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Abstract The eight dotwise colors reproduced by a bilevel
color printer with yellow, magenta, and cyan inks are as
Taking colorimetric color reproduction into account, thefollows: white (W) of paper itself, yellow (Y), magenta
conventional error diffusion method is modified for color (M), and cyan (C) as the first-order colors, and red (R),
digital halftoning. Assuming that the input to a bilevel green (G), and blue (B) as the second-order colors, with
color printer is given in CIE-XYZ tristimulus values or black (K) as the third-order color. Here, we define these
CIE-LAB values instead of the more conventional RGBeight colors as the primary colors. When the primary
or YMC values, two modified versions based on vectorcolors are spatially distributed in a small area with a cer-
operation in (1) the XYZ color space and (2) the LABtain area ratio, a mixed color of these primary colors is
color space were tested. Experimental results show thaerceived by the human visual system. According to
the modified methods, especially the method using th&leugebauer, a simple model that estimates such a color
LAB color space, resulted in better color reproductionmixture is given by linear combinations of tristimulus
performance than the conventional methods. Spatial akalues of the primary colors with the corresponding area
tifacts that appear in the modified methods are presentedtio 415
and analyzed. It is also shown that the modified method In the simplest color ED method using, Y, M, C sepa-
(2) with a thresholding technique achieves a good spaations, each component of the color image is individu-
tial image quality. ally processed just as the monochromatic version,
resulting in a calculated dot pattern. In the actual case,
1 Introduction first the original Y, M, C separations are color corrected
through a masking operation and then the ED algorithm
Many digital halftoning techniques including fixed pat- is applied to generate a dot pattern. Even in such a case,
tern, ordered dither, and error diffusion have been dehowever, the dot pattern generated by superposition of
veloped to produce an illusion of a continuous tone imagthree individually processed components is not controlled
with a bi-level printet* As color bilevel printers, such systematically and therefore colorimetric color reproduc-
as ink jet printers, have become more widely used, coladion is not guaranteed inherently.
digital halftoning methods have been developed along In this paper, we extend the ED algorithm to the color
with monochromatic digital halftonintf. The need for vector space. When an input image to be processed is
higher image quality and the increasing performance ofiven in vector form composed of XYZ or LAB values
digital hardware such as DSP indicates that error diffuand the XYZ or LAB values of the eight primary colors
sion (ED) among many possible algorithms may be theised are also known, the proposed method can generate
most promising as a fundamental algorithm. a proper dot pattern in a one-step systematic way based
When color digital halftoning is used in an imageon vector operation, which can potentially produce a
transmission application such as a color facsimile, reeolorimetrically correct image. Two ED methods using
production of the original color at the receiving site be-the color vector spaces, XYZ and LAB, are tried here.
comes very important. This issue is addressed as devidédis paper explores not only the proposal of vector op-
independent color reproduction. To achieve colorimeterations using the standard color space, but also the com-
ric color reproduction between different display devicegparison of the color spaces used and the introduction of
in color image transmission, it is necessary to use a cona technique to remove a smear artifact that appears in
mon color space such as CIE tristimulus values, XYZ, othe vector ED method.
CIE uniform color space, LAB, rather than the device de-
pendent RGB or YMC representation. In the near future, 2 Methods
we believe such color spaces will be adopted as the stan-
dard parameters describing coléf-or the devices that 2.1 Scalar Method
produce continuous tone, many color matching techniques First, we review the ED algorithm for a monochro-
have already been developggtiHowever, for color digital matic image. If the original or objective pixel valfig
halftoning, there have been only a few approaches iat the locationr,n) is expressed in 8 bits, the range of
establishing the use of a standard color spate. value is
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0<f,,< 255. (1) whereX,, Y,, Z, are the XYZ values for the reference

white 16
For each pixel, the final bilevel valwg, is given by In the first modified method, a corrected vector and
the following equations, an error vector are calculated in the XYZ color space as
_ (P55, for X >t Xmn = fmn + z Wij em+i,n+j (8)
Vim = %) for x <t’ (2 !
m em+i,n+j = Xm+i,n+j _Vm+i,n+j . (9)
X = fon * 3 Wij€eine s (3) The weights are same as the scalar methgds an
! objective color and,,, ,.; is one of eight primary colors.
The choice of a color from eight primary colors is done
€mvintj = Xmeinej ~ Vinsine - (4) by the following equation:

Namely, the corrected value,, is given by a sum- .
mation of the objective valuk, and the weighted com- Vim = V'|m'n{||xmn _V'"}’ (10)
bination of the erroe,,,; ,,; caused by binarization at the
neighboring pixels. The typical weights/{} originally ~ where|j denotes the Euclid norm of a vector. The above
used by Jarvis, Judice, and NiAkee given in Fig. 1. equation means that the primary color closest to the vec-
The corrected value,,is compared with a predetermined tor x,,, is chosen. For example, if red among the eight
threshold levet (usually 128) and the final level is de- primary colors is closest tq,,, magenta and yellow be-
termined according to Eq. (2). This process is repeatedome ON and cyan OFF at the locatiom,if).
pixel by pixel in the raster scan fashion over the entire  This way of using the XYZ color space is a straight-
picture. forward approach in the sense that the perceived color
for the mixture of color microdots is reasonably mod-
l_’" eled in the XYZ color space as is the case with the
3 Neugebauer equatiors.

m

{x 1/48)
2.3 LAB Method

— If the LAB color space is used as the standard color
l signal, the algorithm using a LAB vector instead of the
XYZ vector is easier to implement. Namely, the corrected
i vector and the error vector are calculated in the LAB
Figure 1. Weights {y} proposed by Jarvis, Judice, and Nifke color space as
for the ED algorithm.
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X'mn:f'mn+z Wijém+i,n+j (11)
and !
As mentioned in the previous section, in the simplest g =X -y

color digital halftoning where the above operation is car- ML) LT e
ried out for each color component independently, the colo- ) ) )
rimetric color reproduction is not guaranteed. In this paper, The choice of color is also based on the Euclid norm
this method is called a scalar method and is compared with the LAB color space as

the modified methods using vectors.

2.2 XYZ Method V=V [min{fi v [} (13)
We modified the above method in two ways. The

underlying idea of the modified versions is similar to the It should be noted that if linear combinations of XYZ

monochromatic version. The differences lie in that color is/alues of primary colors used give a good approxima-

treated by vector rather than scalar. The two vector ERion for perceived color for microdots, linear combina-

methods are different with respect to the usage of colaiions of the LAB vector obtained by nonlinear

space. In the following explanatidne, x, andv denote  transformation of XYZ might not be a good approxima-

a vector whose elements are the X, Y, Z valuesfamet tion, conversely.

x', andv' denote a vector whose elements ard tha*,

b* values. The components of a LAB vector are derive®.4 Smear Reduction

from those of the corresponding XYZ vector as As we will show in the next-section, when we use
the vector ED methods, two kinds of unfavorable artifacts
appear around some transition areas of color. We call these

(12)

L* = 116(Y/Y,)¥* - 16, (5) artifacts the slow response and smear in this paper. These
artifacts do not appear in the case of the scalar ED
a* = 500[(X/X.)¥2 — (Y/Y ), (6) method. Detailed analysis of these artifacts will be given
in a later section. Here we briefly show a cause of the
b* = 200[(Y/Y,)? - Z/Z.)*"], (7) smear artifact and give a solution to the problem.
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When a color gamut spanned by primary colors isused in the printer as the reference white. Figure 3 gives
distorted, vector ED algorithms tend to produce a larg¢he location of eight primary colors in each three-dimen-
error vectore during an ED process for uniform color sional space. It should be noted for the later discussion
area although the resultant dot pattern is stable. Aftethat the color gamut spanned by eight primary colors in
the process reaches the transition area, it spends maKXy'Z color space is very thin and distorted.
pixels to cancel the large residual error in the following
color area. As a result, unfavorable color different fromTable 1. XYZ and LAB values of eight primary colors.
the objective color appears there.

i * * *

A simple way to reduce such smear is to neglect Iarg'Erlmary color X Y z L a b
color differences in the transition area. Namely, if thewhite 76.8 80.4 92.4 100 0.0 0.0
difference between the objective col@and the corrected Yellow 58.2 65.9 18.1 92.6 -11.9 71.0
colorsx of the neighboring pixels exceeds a predeterMagenta 33.0 19.1 39.9 55.9 67.5 -27.2
mined threshold, this is regarded as a transition area, ai@yan 23.6 353 624 72.2 -42.6 -23.5
the errors are omitted in the ED process. The detaileRed 17.1 9.4 1.2 40.7 58.6 51.3
flow of this procedure is shown in Fig. 2. Green 17.3 29.8 8.3 67.3 -54.9 54.1

Blue 5.1 49 21.2 29.7 4.8 -43.6
[ R=|r,,,,,—xm_,u ] Black 06 07 0.7 78 -14 24
yes
R >threshold
no
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Figure 2. Procedure for smear reduction using threshold tec
nigue. Only the vertical process is presented. The horizontal ¢
cess similar to the vertical process is carried out successivel,.
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3 Experiment

To compare the performance of the scalar and two ve
tor methods, we applied the above algorithms to sever
sample images and evaluated the resulting halftone it
ages. The printer used in this experiment is a silver h
lide type printer (Fuji, Pictrography 3000). Although this
printer can produce 24 bits full color (8 bis3 dyes),
we used only the maximum (255) and minimum (0) leve } ;
for each dye when we simulated a bilevel color printel , e

In the proposed methods, it is necessary to kno
the XYZ values of eight primary colors. Thus, we firsi
printed these solid color patches and measured the ¢
ors of each patch by a spectrophotometer (ICS-Texico
SF-500). Table 1 shows the XYZ and LAB values of eigt
primary colors of the Fuji printer. In the calculation of Figure 3. Location of eight primary colors of the printer used:
the LAB values, we used XYZ values of the paper itselfa) XYZ color space and (b) LAB color space.

£
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(a) original (b) RGB

(c) XYZ (d) LAB
Image #1

(a) original (b) RGB

(c) XYz ' (d) LAB
Image #2

Figure 4. Original samples and halftone images: (a) the original (objective) images, (b) the scalar (RGB) method, (c) the XYZ
method, and (d) the LAB method. (Continued on next page.)
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(a) original (b) RGB

(c) XYz (d) LAB
Image #3

Figure 4. Continued

(a) Xyz (b) LAB

(c) Xyz (d) LAB

Figure 5. The halftone images of the Machbeth checker generated without smear reduction operation (a) and (b) and the error
images (c) and (d).
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The (a) images in Fig. 4 show three original samples to generate a halftone image using the vector ED meth-
used in the experiment. The image size is¥602 pix- ods by a micro SPARC |l compatible workstation (Ja-
els. Image number 1 is a Machbeth color checker, whichan Computer Corp.)
is mainly used for quantitative evaluation with respect to  First, we consider the spatial quality of the images.
color reproduction. Image numbers 2 and 3 are palto In the LAB method, the smear is successfully reduced
images, which were used for subjective evaluation withand its spatial quality is fairly good as is the case of the
respect to color reproduction and spatial image qualityscalar (RGB) method. In the XYZ method, though the

Each sample image originated from digital R, G, ancsmear artifact is reduced, the slow response is not im-
B values (8 bits< 3 channels). In the scalar ED method, proved. As a result, the spatial quality remains relatively
these values were used as input data as they are. In theor.
vector methods, objective images must be given by XYZ  Next, let us focus on the color reproduction perfor-
or LAB values. We regarded the sample images printetchance. Using 24 color patches in the Machbeth checker,
by the above-mentioned printer with full color as thethe color differences were evaluated in both the XYZ
objective images. The XYZ values of the printed imagesolor space and the LAB color space by the equations
were estimated in the following way. First the relation-defined as follows:
ship between input sighal R, G, B and actually produced

color X, Y, Z were calculated in advance using 125 color ABxyz =[(Xrep =Xt )2 + (Yiep = Yepj )

patches uniformly selected from the RGB space. Then S12 (14)

we estimated XYZ values of a printed image, pixel by H(Zrep = Zotj) ] '

pixel, from the original RGB values by using the above X e o .o

relationship. The LAB values were calculated from the AE g :[(Lrep = Loy )™ +(rep ~ otj)

estimated XYZ values according to Eqgs. (5) to (7). . o 12 (15)
Some error may exist in the estimation of XYZ val- *(Brep o) ] '

ues because of the small number of color patches used

in the calibration. Though the estimated XYZ imagewhere the subscriptep andobj denoteeproductionand

would not have any problem in spatial quality evalua-objective respectively. The former would be a suitable

tion and rough evaluation of color reproduction, it is notmeasure for the XYZ method based on the Neugebauer

suitable for critical evaluation of color reproduction. theory. For human visual system, however, the differ-

Thus, an accurate quantitative evaluation was carried o@ince in the LAB color space should be a better measure

with the Machbeth checker. We directly measured thand better correlate to subjective evaluation.

color of 24 patches in the originally printed Machbeth ~ The average color differences over 24 colors are

checker by the spectrophotometer and regarded thoseimmarized in Table 2. The individual valuesid ,;

values as the objective colors. The color patches in thare also shown in Fig. 6. As we expected, the vector meth-

halftone images generated by the ED methods were algals achieved better reproduction than the scalar method.

measured similarly, and the color differences betweeihe LAB method is superior to the XYZ method with

the objective and resultant colors were calculated. respect to color reproduction as well as spatial quality.
First we will show the spatial artifacts in the vector For the pictorial images, we still feel that the color re-

ED methods. Figures 5(a) and 5(b) show the halftoneroduction of the vector methods is better than the RGB

images of the Machbeth checker with the artifacts. Thenethod, especially for reddish objects or blue sky.

slow response artifact appears at e.g., (2, 1) (2nd row,

1st column), (2, 6) (3, 4) patches in Fig. 5(a). The smearable 2. Average color differences (measured).

artifact appears at (3, 2), (4, 2) in Fig. 5(a) and (3, 4), (4

1), (4, 2), etc. in Fig. 5(b). These artifacts tend to ex- Color space ABxv ABure
pand down. The vector ED methods were applied to the RGB 5.4 12.5
pictorial images as well. As a result, any visible artifact XYz 3.4 6.7
did not appear when using the LAB color space, while  LAB 2.8 4.4

both artifacts appeared and the resulting image quality
was very poor when using the XYZ color space.

As far as the smear artifact is concerned, we can 4 Discussion
clearly show that the artifact highly relates to the accu-
mulation of the error vector. Namely, Figs. 5(c) and 5(d)in this section, we will discuss the difference between
are the error images defined by, —frm||2 in which the  two presented vector ED methods in color reproduction
bright parts represent large error and their bottom areamnd then analyze the slow response and smear problems
correspond to the smear artifact in Figs. 5(a) and 5(b). through computer simulation.
will be shown below that these artifacts are fairly re-
duced by the thresholding technique. 4.1 Color Reproduction

Figures 4(b) to 4(d) show the resultant images gen- As mentioned in the previous section, if the color
erated by the scalar and vector ED methods. In all rereproduction were exactly subject to the Neugebauer
sults by the vector ED methods, the thresholdingheory, the XYZ method should achieve much better
operation is adopted. The threshold level was set to beolor reproduction. To confirm this expectation, we pre-
50, which was decided empirically after some trials. Thiglicted the color reproduction under the ideal printing
set of the level was rather robust. It took about 10 to 2@haracteristics, where each microdot produces the solid
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color exactly and no dot gain exists. For the Machbeth  The fact that the color reproduction performance of
checker, we numerically calculated each area ratio of thihe XYZ method is better than the LAB method is in-
primary colors from the dot pattern generated by theonsistent with the experimental results and implies that
above methods, and predicted the macroscopic color kip the actual printing system used, each microdot does
the weighted linear combination of the primary colors.not produce the ideal density profile. Thus, in future work
Then we calculated the color difference from the objecwe have to take the characteristics of the actual printing
tive colors. The result is shown in Table 3. As expectedsystem into account and further modify the algorithm in
the XYZ method provides the best color reproductionorder to achieve better color reproduction. After that, we
The values are not zero even in the ideal model becauseed to compare the proposed methods again.
the average is calculated over a finite area that usually
has any error to be diffused to the outside of the area.4.2 Analysis of Spatial Artifact
Through computer simulation, we analyzed causes
. and characteristics of the slow response and smear prob-
lems when the ED algorithm is applied in vector man-
ner. To understand the problems simply and visually, we
assume that only two inks, i.&,andM, are used, and
consequently the halftone image is generated by four
primary colorsyY, M, W, RThe dimension of color space
was also reduced to two for simplicity. A spatially uni-
form color image with 256 256 pixel size was estab-
lished as an objective image.
In the scalar method, the objective color was set to
CTEETESSAAIR S ERIREIONBTEL be (Y,,M,) = (0.55, 0.54)Y andM were independently
processed here and the resultant halftone image shown
(a) patch (row, column) in Fig. 7(a) was obtained. The behavior of the ED pro-
a0 cess along with the central vertical lime< 128) of the
; [ image was traced. In Fig. 8(a), four apexes of the square
25 ; correspond to four primary colors and the synibolear
: the center of it gives the objective color. In this square,
only the horizontal value is used for tiMeseparate im-
age, while only the vertical value is used for kheepa-
rate image. Black dots in the figure give the corrected
values along with the central vertical line, defined by
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Figure 6. Color difference&E, ,; for each color patch: (a) the
scalar method, (b) the XYZ method, and (c) the LAB methoc

Table 3. Average color differences (calculated). c) T (d)
Color space BB ABure Figure 7. Halftone images generated by (a) the scalar method,
RGB 13.6 18.5 (b) the vector method in the case of highly distorted color gamut,
XYZ 0.3 1.7 (c) the vector method in the case of moderately distorted color
LAB 16.1 11.9 gamut, and (d) the vector method with Floyd fiber.
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Figure 8. Corrected vectax,,, along with the central vertical line. Items (a) to (d) correspond to those of Fig. 7. The symbol
represents the objective color.

played by the bright level. Biased error distribution is
not observed in this case.

Next, we present the computer simulation of the
vector ED method. We assume that four primary colors
are on a two-dimensional color plane being defined by
the p,q coordinate. Let us consider the two cases where
the rectangle gamut spanned by the four primaries is dis-
torted highly [Fig. 8(b)] and moderately [Fig. 8(c)]. We
set the objective color to He= (p,q) = (0.55,0.54) and
applied the vector ED to this objective image. The cor-
rected vectors,,,,; =f, + > W;€,.; 1.5 are plotted by black
dots in Figs. 8(b) and 8(c). In the figures, the general trend
of the corrected vector along with the central vertical line
in the image. The power of the error vector defined by
[[X e —fm,,||2 is visualized as shown in Figs. 9(b) and 9(c).

In the case of vector ED, it is found that the cor-
rected vectok,,, is distributed away from the objective
color f. Especially for the highly distorted gamut, the
converged area of,,, is very far fromf, and it takes a
long time to reach there. Since in the upper or starting
(©) d) area of the image, the primary colofendM are close

to the corrected colox,,,, only those colors are used to
Figure. 9. Error images defined by the power of deference begenerate a halftone. The third coRparticipates in the
tween the objective and corrected vector. Items (a) to (d) corhalftone generation later. This varying dot pattern along
respond to those of Fig. 7. the vertical direction can be observed in the resultant

halftone image in Fig. 7(b). This slow artifact is similar

As shown in the figure, the dots are distributedto the (2,1) or (2,6) patch in Machbeth pattern of Fig.
around the objective color. The power of error definedb(a). Considering the extension of this behavior to the
by E = (Y,,,— Y.,)? + (M,,,— M_)? was also calculated at actual case with three dimensions, we could say that the
each pixel, which is shown in Fig. 9(a). The values are@onuniform distribution of primary colors causes the
normalized by the maximum value in the image and disslow response. The fact that the LAB method has faster
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response than the XYZ method may result from the disand Steinberg shown in Fig. 10 was applied to the highly
tribution of primary colors being more uniform, as showndistorted case. The resultant halftone image, corrected

in Fig. 3.

e
Yo [1]s]3]
— -

i

{x1/16)

vector, and error image are shown in Figs. 7(d), 8(d),

and 9(d), respectively. Compared to the case of the Jarvis
filter, the dot pattern became stable faster. The Floyd

filter was then applied to the Machbeth checker. Figure

11 shows the resultant halftone images. Though the slow
response in the XYZ case was improved, unfavorable
texture appeared in some patches. Judging from all the
experimental results obtained, it is suggested that the
vector ED algorithm with the Jarvis filter in the LAB

Figure 10. Weights {y¥ proposed by Floyd et al. for the ED color space achieves the most excellent image quality.

algorithm.

5 Conclusions

When the objective image is the Machbeth checker, th€aking colorimetric color reproduction into account, we
residual error vectors at the end of the patch are transferredodified conventional or scalar ED for color digital
to the next patch. These vectors, however, may be fairly lardealftoning. Assuming that the input to a bilevel color
in cases such as Fig. 8(b). The following patch has to spemqinter is given in XYZ or LAB values instead of RGB
many pixels to cancel this error. It leads to the smear artdr YMC values, we tested two vector ED methods, one
fact, as typically appeared in Figs. 5(a) and 5(b). Since thasing the XYZ color space and the other using the LAB
proposed thresholding process omits the large error vectoe®lor space. We also analyzed the spatial artifacts ap-
at the boundary of the color patches, the smear artifact cgearing in the vector ED methods and introduced a smear

be reduced.

(@) XYZ

(b) LAB

reduction technique. From the experimental results, it
was found that both modified methods can improve color
reproduction compared with the conventional method.
The LAB method showed the best color reproduction
performance&E, ,, = 4.4) and has spatial quality as good
as the conventional method.

We believe that further improvement in color repro-
duction is possible by taking the actual printing prop-
erty including dot gain into account.
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