A New Metric for Color Halftone Visibility

Qing Yu and Kevin J. Parker, Robert Bckley* andVictor Klassen*
Dept. of Electrical Engineering, University of Rochester , Rochester, NY
*Corporate Research & Technology, Xerox Corporation, Webster, NY

Abstract of psychophysical experimentsMe be@ developed.The
experimental results have been usedevelop ne quality

Color halftoning with stochastic processes such as errometric forcolor hdftone texture visibility. In the following
diffusion and stochastic screening eliminatdse Moiré  sections, the outline of the experiment is gif&st, then
problems since thhalftore dots created by thegprocesses experimental results, olbsations and data analysire
are relatively unstrucured This removes the constraints of reported.
the rotation angle that aply to conwentional color
halftoning with ordred dither. In this pape, a seriesof Experiment Outline
psychophysidaexperiments address the visibility oflop
halftore textures fron different schemes of stochastic Stimulus
halftoning as well as Bayer’s dithering. Specifically, color In this experinent, we usd displayel halftone pathes
halftone pathes ae displayed o a monita screenand the  with different colors and textures as expmental stimuli.
distance at which an observenaonfidently see thetture  Thes halftone patterns were chosen so that the samples
is identified This distance is used as a measurdroéthe contained common colors (such as skinetand sky) in
texture visibility of tke corresponding hatbne patch. The color pinting as well as halftonesttures from different
experimenthdesignand set-up will be outlined first, then blue-noisehalftoningschemes. These halftone patches were
the experirent results will be reported. A new metrfior  created from six ufidorm contoneimages(skin color, sky
color halftone texture visibility is also proposeddit is  color, green cdor, 25% gy, 37% gray, and 50% gray

tested with the experimental results. respectively) usig five different cdor haltone algorithms:
four bluenoise schemes (dan-dot, dot-off-dot (or four
Introduction mask) the adaptive scheme and mr dffusion)* and
Bayer’s dithering.
Color imagingnormally requires mixingdf three additive The halftore patches were displag in random

primaly colors (RGB) for CRT display or subtractive sequence on a 21-inch SGI monitbathasa pitch d 0.26
primary colors (CMY) fa print. Printing technolog can  mm with 24-bit-color display abilitySince monitors nor-
also utilize afourth primary (K) to providea better black mally hawe difficulty reproducing images at the highest
hue enlarge the color gamut and improve image qualityspatial frequency, i.eon-off-on pxel sequenethat is very
Additional colors can be added to ther enlarge thcolor commam in blue-noise halftone images, each pixel of the
gamut. Colo halftoning is the mcess © gererating halftore pathes (256 by 256 in size originally) was repli-
halftore images for the different cola planes for a printing catel in both horizontaland vertical directions to male?2

or display @vice. Color inege halfbning is significantly by 2 squareThe final pathes displayed on éhmonitor
more complicated tha halftoning for a gray scale image. were all 52 pixels by512 pixels (orabout13.3 cm by 13.3
All the qualities requiredof black-and-whi¢ halftone cm) in size. The test site had conventional office lighting
images apply taolor halftone images which areomposed  with fluorescent illumination, with no glare visible dhe

of multiple color planes, and where, the interactions display.

between colpplanes must be precisely controlled.

In conventional halftoning, the same lestered-dot patch X Y z
screa celn be usej_'fgj h:;lftlcztne the C, M, EKh plahnes 50%gray 27 26 29.08 4027
separately to obtaifour halftone images, which arthen 37%gray 3534 3782 5190
used to combl the placing of coloon paper To reduce .

Moiré patterrs which are caused by the lofrequency 25%gray 43.05 45.98 63.32
comporents of the interfeence d different cola planes, the green 6.57 12.25 5.28
screens are typically arnted at different angles (usuaB0° skin 47.47 46.67 56.81
apart) therby adding more constraints to the lf@ne sky 30.44 33.92 66.09

process.Stochastichalftoning (or blue-roise halftoring),
such as stochastic screening anar diffusion,”” eliminate
the Moiré conern sine the color halftone dat created by
these processes are relatively unstructured, thus removing
the constraints aftation angle.

To better understanttie behaviour fothe human visual
system (HVS) perception of color halftopatternsa series

Table 1: Average tristimulus values of the color patches.
Table 1 lists the average tristimulus vayeeasued

with a colorimeter for display) of the color halftone patches
used in this experiemt.
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Subjects determined that the median value of the same distribution
Eight University of Rochester graduate studentswvas very close to the mean value for each patch.

between the ages of 20 and 30 were used as subjects. All of

these subjects had some imaging background. Before edcloriginal | dod | 4m |adap | ed |bayer| multi

experiment, all subjects were tested to have normal col®Baosgray [ 377 | 330 | 316 | 542 | X X

vision based on correct reading of a set of |sochr0r_n{:1t C379%gray | 356 | 291 | 355 | 224 | 282 X

plates (Ishihara Plates) and approximately 20/20 visiop

(some with correction lens). At the end of each experimeng,22%egray | 324 | 275 | 279 | 213 | X X

a subject was also tested to identify his (or her) actual 20/20 green | 341 | 335 | 367 | 276 | 193 | 233

vision distance, which was the longest distance at which|a skin 265 | 261 | 296 | 244 | 282 | 204

subject could accurately read at least 7 out of 8 characters|in gyy 309 | 293 | 369 | 277 | 181 | 198

the 20/20 line on a Snellen adult eye chart. This distance

was used as a normalizing factor in later analysis.

Table 3: Mean value (across the observers) of the normalized
visibility distance (cm) for each halftone patch (dod stands for

Procedures :
. . dot-on-dot, 4m for dot-off-dot, adap for the adaptive scheme,
K %eftore te%%h t?St Fﬁtcr;mw?r? g:st)lf’;]lyed, thers)?i?r]]e(gt IW%% for error diffusion, bayer for Bayer's dithering and multi
asked 1o stand at a maximu stance (approximately for multi-level dot-on-dot).

meters) from the monitor where no texture could be

perceived for all test patches. Then, a test paich was g« in Taple 3 means that data for that cell is either
displayed on a monitor _and the subject was asked to WaPﬁJt available (multi-level patches for 25%, 37% and 50%
slow_ly toward the monitor _and stop where he/she coul ray) or not reliable (most subjects claimed that the bayer
confidently see the texture in thg patch. No back-an_d—fort atches for 25% and 50% gray were contone). From Table
[)nc;vemer;';] W?S alloy;/_ed mdttfrl]ls pro%ess. The dg’t%nc we can come up with the following observation. For most
€ We?jnth ed$ ?p position an e”monlt orkwas re%qr te f (9 the observers, the error diffusion scheme performed well
éxpand the distance range as well as 10 keep SUDJECIS ok, smal average distance) for all of the six color patches
learning a typical distance, three multi-level (three levels sed in this experiment except the 50% gray patch (due to

halftoned patches and the six original contone patches we ical error diffusion artifacts). Also, for most of the
inserted randomly into the test sequence. Therefore, for ea%servers, the dot-off-dot (or four r’nask) scheme out-
subject, a 'gotal O.f 39 test patches were dlsplaye;d and t ferformed the dot-on-dot and adaptive scheme, which might
corresponding dlstancgs were megsured. Subjects w §Eggest that the HVS is less sensitive to texture in chromi-
allowed to take a break if they felt fatigued. nance channel than in luminance charirigtis agrees with
the general vision theofy.Finally, for certain Bayer's
dithered patches, the texture visibility is extremely low
. (very short distances); and for some other Bayer’s dithered
Observations

. atches, the texture visibility is relatively high. This again
Before the results are reported, several observations ag Y y g g

S o %rees well with our experience with the texture variations
worth mentioning. To study the repeatability of the expery, eyist using Bayer's dithered halftone patterns.
iment, in a preliminary experiment, two test patches were
randomly picked and repeated during a display sequence. As ; ;
the results show, the difference between those two Experimental Data Analysis
measurements for each repeated pattern is small for mOStRﬂalysis Approach
the observers, as shown in Table 2, where the difference "5, se of the nature of the experimental set-up and

tbhetween the tv(‘;‘? {neasu;emttarr]]ts IS g|vetn dashthl(fat percentta% ?6cedure, this experiment examines the image quality of
€ average distance for the repeate alftone patc Iftone textures from different color halftone schemes.

Therefore, _mtra-observer error was not considered a Sero&verstein and Farrélihad investigated the relationship
issue for this experiment. . .. between the perceived image fidelity and image quality of
Another observation IS, t_hat lc_)y using the norm""“Z'nghalftone textures, and according to their report, there is “at
factor of the actual 20/20 vision distance for each Observeanost a weak correlation between image fidelity and image
the inter-observer variability is greatly reduced, to a ﬁnaquality" Therefore, objective metrics such as frequency-
average value of 11.2% over all observers and patches. weighte.d-mean-sql’Jare-error (FWMSE), for which a corre-
sponding contone image is used as a reference, are not

Experimental Results

Subject 1121345678 applicable here since the observers had no such reference
Difference(%) |5.5|3.5| 6 |2.4]| 4 [7.9|3.6|29 images. Theoretically, the visibility of halftone texture or
the rank order of color halftone rendering by the human
Table 2: Intra-observer variation. visual system (HVS), should be directly related to the
distinct characteristié¢sof individual halftone patches, as
Experimental Data well as the properties of the HVS. Three issues should be

Table 3 lists the mean value of the distance distributiorronsidered before developing a halftone texture metric.
of the 8 observers for each halftone patch. We also First, in color halftoning, we have to deal with not only
texture that is related to luminance channel as in black-and-
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white halftoning, but also texture reldtéo chrominance
channé ard their weightings. It has B widely acepted
that the HVS is more sensitive texture in the luminance
channel than in thehrominance chnnel! Therdore, the
first step of a possible approadould be to fnd out if there

Now the Y plane y(¥) has thduminance inage.
3. Define a new vagble as WebLimit, which is giveby
the followingequation:

WebLimit = AVG * Webfactor. 4

is a strorg correlation between ¢htexture in luminance where AVG is the average (AVj@f the luminane image,

channel and the experimental results, this case the
distance.

The second issue pertains to the nature tiag
experiment. When an observer is &avay from the monitar,

the corresponding HVS function will be an extreme narrow-

band lowpass filter in the frequency damasuch that
higherfreguency content is notdetected As he/ske moves

toward the monitor, the bandwidth of the corresponding

HVS filter is gradually exgnded so thamore and more
frequerty contents at those sample lovequencieswould

the Webfactor is set as 1/30 for all the color patches.

4. Take a Fourietransfam (FT) to find the corresponihg
Y(K,L), the luminance imagin frequercy domain.

5. Define a variable Fas cut-éf radial frequency, and set

the starting value of fo 1.

6. Define a new image C(K)Lin frequercy domain
according to théollowing equation:

C(K,L)=Y(K,L), if R(K,L)<F, =0,
where R(K,L) =

otherwise (5)
sqrt(k+L?, the corresponding radial

be captured, whichwould ultimately contribute to the frequery of locatio (K, L) in the frequercy domain.

halftonetexture as detected by eyes. Therefore, intuitively;.
there shoull be a positive correlation between the low

frequencynoise and the texture visibility of arfyalftone
pattern.

Thefirst two issues are directly relatedttee properties
of the halfone patterns, which is the objective tpaf this
experimentThe thrd issue pertains to the subjective prt
this experiment, theexture detection model othe HVS.

The detectim model we propose here is based on the

Weber's Law.

A New Texture Vishility Metric Based On Webe''s Law
As early as the last century, working mainijth the
discrimination of liftel weights, the Geram physiologistE.

H. Webe (1834 discovered that when a stimulus is applied

to the hunman sense wans, theregppearsto be alawful

relationshp between the size of dédfence threshold and the

stimulus intensity level. This relationship lenown as
Webers law: the change in stimulus intensifyp that can
just be discriminated is a constant fractiondgfcthe starting
intensity of the stimulug:

Apl@=c; (1)

For hunan vision,” the constantc is found to ke around
1/30. This predictim is typically confirmedfor a farly wide
range of stimulus intensities, except thaendsto increase
greatly at low intensities.

ExtendingWeber'slaw to this experiment, propose
a new metric for color halftone textrvisibility. This
metric is outlined as following:

1. Define the displayehalftore patch as h(x,)y which has
three colo planes RGB.

2. Make the RGB to XYZ conversion with th following
matrix transform to gethe XYZ representatio of the
image:

XYZ=M*RGB (2)
where_ M is a 3 by 3 max for the monitor usedn this
experiment:

0.394 0.323% 0.21
M =|0.2050 0.7089 0.08 (3
0.0217 0.13% 1.20
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Take the inerse Fourier tnsform (IFT) of C(K,L),
and find the correspondinimage domain patten
c(x,y).

8. Calculate the standard deviation (SDXEAy).

9. Compare the value of SD with WebLimit defined in [3].
If SD is less than WebLimit, then increaselly 1 and
go back to[6]. Otherwise report the current F, value
and exit.

In this process, the iteratiorsf increasing the cut-off
radial frequency mimic the HVS contrds sensitivity
adjustment during thphysical pocess of walkig slowing
toward the monitor,and the minimum vale of F, is
searched such that:

%so{v(x, y)* LPF(x y | F,)}
5 v

%2 Webfactor
=

(6)

wher SD{} is the standard deviatiofunction LPF() is a
lowpass filter with cut-offadial frequency E.

One advantag of this model is that, as Weber's law
defines a relative measurement aiftensity discrimination
(in this case the luminance), we are able to study the
correlation between luminaretextureand visual response
for all halftones, nanatter what th original cdor is or what
halftore algorithm is used. Simply puhe curent study en
be narowed down to a 2 space. h one dimensiam we can
rark the halftore patternsby the distances at which the
observersfirst reportel seeing the texture;in another
dimension we rankthe halftone patterndy the cut-off
frequerty when WebLimit is exceeded for theorre-
spondiry luminane image.

Table 4 lists the cut-bfradial frequerty for each
halftore path. A regression is carried out to find otlte
linear relationship between 1/cut-offequency and the
mean distance across the observers for ealoh patch, and
a R value d 0.57 is obtainedHowever,when all the green
patche are excluced, a R value d 0.86 is obtainedAs
given by Tablke 1, all the green peltes have relatively low
(around 10) lurmance intensity compared witlther
patches. According to Weber's lalthe Webfactor tends to



increase greatly at low intensities, therefore, we believe that Smooth Halftoned
a larger value of Webfactor should be used for the green
halftone patches. The cut-off frequencies for all the green
patches are recalculated with a Webfactor of 1/15, and the
results are given in Table 5.

| | S-CIELAB

original | dod| 4m |adap | ed |bayer| multi lculati
50%gray | 30 [ 41 43 16 181 X IFI @ calculations
37%gray | 38 | 47 40 56 45 X

25%gray | 44 | 49 | 49 | 56 | 128 [ X

green |24 | 26 | 24 [ 21 | 45 | 33 S-CIELAB

representation

skin 50 51 47 51 45 67

sky 40 | 45 | 38 | 50 | 91 | 61

Table 4: Threshold frequency for each halftone patch when Euclidean
WebLimit is exceeded. The number is relative to a 256x256 difference
discrete Fourier transform of 256x256 luminance images.

dot 4dm | adap ed | bayer | multi
green | 38 38 38 33 64 52 S-CIELAB
AE map
Table 5: Cut-off frequencies for green patches when Webfactor
Mean distance vs. K/cutoff-freq. Take 90" %value
as measure of
700 texture
. 000 /; Figure 2: S-CIELAB metric for halftone texture visibility
§ 500
K /
g 400 = In the S-CIELAB calculation, the original image is first
£ 300 3 converted into one luminance and two chrominance color
= 200 | components. Each component image is then passed through
y a spatial filter that is selected according to the spatial
= 100 sensitivity of the human eye for that color component. The
0 ‘ ‘ ‘ ‘ filtered images are transformed into XYZ color space and
0 100 200 300 400 500 finally into CIELAB space. The S-CIELAB calculation also
Kicutoff-freq. requires targeted printer or display resolution and viewing
distance for the design of the spatial filters.
equals to 1/15. As Figure 2 shows, the S-CIELAB calculations require

a reference image to calculate tE map (the 90
Figure 1: Mean distance of texture visibility vs. K/cutoff-frequencyP€rcentile value oAE map is used as the metric value). For
(K=7527) for each halftone patch. this experiment, since no such reference images were shown

to the observers, the average value of each halftone patch

Figure 1 shows mean distance of texture visibility vsWas used as the reference image, and the AB%was
K/cutoff-frequency (K=7527) for all the 31 halftone/ calculated using CIE94 color difference forr_ntiIaThe _
multitone patches after Table 4 is updated with Table 5. Adefault settings for the S-CIELAB calculation (72dpi
it shows, the new metric gives a consistent ranking of thiesolution and 10 inch viewing distance) have been used.
texture visibility for different halftone patches (in terms of ~ Figure 3 shows the mean distance vs. 9iE4or each

the distance) based on the corresponding cut-off radidl@lftone patch used in the experiment. Ideally, we were

value of 0.81 is obtained. with the visual distance measurement. However, as Figure 3
shows, this is not the case. One typical observation from the
Discussion S-CIELAB metric values is that it consistently predicts

lower halftone texture visibility for Bayer's dithered

Zhang et at* recently proposed a color image quality metricPatches, i.e., the 38% gray and skin patches from Bayer's

S-CIELAB to predict texture visibility of printed halftone dithering have smaller 90%E values compared to those of
patterns (illustrated in Figure 2). patches from error diffusion. This doesn’'t agree with our
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experimental results, which were more accurately predicteldeavily);

by our new metric that is based on Weber’s law.

Mean distance vs deltakE (90%)

600
500
400
300

200 $
100

¢ mean

Mean distance (cm)

10
DeltaE (90%)

15

both models filter the Iluminance channel,
removing high spatial frequencies: S-CIELAB uses a
Gaussian-like filter, while we use an ideal lowpass filter
with a varying cut-off. Further experiments will explore this
key issue.

Conclusion

In this paper, we reported a visual experiment for studying
visibility of color halftone texture. A new metric, which
combines low frequency noise measurement with a
detection model based on Weber's law, is further proposed.
We have shown that this new metric for color halftone
texture visibility correlates well with the experimental
results. This enables an automatic and objective metric for
ranking the qualities of different halftone patterns, where
quality is defined by the distance where the HVS perceives

Figure 3: Mean distance vs. 90%E (predicted by S-CIELAB
metric) for each patch.

We have demonstrated that our simple model performgs'
significantly better at ranking halftones than S-CIELAB
with the default settings of 72 dpi and 10 inches viewingy
distance. This raises some interesting questions. It is easy to
observe that no halftone scheme looks particularly good
when displayed at 72 dpi and viewed at 10 inches. 3.

Zhang et at: varied the contrast of halftones in order to
derive a quality metric, which provided a better correlation
with S-CIELAB. The most notable difference between their
data and calculations and ours was that the print resolutio
was 150 dpi for dispersed dither, while the resolution in our”
calculation was 72, about half theirs. Both Zhang et al. and
we used a fixed distance and resolution in our S-CIELAB;
calculations: the key differences are in the choice of
resolution and the psychophysical experiment.

Because actual viewers will evaluate halftones based oh
viewing them at varying distances (changing their contrast
is not feasible), our experiment may provide a more
meaningful ranking. We hypothesize that the fundamental
difference in our results derives from the difference in’"
experimental techniques: distance vs. contrast variation,
This raises three questions. First, would the S-CIELAB™
predictions be near constant had we used the distances in
Table 4 in the S-CIELAB calculations? Second, by varying
the viewing distance used for S-CIELAB to find a distanceo.
with a constant S-CIELAB prediction, would we end up
with distances that correlate well with our measurements?
And finally, how well would S-CIELAB perform at ranking
the halftones given a fixed viewing distance and resolutiod?-
typical of print media? Answers to these questions remain a5
future work. :

Some similarities exist between our new texture
visibility model and S-CIELAB. For example, S-CIELAB 15
and our model both distinguish the luminance channel (we
ignore the remaining channels, they filter them more
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halftone texture.

Reference

T. Mitsa and K. J. Parker, “Digital halftoning using a blue
noise mask,” Journal of the Optical Society of America A,
vol. 9, pp. 1920 — 1929, Nov. 1992.

R. W. Floyd and L. Steinberg, “An adaptive algorithm for
spatial greyscale,” Proceedings of the Society for Information
Display, vol. 17, no. 2, pp. 75 - 77, 1976

Q. Yu and K. J. Parker, “Adaptive color halftoning for
minimum perceived error using the blue noise mask,” in
Proceedings, SPIE Electronic Imaging Conference: Color
Imaging: Device — Independent color, Color Hard Copy, and
Graphic Arts Il, vol. 3018, pp. 272 - 277, 1997.

Q. Yu and K. J. Parker, “Stochastic screen halftoning for
electronic devices,” in printing, Journal of Visual Commun-
ication and Image Representation, vol. 8, December, 1997.
B. E. Bayer, “An optimum method for two-level rendition of
continuous-tone pictures,” in Proceedings, IEEE International
Conference on Communication, pp. 2611 — 2615, 1973.

Q. Yu, K. J. Parker, and M. Yao, “Color halftoning with blue
noise mask,” in Proceedings, Fourth Color Imaging
Conference: Color Science, Systems, and Applications, pp. 77
— 80, IS&T/SID, 1996.

T. Cornsweet, Visual Perception. New York, NY: Academic
Press, 1971.

D. A. Silverstein and J. E. Farrell, “The relationship between
image fidelity and image quality,” in Proceedings, IEEE
International Conference on Image Processing, vol. |, pp. 881
— 884, 1996.

Q. Yu and K. J. Parker, “Quality issues in blue noise
halftoning,” in Proceedings, SPIE Electronic Imaging Confer-
ence: Color Imaging: Device — Independent color, Color Hard
Copy, and Graphic Arts I, vol. 3300, pp. 379 - 385, 1998.

G. Gescheider, Psychophysics Method, Theory, and Appli-
cation. Hillsdale, NJ: Lawrence Erlbaum Associates, 1985.

X. Zhang, D. A. Silverstein, J. E. Farrell, and B. A. Wandell,
“Color image quality metric S-CIELAB and its application on
halftone texture visibility,” IEEE Comp. Confer., 1997.

R. Berns, "Colorimetry I," Optics and Photonics News, pp.
23-27, September, 1995.



