An Investigation of the Effect of Image Size on the Color
Appearance of Softcopy Reproductions

Mahdi Nezamabadi, Roy S. Berns and Ethan Montag, Munsell Color Science Laboratory, Chester F. Carlson Center for Imaging
Science, Rochester Institute of Technology, Rochester, New York, USA

Abstract

Original and reproduced art are usually viewed under quite
different viewing conditions. One of the interesting differences in
viewing condition is size difference. In order to develop a
fundamental understanding of the effect of image size on color
appearance, a digital projector and LCD display were
colorimetrically characterized and used in a contrast matching
experiment. At four different sizes and three levels of contrast, a
total of 12 images of Gabor patterns were rendered for both
displays. Twenty observers adjusted mean luminance level and
contrast of images on the projector screen to match the images
displayed on the LCD. The contrasts of the larger images for the
projector were boosted while their mean luminance values were
decreased relative to the smaller LCD images. The effect was more
pronounced in the matching projected image to the smaller images
on the LCD display.

Introduction

An ideal system of image reproduction includes two main
subsystems, devices and software for data acquisition at the input
side and devices and software for image display at the output side.
The fidelity of an image reproduction system depends on the
performance of the subsystems. Different techniques for spectral
data acquisition have been developed and image reproduction of
cultural heritage based on spectral imaging techniques has been an
active research area in the last ten years. "> Many art objects have
a size much larger than their reproductions, whether displayed on a
monitor or in print. In order to develop a fundamental
understanding of the effect of image size on color appearance, a
digital projector and LCD display were colorimetrically
characterized and used in a contrast matching experiment. The
projector and LCD display are light emitting devices and in this
sense are similar soft copy media.

The physical size or viewing angle of a stimulus is one of
several factors affecting color perception. Differences in size or
viewing distance leads to different surrounds and as shown by
Bartleson and Breneman,* the perceived contrasts will be different.
In studies on the effect of size on the color appearance of uniform
patches, an increase of lightness and chroma, but no effect on hue,
for an increase in sample size was reported by Xiao e al. > In an
exploratory experiment using a paired-comparison method, we
showed that a linear increase in lightness of a small image on a
LCD display resulted in a closer match to a large image projected
on screen than the original colorimetric rendered image, and was
perceived as a more accurate reproduction than the majority of
algorithms tested.”

Perceived contrast is one of the perceptual attributes of an
image. Michelson contrast, Weber fraction, and root-mean-square
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contrast are examples of metrics proposed for quantifying this
perceptual attribute.® Sinusoid patterns at suprathreshold have been
studied for their apparent contrast. It has been reported that two
suprathreshold patterns generally match in apparent contrast if
their physical contrast are equal, even when they have large
differences in the contrast thresholds. This phenomenon is termed
“contrast constancy.”9 In other words, if a test and a standard with
different spatial frequencies have equal physical contrast and mean
luminance then their apparent contrast will match.

An image on a projector screen, by definition, has a larger
size than its reproduction on a LCD display and hence has
different spatial frequencies. We have performed a visual
experiment to investigate the effect of image size on percieved
contrast.

Experimental

Stimuli

A sine wave pattern is a traditional stimulus used in
experiments of contrast matching and visual sensitivity
measurements.'®'" The Gabor pattern is a variation of the sinusoid
pattern, which is a modulation of the sine wave pattern by a
radially symmetric Gaussian function. In this way the sine wave
pattern fades from its maximum and minimum values to its mean
value. Figure 1 shows an example of a Gabor pattern and its
lightness values, in CIE L*, along the horizontal axis of symmetry.
Contrast of a periodic pattern such as sinusoidal grating can be
measured by the Michelson formula,'”> which is expressed in
Equation 1:

L -L .
M, = _max_ _“nun_ D
Lyax + Lmin

where M, is Michelson contrast and L,,;, and L,,, are minimum
and maximum luminance values, in the pattern, respectively.
Three Gabor images at contrast levels of 0.97, 0.84, and 0.3 and a
mean lightness of CIE L* 50 (corresponding to a luminance level
of 42.65 cd/m?) at a resolution of 3300x3300 were rendered for the
LCD display. For each contrast level, using the nearest-neighbor
interpolation technique, four images at resolutions of 350x350,
700x700, 1400x1400, and 2100x2100 pixels were populated.
These correspond to retinal subtenses of approximately 5, 10, 20,
and 29 degrees of visual angle, although strict viewing distances
were not fixed in order to approximate the natural viewing
conditions in a museum setting. In this way a total of 12 images
were prepared. Table 1 summarizes specifications of the 12 images
rendered for the LCD display. Using the LCD white point and an
inverse model of the digital projector (described below), images
numbered 2, 6, and 10, from Table 1, were also rendered for the
projector display. Therefore, for each image on the screen, four
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images with the same contrast but with different sizes were
rendered and displayed on the LCD display. Images on the screen
had a fixed physical size of 100cm X 100cm that corresponded to
a visual angle of about 28 degree and 1.1 cycles/degree. Therefore,
the LCD images had approximate magnifications 1x, 2/3x, 1/3x,
and 1/6x compared to the screen images. It should be noted that
the white point of the LCD display was used in the renderings of
all images to equalize maximum luminance level for both LCD
and DLP displays.
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Figure 1. An example of a Gabor pattern and its CIE L* along the horizontal
axis of symmetry (the axis of symmetry is shown by the solid black line in the
image).

Table 1- Summary of specifications of the 12 images rendered
for the LCD display. (Mc=Michelson Contrast.)

N | Resolution| Size |Luminance | Range of [Cycle/ Mc
o | (Pixels) (mm) | Range CIEL* degree
(cd/m2)

1 [350x350 43.6 |2.1-165.8| 10—-90 6.0 0.97
2 [700x700 87.2 |2.1-165.8| 10—-90 3.0 0.97
3 [1400x1400 | 174.3/2.1 - 165.8 | 10 — 90 1.6 0.97
4 2100x2100 | 261.5/2.1 - 165.8 | 10 — 90 1.0 0.97
5 [350x350 43.6 |9.6-107.3|25-75 6.0 0.84
6 [700x700 87.2 |9.6-107.3|25-75 3.0 0.84
7 [1400x1400 | 174.3/9.6 - 107.3 | 25-75 1.6 0.84
8 2100x2100 | 261.5/9.6 - 107.3 | 25 -75 1.0 0.84
9 [350x350 43.6 |38.3-70.4|47.5-62.5| 6.0 0.29
10[700x700 87.2 |38.3-70.4|47.5-62.5| 3.0 0.30
11]1400x1400 | 174.3/38.3-70.4 | 47.5-62.5| 1.6 0.30
122100x2100 | 261.5/38.3-70.4 | 47.5-62.5| 1.0 0.30

Characterization of Devices

A Plus Data Projector U4-232 from Plus Vision Corp., driven
by an Apple G5, was used to project rendered versions of the
Gabor patterns. The U4-232 projector uses Digital Light
Processing (DLP) technology and had a resolution of 1024x768.
This projector is called the DLP projector through the rest of the
paper. The DLP projector has four primaries, red, green, blue, and
white. The white primary has been added to increase the luminous
output of this display device. A device characterization model
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based on four primaries was proposed by Wyble, er al, "> and

was used in this research. Primary ramps of red, green, blue, and
white were sampled with intervals of five digital counts in the
range of 10 to 245. For the two ends, the range of 0 to 10 and 245
to 255, sampling intervals of one digital count were used. In
addition to primary ramps, a set of 1000 samples was measured to
verify the characterization model. For each sample, a uniform
patch of the corresponding digital count was displayed on the
screen and measured by a Photo Research PR650
spectroradiometer. The spectroradiometer measured radiance
values in the range of 380 to 780 nm in intervals of 4 nm. All
measurements took place in a dark environment. The color
differences, AEq, for the 1000 samples from the projector forward
model for the 1931 standard observer were calculated and Table 2
presents corresponding mean, maximum, and 90th percentile
values. The DLP projector was set to its factory standard mode
during the experiment.

An IBM T221LCD display, with an area of 478 x 299 mm
and resolution of 3840x2400 at a refresh rate of 12 Hz was used in
this experiment. The LCD display was characterized in a dark
room using the same Photo Research PR650 spectroradiometer
using the Day, et al. method."* Table 2 also lists the colorimetric
results for the identical dataset used by Day, et al.'* As it can be
seen from Table 2, both colorimetric characterizations of the DLP
and LCD had good performance.

Table 2- Summary of characterization results for LCD display
and DLP projector for the 1931 standard observer.

Display Mean AEq, Max AEq 90 percentile AEqg
LCD Display 0.9 2.4 1.6
DLP Projector 1.0 8.4 1.6

Psychophysical Experiment

Twenty observers participated in the experiment. Using the
method of adjustment, a contrast matching experiment was
performed in a dark environment. Three Gabor patterns at contrast
levels of 0.97, 0.84, and 0.30 were rendered and projected on a
screen by the DLP projector. Each observer adjusted 12 images on
the screen to match the corresponding LCD images. For example
an image with a contrast value of 0.97 on the screen was compared
and adjusted to four images of the same contrast but with sizes of
43.6, 87.2, 174.3, and 261.5 mm on the LCD display. Observers
were asked to match the appearance of images on the LCD and
screen by adjusting the mean luminance level and contrast of the
image displayed on the screen. Pairs were selected in a random
order from the available 12 pairs. Furthermore, the test image on
the screen had an initial contrast and mean luminance level
selected from a uniform random distribution. There was an interval
of 10 seconds between each adjustment. Observers were asked to
ignore artifacts caused by aliasing and quantization. All images on
the LCD display and screen had a white margin. The background
and surround of the images on the screen and LCD display were
set to a black color. The LCD display and DLP screen were
positioned at a 180° angle from one another. The observer was
standing 50 cm from the LCD display and about 200 cm from the
screen. Due to the specific experimental arrangement, an observer
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could not see both the LCD and screen at the same time and the
adjustments were based on short-term memory matching. Observer
responses were saved as data files and used to redisplay and
measure the minimum, maximum, and mean luminance values

with the PR650 spectroradiometer.
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Figure 2. Mean of adjusted contrast of images projected on screen versus
the size of images displayed on the LCD for three contrast levels. Solid blue
line with circle: contrast = 0.97; solid red line with square: contrast = 0.84;
solid magenta line with diamond: contrast = 0.3. Error bars present 95%
confidence limits for mean values.
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Figure 3. Mean of adjusted contrast of images displayed on the DLP
projector versus contrast of the same images on the LCD display for different
image sizes. Line with circle: size = 43.6 mm; line with square: size = 87.2
mmy line with triangle: size = 174.3 mm; line with diamond: size = 261.5 mm.

Results and Discussion

The minimum and maximum luminance values measured
from observer responses were used to calculate contrast according
to Equation (1) for adjusted images (projected on screen). The
mean of adjusted contrasts was calculated for each image size. A
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95% confidence interval was computed for each mean value."
Figure 2 shows the mean of the adjusted contrast and
corresponding confidence limits for the projected images versus
size of the images displayed on the LCD for three contrast levels.
As seen in Figure 2, for contrast values of 0.84 and 0.3, there was
an increase of contrast for adjusted images when image size was
decreased on the LCD display. The smaller the image on the LCD,
the higher the adjusted contrast for images on the screen.
However, a significant increase for adjusted contrast was not
observed for the high contrast images. Figure 3 presents the same
data in another way, the adjusted contrast of images on the screen
versus contrast of the corresponding images on the LCD display.
For contrast values of less than 0.85, the contrast of images with
different sizes displayed by LCD are mapped to different contrast
values for images on the screen but are mapped to the same value

as the contrast level is increased.
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Figure 4. Mean luminance levels of adjusted images projected on screen
versus size of images displayed on the LCD for three contrast levels. Solid
blue line with circle is for contrast level of 0.97; solid red lines with square
and solid magenta line with diamond are for contrasts of 0.84 and 0.3,
respectively. The mean luminance level of 42.65 ca/m?, corresponding to the
CIE L* 50, is also shown by the dashed line. Error bars represent the 95%
confidence intervals.

Figure 4 shows the mean luminance levels of the adjusted
images on the screen versus the size of the corresponding images
displayed on the LCD for the three contrast levels. The mean
luminance level of the images displayed on the LCD, 42.65 cd/m*
corresponding to the CIE L* 50, is also shown as a dashed line.
For each mean value, a 95% confidence interval was computed
and shown as error-bars in Figure 4. For images of contrast values
of 0.97 and 0.84, the mean luminance values of the projected
images were reduced compared to displayed images on the LCD.
This decrease in mean luminance value was more pronounced in
the case of smaller images on the LCD. For low contrast images,
contrast value of 0.30, the same trend was seen for adjusted images
compared to LCD images with size of 1/6x and 1/3x, but the mean
luminance values of the adjusted images were not statistically
different from corresponding values of images on the LCD with a
size of 2/3x and 1x (confidence intervals overlap with the dashed
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line). In our previous experiment,” we showed that the lightness of
the image on the LCD was increased compared to the image on
screen which is in agreement with the decrease in luminance level
in the adjusted image on screen in this experiment. Xiao and
coworkers,>® also have reported an increase of lightness for an
increase in sample size for uniform patches.

For this experiment an increase of physical contrast on
projector screen images was needed to achieve an equally
perceived contrast on both displays and contrast constancy did not
occur. However, the curves in Figure 2 flattened for higher
contrast values and for the highest contrast values, the images were
almost contrast constant.

Conclusions

Both displays had good colorimetric characterization
accuracy. It was shown that both mean luminance level and
contrast were affected by image size and hence image size should
be considered in softcopy reproduction. The method of adjustment
utilized in this experiment successfully showed a trend of the
increase of contrast in adjusted images versus the decrease of
image size on the LCD display. For high contrast images this
increase in contrast was insignificant. Compared to the mean
luminance level of the LCD images, a reduction of the mean
luminance level of the adjusted images was observed. This
decrease was more pronounced for smaller images. Low contrast
images with a size of 2/3x and 1x and corresponding adjusted
images on screen had the same mean luminance values.

The decrease in luminance level in the adjusted images on the
projector screen is in agreement with the result of our previous
experiment in which the lightness of the image on the LCD had
increased in order to make a match.’

Complete contrast constancy was not observed in this
experiment. An increase of physical contrast on screen images was
needed to achieve an equal perceived contrast on both displays.
However, for the highest contrast images the required increase in
contrast was lower. The higher contrast the greater the degree of
contrast constancy.

Future research will explore chromatic contrast matching at
other contrast and mean luminance values with the goal of
developing a fundamental understanding of the effect of image
size on color appearance. This research will be applied to the
reproduction of cultural heritage in order to improve the ability of
appearance reproduction.

References
[1] R.S.Berns, L. A. Taplin, M. Nezamabadi, Y. Zhao, and Y. Okumura,
High Accuracy Digital Imaging of Cultural Heritage without Visual

ICIS '06 International Congress of Imaging Science

Editing, in Proc. IS&T Archiving Conference, IS&T Springfield,
2005, pp. 91-95.

[2] R.S. Berns, Color Accurate Image Archives Using Spectral Imaging,
Proc. (Sackler NAS Colloquium) Scientific Examination of Art:
Modern Techniques in Conservation and Analysis, National
Academies Press, 105-119 (2005).

[3] Please see http://www.art-si.org/

[4] C.]J.Bartleson and E. J. Breneman, Brightness Perception in Complex
Fields, J. Opt. Soc. Am., 57, 953-957 (1967)

[5]1 K. Xiao, M. R. Luo, C. J. Li, P. A. Rhodes, C. Taylor, Specifying the
Color Appearance of a Real Room, IS&T/SID Eleventh Color
Imaging Conference: 308 (2003).

[6] K. Xiao, C.J. Li, M. R. Luo, C. Taylor, Color Appearance for
Dissimilar Sizes, CGIV 2004, Second European Conference on Color
in Graphics, Imaging and Vision, 12-16 (2004).

[71 M. Nezamabadi, R. S. Berns. The Effect of Image Size on the Color
Appearance of Image Reproductions IS&T/SID Thirteenth Color
Imaging Conference: 79 (2005).

[8] E. Peli, Contrast in complex images, J. Opt. Soc. Am., Vol. 7, No.10,
2032-2040 (1990).

[91 M. A. Georgeson and G. D. Sullivan, Contrast constancy: deblurring
in human vision by spatial frequency channels, J. Physiol. 252, 627—
656 (1975).

[10] M. A. Georgeson, Over the limit: Encoding contrast above threshold
in human vision, in Limits of Vision, J. J. Kulikowski, ed. (Erlbaum
London, 1990) pg. 106-119.

[11] D. H. Kelly, Visual Science and Engineering Models and Applications
(Marcel Dekker Inc., New York, NY, 1994) chapter 7.

[12] D.R. Wyble, H. Zhang, Colorimetric Characterization Model for DLP
Projectors, IS&T/SID Eleventh Color Imaging Conference: 346
(2003).

[13] D.R. Wyble, M. R. Rosen, Color Management of Four-Primary DLP
projectors, IS&T/SID Twelfth Color Imaging Conference: 228 (2004).

[14] E. A.Day, L. A. Taplin, and R. S. Berns, Colorimetric
Characterization of a computer-controlled liquid crystal display, Color
Res. Appl. 29, 365-373 (2004).

[15] D.R. Anderson, D.J. Sweeney and T. A. Williams, Statistics for
Business and Economics (South-Western College Publishing,
Cincinnati, OH, 1999) pg. 375.

Acknowledgements

This research was supported by the Andrew W. Mellon
Foundation, the National Gallery of Art, Washington, DC, the
Museum of Modern Art, New York, and the Institute of Museum
Library Services, as part of the Art Spectral Imaging Project

Author Biography

Mahdi Nezamabadi received his B.S. and M.S. degrees in Textile
Engineering from Amirkabir University of Technology in 1992 and 2001
respectively. He had worked as industrial engineering manager at Harir
Dyeing & Printing Company from 1994 to 1997. From 1997 to 2002 he has
been working as a lab instructor and researcher in the Color Science
Department of Amirkabir University of Technology. Since 2002, he is a Ph.
D. student in Imaging Science at the Munsell Color Science Laboratory of
Rochester Institute of Technology.

Final Program and Proceedings 129



	33674
	33675
	33676
	33677
	33678
	33679
	33680
	33681
	33682
	33683
	33684
	33685
	33686
	33687
	33688
	33689
	33690
	33691
	33692
	33693
	33694
	33695
	33696
	33697
	33698
	33699
	33700
	33701
	33702
	33703
	33704
	33705
	33706
	33707
	33708
	33709
	33710
	33711
	33712
	33713
	33714
	33715
	33716
	33717
	33718
	33719
	33720
	33721
	33722
	33723
	33724
	33725
	33726
	33727
	33728
	33729
	33730
	33731
	33732
	33733
	33734
	33735
	33736
	33737
	33738
	33739
	33740
	33741
	33742
	33743
	33744
	33745
	33746
	33747
	33748
	33749
	33750
	33751
	33752
	33753
	33754
	33755
	33756
	33757
	33758
	33759
	33760
	33761
	33762
	33763
	33764
	33765
	33766
	33767
	33768
	33769
	33770
	33771
	33772
	33773
	33774
	33775
	33776
	33777
	33778
	33779
	33780
	33781
	33782
	33783
	33784
	33785
	33786
	33787
	33788
	33789
	33790
	33791
	33792
	33793
	33794
	33795
	33796
	33797
	33798
	33799
	33800
	33801
	33802
	33803
	33804
	33805
	33806
	33807
	33808
	33809
	33810
	33811
	33812
	33813
	33814
	33815
	33816
	33817
	33818
	33819
	33820
	33821
	33822
	33823
	33824
	33825
	33826
	33827
	33828
	33829
	33830
	33831
	33832
	33833
	33834
	33835
	33836
	33837
	33838
	33839
	33840
	33841
	33842
	33843
	33844
	33845
	33846
	33847
	33848
	33849
	33850
	33851
	33852
	33853
	33854
	33855
	33856
	33857
	33858
	33859
	33860



