M, and S refer to exci-
tations of the long-wavelength-sensitive, the middle-
wavelength-sensitive, and the short-wavelength-sensitive
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cones). They reported that color memory on the IL/M di-
mension was more accurate than on the S dimension, sug-
gesting that the shift in memory could be in both satura-
tion and hue. Sachtler and Zaidi® manipulated a test
color along cardinal axes, which were defined in terms of
changes in cone excitations. They showed the stability of
chromatic threshold and suggested that chromatic signals
were more efficient than a luminance signal. This is con-
sistent with the results of Gegenfurtner?? and Wichmann
et al.® and also, possibly, with the present experiment, in
which observers’ performance for manipulation of lumi-
nance contrast was more ambiguous than for colored im-
ages.

Jin and Shevell” compared different stimulus configu-
rations: an isolated single patch and a test patch sur-
rounded by multiple colors. They argued that the differ-
ent results between the stimulus configurations could be
caused at the neural coding levels.

With respect to the property of categorical color in col-
ored pictures, our findings suggest that it is difficult for
subjects to detect color changes in focal and border con-
trasts. This possibly corresponds to the classic result for
a simple color stimulus'®; that is, the confusion in color
memory may be based on color category. This explana-
tion is consistent with Ranter and McCarthy’s finding'*
that focality of object colors had an insignificant effect
compared with typicality and appropriateness in simple
colored pictures. The characteristics of the results for
nonborder contrast (Fig. 4) were of a different nature.
Observers’ responses were clearer than with the other two
contrasts (focal and border). In this manipulation, colors
of objects in a scene could be exchanged with other colors,
sometimes inappropriately. However, it was difficult to
identify the effect in the present results, in which effects
of both knowledge of objects and the categorical property
were intermingled.

A property similar to the enhancement effect appeared
for the 50% focal and border concentrated contrasts in the
memory phase [Figs. 4(a) and 4(b)]. For changes in chro-
matic contrast, colors were changed along a uniform di-
rection toward D65 white in color space. In contrast, in
concentrated contrasts, colors in a picture were trans-
lated toward various directions in color space. By this
manipulation, some colors in a picture were saturated
and others were desaturated at the same time. The na-
ture of the color manipulation could not be identical be-
tween the variables. It is therefore difficult to identify
whether the effect that emerged in concentrated contrasts
was the same enhancement effect as in chromatic con-
trast. However, focal colors in each color category had
higher saturation. It may be possible that the destina-
tion of the enhancement shift of chromaticness is close to
the focal colors.

Significantly, some researchers have argued for the re-
lation of color memory to color constancy,®"1® which is the
invariant perception of surface color despite different
spectral illuminations. Stability of color representation
in memory may be important for recognizing objects un-
der different illumination, say, indoor and outdoor. Fur-
thermore, illumination changes cause almost uniform
shifts in chromaticities of surfaces in a scene. If color
mechanisms adapted to the uniform shifts, it would be
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Fig. 8. Results for categorical colot naming. Each symbol shows a different ¢olor category. Each panel shows the difference in the
luminance level. A color name represents data that have at least four iristances of naming over two sessions for three subjects. The

focal colors were averaged over subjects’ matches.

very hard for them to deal with a variety of directions of
the translation of chromaticities at the same time, which
occurred in the present study.

As discussed above, it was difficult to identify exactly
what kind of visual mechanisms stibseérve color processing
in visual memory. We have speculated that there inay be
multiple mechanisms for color processing in visual
metmory for color difference and categorical color percep:
tion and also a contribution from cognitive processing.

7. SUMMARY

Subjects tended to detect decremental changes in chro-
matic contrast more readily than incremental changes.

For luminance contrast and chromatic-and-luminance
contrast, similar responses were also evident, suggesting
that the chromaticness of a natural image is expanded in
memiory. Responses for black-and-white images were
more ambiguous than for colored images, suggesting the
importance of chromatic inférmation in visual memory.
Changes in chromaticities beyond color categories ¢ould
be detected more: clearly than the changes within each
color category, suggesting a role for c¢ategorical-color pro-
cessing in memory. Subjects’ performance in detecting
the differences of the color contrasts was not impaired
when memory load was not introduced. This suggests
that the results reported were due to visual memory. In
order to interpret all of this performance, it may be nec-
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essary to consider multiple mechanisms for color process-
ing in visual memory.

APPENDIX A: PRELIMINARY EXPERIMENT:
CATEGORICAL-COLOR NAMING

To make color changes based on the notion of categorical
color, we investigated the distributions of each of the basic
11 colors in the 1976 CIE (¢’, v’) uniform color space
used to present the pictures. Therefore we performed a
preliminary categorical-coler-naming experiment.

1. Stimulus

Colors were separated into nine luminance levels (0 < L
£ 2 2<L<=<5 5<L=s10, 10<L <20, 20<L
= 30, 30<L <40, 40<L =50, 50<L =60, 60
< L cd/m?). The test color patch was chosen from a
grid on the 1976 CIE (u', v') chromaticity coordinates
based on 0.02 unit for (¢’, v’) coordinates at each lumi-
nance level. A Mondrian-like colored pattern was used
as the background of the test patch in order to approxi-

mate a natural scene with a large number of colors. The -

Mondrian background consisted of 255 small color
patches in a 16 X 16 array. Each of the patches sub-
tended 0.7 X 0.7 deg and had a unique color. The mean
luminance of the patches in the background was 20 cd/m?,
and the mean chromaticity was (0.215, 0.463) in the 1976
CIE (u’, v') chromaticity coordinates, which corresponds
to (0.329, 0.315) in the 1931 CIE (%, y) coordinates. The
test patch surrounded by a gray background of 0.35-deg
width was superimposed at the center of the Mondrian.

2. Procedure

After adapting to D65 white at 30 cd/m? on the CRT dis-
play for 3 min, the subject started the session. The test
pateh and the Mondrian background were presented si-
multaneously for 2 s. Then the subject named the ap-
pearance of the test patch using one of the 11 basic color
terms (red, green, blue, yellow, orange, pink, purple,
brown, gray, black, and white). After a 3-s interval, in
which the D65 white (30 cd/m?) was presented, the sub-
ject observed the next color. This interval was long
enough to prevent afterimages. Categorical-color nam-
ing was repeated twice at each test chromaticity. Since
colors with luminance higher than 60 cd/m? had a chro-
maticity similar to D65 white, those colors were catego-
rized as white.

After categorical-color naming all colors, subjects ob-
served the colors again and chose a focal color or the color
closest to a focal color in each color category at each lumi-
nance level. In this task, the test and the background
were also presented for 2 s with a 3-s interval. Finally
subjects adjusted the chromaticity using a keyboard until
they were satisfied with the appearance of the color as a
focal color. The selection of focal colors was also repeated
twice.

3. Results

Subjects were MS (male, 23 yr), YS (male, 23 yr), and KK
(male, 24 yr), who participated in experiment 2 after this
experiment.
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Figure 8 shows the results of categorical-color naming
and chosen focal colors in the 1976 CIE (u’, v') chroma-
ticity diagram. Each symbol shows a different color cat-
egory. When a name appeared not less than four times
during the subjects’ naming over six sessions (two ses-
sions for each of three subjects), that name was adopted.
Focal colors were averaged over subjects’ settings. The
focal colors averaged over subjects and the border color
set by the experimenter in the definition of concentrated
contrast are also shown in the diagrams.

All of the 11 basic color terms appeared over the 9 lu-
minance levels. Black became gray when the luminance
level exceeded 5 cd/m? and became white at 40 cd/m2.
Brown at lower luminance levels changed to orange at 20
cd/m?.  Although blue occupied a large region at lower lu-
minance level, it diminished at higher luminance levels.
It was obvious that the focal colors of chromatic categories
were distributed with higher saturation.'”

ACKNOWLEDGMENTS

We thank D. H. Foster, U. C. J. Bingham, and E. K. Ox-
toby for their helpful suggestions, and S. K. Shevell for
critical comments.

Address correspondence to K. Amano at k.amano
@umist.ac.uk.

*Present address, Visual and Computational Neuro-
science, Department of Optometry and Neuroscience,
University of Manchester Institute of Science and Tech-
nology, Manchester M60 1QD, UK.

fPresent address, Department of Information Process-
ing, Tokyo Institute of Technology, 4259 Nagatsuta,
Midori-ku, Yokohama 226-8503, Japan.

'ftPresent address, Human and Informatien Science
Laboratory, NTT Communication Science Laboratories,
Kanagawa 243-0198, Japan.

REFERENCES AND NOTES

1. N. G. Hanawalt and B. Post, “Memory trace for color,” J.
Exp. Psychol. 30, 216-227 (1942).

2. S. M. Newhall, R. W. Burnham, and J. R. Clark, “Compari-
son of successive with simultaneous color matching,” J. Opt.
Soc. Am. 47, 43-56 (1957).

3. K. Uchikawa and M. Ikeda, “Temporal detection of wave-
length discrimination with successive comparison method,”
Vision Res. 21, 591-595 (1981).

4. K. Uchikawa, “Purity discrimination: successive vs. simul-
taneous comparison method,” Vision Res. 23, 53-58 (1983).

5. R. W. Burnham and J. R. Clark, “Test of hue memory,” J.
Appl. Psychol. 39, 164-172 (1955).

6. W. L. Sachtler and Q. Zaidi, “Chromatic and luminance sig-
nals in visual memory,” J. Opt. Soc. Am. A 9, 877-894
(1992).

7. E.W. Jin and S. K. Shevell, “Color memory and color con-
stancy,” J. Opt. Soc. Am. A 13, 1981-1991 (1996).

8. J. Pérez-Carpinell, V. J. Camps, M. D. de Fez, and J. Cas-
tro, “Color memory matching in normal and red-green
anomalous trichromat subjects,” Color Res. Appl. 26, 158—
172 (2001).

9. C.J. Bartleson, “Memory colors of familiar objects,” J. Opt.
Soc. Am. 50, 73-77 (1960).

10. K. Dunker, “The influence of past experience upon percep-
tual properties,” Am. J. Psychol. 52, 255-265 (1939).

11. R. Haper, “The perceptual modification of colored figures,”
Am. J. Psychol. 66, 86-89 (1953).



1514

12.

13.
14.
15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

J. Opt. Soc. Am. A/Vol. 19, No. 8/August 2002

C. Hendrick, B. Wallence, and J. Tappenbeck, “Effect of cog-
nitive set on color perception,” J. Pers. Soc. Psychol. 10,
487-484 (1968).

P. Spile and R. M. Springer, “Memory and preference for the
colors of objects,” Percept. Psychophys. 34, 363-370 (1970).
C. Ranter and J. McCarthy, “Ecologically relevant stimuli
and color memory,” J. Gen. Psychol. 117, 369-377 (1990).
J. Pérez-Carpinell, M. D. de Fez, R. Baldovi, and J. C. So-
riano, “Familiar objects and memory color,” Color Res. Appl.
23, 416-427 (1998).

P. Bodrogi and T. Tarczali, “Colour memory for various sky,
skin, and plant colours: effect of the image context,” Color
Res. Appl. 26, 278-289 (2001).

R. M. Boynton and C. X. Olson, “Locating basic colors in the
OSA space,” Color Res. Appl. 12, 94-105 (1987).

R. M. Boynton, L. Fargo, C. X. Olson, and H. S. Smallman,
“Category effects in color memory,” Color Res. Appl. 14,
229-234 (1989).

K. Uchikawa and K. Shinoda, “Influence of basic color cat-
egories on color memory discrimination,” Color Res. Appl.
21, 430-439 (1996).

H. Komatsu, “Neural coding of color and form in the infe-
rior temporal cortex of the monkey,” Biomed. Res. 14, 7-13
(1993).

E. Loftus, “Shifting human color memory,” Memory Cogn. 5,
696-699 (1974).

K. R. Gegenfurtner, “Colors in the recognition of natural
scenes,” Invest. Ophthalmol. Visual Sci. Suppl. 38, S900
(1997).

F. A. Wichmann, L. T. Sharpe, and K. R. Gegenfurtner, “The
contributions of color to recognition memory for natural
scenes,” J. Exp. Psychol. Learning Memory Cogn. 28, 509~
520 (2002).

Some of experimental sessions were run with another per-
sonal computer (Macintosh Ilci), with which the chromatic-
ity coordinates of the display were (0.622,0.341),
(0.273, 0.605), and (0.151, 0.058), respectively, for the R, G,
and B phosphors. The calibration procedure used here en-
sures that the difference in computers did not cause any
problems. Considering the efficiency of image processing,
the computer for the display system was exchanged for the
machine described in text.

As described later, for luminance contrast 100% contrast

26.

217.
28.
29.

30.

31.

32.

33.
34,
35.
- 36.

37.

Amano et al.

means an original distribution of luminance values; for con-
centrated contrast, the luminance distributions were cat-
egorized.

Observers did not have any additional information in this
interval.

E. F. Loftus, D. G. Miller, and H. J. Burns, “Semantic inte-
gration of verbal information into a visual memory,” J. Exp.
Psychol. Hum. Learning Memory 4, 19-31 (1978).

J. A. Lucy and R. A. Shweder, “The effect of incidental con-
versation on memory for focal colors,” Am. Anthropol. 90,
923-931 (1988).

The rating method was adopted because subjects reported
difficulty in making a decision with conventional yes—no
paradigm in preliminary observations.

K. Amano, K. Uchikawa, and H. Ujike, “Chromatic contrast
enhancement of colored pictures in memory,” presented at
the Annual Meeting of the Optical Society of America, Port-
land, Oregon, September 10-15, 1995.

K. Amano and K. Uchikawa, “Change in appearance of
chromatic and luminance contrasts of colored pictures in
human memory,” J. Inst. Television Eng. Japan 50, 714—
724 (1996).

K. Amano and K. Uchikawa, “Effects of hue change on
memory for colored pictures,” presented at the Annual
Meeting of the Optical Society of America, Rochester, New
York, October 20-24, 1996.

R. S. Nickerson, “Short-term memory or complex meaning-
ful visual configurations: a demonstration of capacity,”
Can. J. Psychol. 19, 155-160 (1965).

R. N. Shepard, “Recognition memory for words, sentences,
and pictures,” J. Verbal Learning Verbal Behav. 6, 156-163
(1967).

L. Standing, J. Conezio, and R. N. Haber, “Perception and
memory for pictures: single trial learning of 2500 visual
stimuli,” Psychon. -Sci. 19, 73-74 (1970).

The 1931 CIE (x, y) coordinates of the test colors listed in
Table I of Ref. 2 were regarded as the 100% chromatic con-
trast.

L. H. Wurm, G. E. Legge, L. M. Isenberg, and A. Luebker,
“Color improves object recognition in normal and low vi-
sion,” J. Exp. Psychol. Hum. Percept. Perform. 19, 899-911
(1993).





