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Abstract subset of inks according to an objective function [19] consider that

. . ) ) ) color layers can be printed independently one from another. This is
A multi-color dithering algorithm is proposed, which converts a true as long as the inks are transparent and as long as the dots of
barycentric combination of color intensities into a multi-color non- each screen are randomly positioned with respect to the dots of the
overlapping surface coverage. Multi-color dithering is a generali- other screens, as assumed by the Neugebauer equations [17].
zation of standard bi-level dithering. Combined with tetrahedral |t these assumptions are not true, halftoning each of the color lay-
color separation, multi-color dithering makes it possible to print g g independently may generate color shifts depending on the
images made of a set of non-standard inks. In contrast to most presmount of superposition between screen dots of individual halftone
vious color halftoning methods, multi-color dithering ensures Dy |ayers. As long as the inks are transparent, the color shifts are small
construction that the different selected basic colors are printed sidgnq the reproduction fidelity can be ensured by calibrating the
by side. Multi-color dithering is applied to generate color images nyinting device [6], for example, in the case of process colors, by
whose screen dots are made of artistic shapes (letters, Symb‘)lgstablishing a 3D mapping between CIE-XYZ coordinates and the

ornaments, etc.). Two dither matrix postprocessing techniques arg iyt Cyan, Magenta, Yellow and Black surface coverage values
developed, one for enhancing the visibility of screen motives and[5]'
on,for € fca, suibvaton ofrge ifr ratices 1 U S appicatons however requre tht iferent ks are ahays
variations by taking dot gain and the human visual system transfeP!'N'€C SIC€ Dy side without overlapping. this IS Tor eéxampie the

P oo ase when printing with opaque inks [9], [10]. Manufacturers of
Iggﬁﬂionulensfoheilctzlou&ti.";l'hﬁqlgsetg g‘; Cboembrlggﬂggdc’fv\m?cﬁ rﬁ]s(:%rr'tiﬁaluable documents, such as banknotes, identity cards and checks
ques, high q Y 9 P ’ PO fen make use of the high registration accuracy of their original

rate at the micro level the desired artistic screens and at the macr% . . . ; S )
: ot ; ; ' printing equipment to create a graphic design which is both visu-
level the full color image. Applications include designs for adver: ally pleasant and difficult to imitate using standard printing pro-

tisements and posters as well as security printing. Multi-color dith-
ering also offePs new perspectives for tg)/ri‘?]ting gvith special inks, cesses ([22], chapte_r 6). ) ) . )
such as fluorescent and metallic inks. We propose a multi-color dithering method which automatically
enforcesside by side printingf several color layers. Combined
with color separation by tetrahedral interpolation, multi-color dith-
ering makes it possible to print images made of non-standard inks.
In addition, we explore ways of creating large dither matrices to
. produce artistically screened color images, i.e. color images whose
1. Introduction screen elements are made of artistic color shapes (letters, symbols,
Th ducti ¢ color i ires in th | 1 rnaments, etc.).

e reproduction of color images requires in the general case ( i)n section 2, we present the new multi-color dithering method,

separating the image colors (for example red, green and blue) into , >~ Lt ! ! :
thep set Ofg availablg printable( colors (fgr exam%le cyan, maggntaWh'Ch is a generalization of standard black and white dithering. We

yellow and black), (2) halftoning each of the printable color layer 'show how multi-color dithering can be used for the color separa-

p : : : ion of non-standard inks. In section 3, we describe the synthesis of
22%r(s3zir%o§|sggéyt8e;lr:te)rgtrzg?n;T?msggséeégléczsensure that the Iorlntec%:iither matrices improving the visibility of screen motives in areas

o . . . of high ink coverage. In section 4, we describe an equilibration
Most existing color halftoning techniques are based on the inde 9 J 4

- A process which improves the quality of large dither matrices by
pendent halftoning of each of the contributing color layers. In off- compensating for local uneven motive distribution and dot gain. In
set and in many electrographic printers, the color layers ar

! ) €section 5, we apply the previously described dither matrix synthe-
generated independently at angles of 15, 45, 75 degrees in order i9s methods to generate screens representing freely chosen artistic
avoid interferences between the cyan, magenta and black layerghapes. We show the results in the form of color pictures which
([24], chapter 13). Ink-jet printers often use error-diffusion to half- comprise at the micro level the desired artistic screens and at the
tone each of the color layers independently. macro level the global color image. The conclusions and perspec-
Existing approaches for color separation with non-standard,inks tives are presented in section 6.
for example the segmentation of the CIE-XYZ color space into a
set of tetrahedra having as a common edge the black-white axi$ Muylti-color dithering and color
[14], the creation of correspondence tables between input colors .
and combination of output inks [1], or the selection of an optimal S€Paration.

Error-diffusion in color space [20] may be used for side by side
printing with non-standard colors, i.e. for ensuring that different
1. Inks which differ from the standard cyan, magenta, yellow inks are always printed side by side. Error-diffusion in color space
and black process colors is a straightforward extension of standard error-diffusion [21]:
given an input color vector (for example in RGB space) the closest
printable color is selected and printed on the current output pixel.
The 3D difference vector (error) between input and selected color
is distributed among the current pixel's neighbors [7]. A disadvan-
tage of color error diffusion are the classical error-diffusion arti-
facts and the fixed dot size which in case of dot gain may induce a
strongly non-linear tone reproduction behavior [8].
The new multi-color dithering method we introduce here has the
same advantages as standard dithering. It enables the creation of
dither matrices of the desired size and orientation and the genera-
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tion of dither threshold levels according to the desired dot growthside by side.

behavior. Furthermore, small |nd|V|_dUa|_d|ther ma_.trlces Can be Color dithering is genera”y app“ed with 4 basic C0|0rsl since a
assembled to form large super-matrices incorporating many intenpoint in 3D color space within the printer's gamut can be described
sity levels ([6], chapter 9). by a barycentric combination of 4 colors.

threshold function

it;]%ﬂ signal t(x) 2.3 Color Separation

When given a set of basic colors (inks), each specified by its tri-
stimulus value in a given 3D color space (RGB or CIE-XYZ
space), the 3D volume covered by these basic colors, called the
printable gamut, can be segmented into a set of mutually adjacent
X tetrahedra [4]. The vertices of each tetrahedron correspond to four
neighboring basic colors. Many tetrahedrizations of a point set in
3D exist; there is however only a single tetrahedrization which
T ensures that the enclosing sphere of a tetrahedron does not include
another tetrahedron. Properties of tetrahedrizations and methods of
construction are well described in the literature ([12], chapter 20).

dl(X) d3(X)
() 0.5f Color separation of an input tristimulus value (RGB or CIE-XYZ)
is obtained by locating in the selected color space the tetrahedron
X enclosing the given tri-stimulus value and by finding the barycen-

tric coefficientsd,, d,, d3, d4 used to express the input tristimulus
value as a linear combination of the tetrahedron's vertices. These
barycentric coefficients give the relative amounts of basic colors
C4, G, Gz andC, used to reproduce the input tristimulus value.
As an illustration for tetrahedral decomposition and interpolation,
let us consider an RGB color cube whose vertices correspond to
the basic colors black, red, green, blue, cyan, magenta, yellow and
| P | P 3 white (Fig. 2a). A color wedge (Fig. 2b) with vertices close to
o - T — cyan, blue, red and yellow is reproduced by multi-color dithering
C1 3 using the available set of basic colors. This color wedge, a planar
Fig. 1 (a) Black-white dithering of a variable darkness input sig- slice in RGB space (Fig. 2a), intersects all tetrahedra into which
nal, (b) relative color intensities, (c) multi-color dithering. the RGB cube is decomposed. In each tetrahedron, the correspond-
ing color wedge part is reproduced using the 4 basic colors associ-
. . . ated with the tetrahedron's vertices.
2.1 Standar_d_blaCk Whlte dlt_herm ) . The dither matrix used for producing Fig. 2b has been obtained by
Before explaining multi-color dithering, let us describe the basics discretizing and renumbering an egg crate function ([6], section
of standard dithering for black-white (two colors). To simplify the 9.3.1, Fig. 9.6a). The resulting dithered color wedge incorporates
explanations we assume that an input grayscale image with norring shaped screen elements. All contributing basic colors are
malized darkness values betwed®fwhite) andl (black) is dith- printed side by side.
ered by comparing at each output location corresponding input jor reproduction fidelity is an issue, a calibrated input device
darkness and dither threshold valuésthe darknesb(x)is higher (for example a scanner) is needed which provides a mapping from
than the dither threshold valugx), then the output location is  RGR input device values to CIE-XYZ device-independent values.
marked as black, else it is marked as white (Fig. 1a). Color separation in CIE-XYZ space is possible by tetrahedral
Standard dithering converts a darkness value into a surface covedecomposition of the volume formed by the measured CIE-XYZ
age. Conceptually, we can look at a given darkness vah®a  values of the basic colors (inks + paper white). Colors close to the

[y

(a) 0.5f

(c) 0.5¢

percentagé of black and as percentage(d#b) of white. The dith-  basic colors will be reproduced correctly. However, colors requir-
ering process converts an input signal of darkhegs a surface  ing the combination of several basic colors may deviate from their
coverageb of black and1-b) of white. desired CIE-XYZ value, depending on various parameters such as
printer registration accuracy, dot gain and ink density distribution
2.2 Multi-color dithering of printed screen dots. The present contribution does not deal with

printer color calibration. However, a possible printer calibration
may be achieved by printing a large number of samples covering
. . ; the printer's gamut and by measuring their CIE-XYZ values in
Sgse) Aislgsacuhs Eﬁ‘:lrgratt?\feOuéfgénqg(rgzpéftgeaggg; tsﬁgagggﬁnc‘gl% rder to build a 3D calibration table providing a mapping between
9 P g evice independent input CIE-XYZ values and output space “pre-

(Fig. 1b), for examplé, of colorC,, d, of colorC,, d3 of colorCg Dl " N ; ;
andd, of colorCy. One of the basilc colors, for examflg may be ?r:féfgola%fn)\jv\i(tﬁinggﬁ té?rgé(d\:czm;/alues predicted by linear

white.

. . : . . L . When printing with transparent inks, we may want to use the
Extending diherng 1o mullle colors conssts In Irsecti e sypersbstion of o of Saial plrs of Selcied ks as acatona
with the dither functiort (Fig. 1c). In the interval wherg, (x) > basic colors. This is easily done by measuring for each pair its
t(x), the output location will be printed with basic co®y (Fig. %'E'XY.Z tkrlstlmulus valutlas and |T]corporaft|ng _trilsugerposn:on of
1¢). In the interval wherey(x)+dx(x) > t(x) andd; (x) < t(x), the the tvyo inks as a new col@ into the set o available basic colors.
output location will be printed with basic colGs. In the interval ~ In this paper, we generally assume that input color values are
whered; (X)+d,(X)+dg(X) > t(x) andd;(x)+dy(X) < t(x), the output within the range of printable colors. If the input color values are
location will be printed with basic col@;. In the remaining inter- ot located within the range of printable colors, a gamut mapping

Let us now extend dithering to color. Suppose that we would like to
print with 4 different color inkC,, C,, C3, C4 (called basic col-

val whered; (X)+d(X)+dg(X)+d(x) > t(x) andd; (x)+dx(x)+d3(x) < method must be applied. Several gamut mapping methods are
t(x), the output locations are printed with basic calpr Multi- known to produce convenient results [19]. ‘ .
color dithering therefore converts the relative amoudqtsh, d, Appendix | gives an example of a color separation with a set of

d, of basic color€y, C,, C;, C, into relative coverage percentages non-standard offset inks (see single color page insert).
and ensures by construction that the contributing colors are printed

1. The darkness of an image pixel is one minus its normalized
intensity value (in the graphic arts, a maximal intensity
value is white and a minimal intensity value is black).
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Fig. 2 (a) Color separation by tetrahedral decomposition of the RGB cube, (b) example of color dithered cyan - blue - red- yellow wedg
with all basic colors printed side by side.

3. Synthesis of partially continuous, 4. Equilibration of large dither matrices

partially random dither matrices In order to create artistically screened color images incorporating
For the purpose of artistic color screening, we need to generat§OPhisticated screen shapes, we need to synthesize large dither
dither matrices incorporating visually appealing symbols and orna-Matrices which may cover surfaces of several square millimeters.
mental motives. At low intensities however, one process color (forSmce the motives incorporated into such dither matrices may not

example black) may become very dominant and the Co”esloondi”%e well balanced, i.e. specific regions within a large dither maitrix
screen motive may become too large to be recognized. ay not have a flat histogram of threshold values, alternations of

In order to solve this problem, we propose to generate dither matri—dark and light within the produced screen dots may generate light

, ; ; and dark strips over the resulting dithered color image. This phe-
ces which produce partially ordered and partially random screen, nenqn s gccentuated by dotggain since middle agr]]d dark Pones
dots. To avoid enlarging the screen motive too much when strongl| end to become darker
increasing the color surface coverage, we allow the background t he dith i '.I'b i thod i
contribute to the corresponding color. In the case of a black screerj "€ dither mairix equilibration metnod we propose compensates

motive, from a certain darkness level, the background becomedh€ uneven local surface coverage of the screen motive. It takes into
successively darker. Thus instead of enlarging the motive shape, it&ccount the dot gain and the human visual system transfer function
contrast to the background becomes successively less pronouncefl23]; chapter 7). It is related to model-based halftoning methods
until it finally vanishes (Fig. 4b). One may observe that with a par- [16]; but instead of modifying the final halftone image, it modifies
tially random screen, the desired screen motive remains visiblen€ dither matrix used to produce the final image.
over a larger intensity range than with a standard clustered screefVe assume that dot gain is similar for all contributing inks. We
The final result however depends on dot gain: if dot gain is small,therefore equilibrate the dither matrix for a single ink, the black
this effect is clearly visible. When dot gain is important, this effect ink. Dither matrix equilibration is an iterative process. We start
is counterbalanced by the decreased contrast due to dot gain at highith the initial dither matrix containing the desired screen motive.
ink surface coverages. e define a number of uniform gray patches equally spread
It is relatively easy to create dither matrices generating partially throughout the available intensity range, for example patches at 16
clustered, partially random screens. One may first generate a corféPresentative intensity leves to gi¢ These grayscale patches
tinuous screen function representing the clustered part of the/ndergo a transformation comprising dithering, application of dot
screen dot and sample it at each dither matrix cell (Fig. 3a). Then %aln, and application of the human visual system transfer function.
very small amplitude noidecan be applied either to all dither ! Ne transformation includes the following detailed steps:
matrix cells or to dither matrix cells having low dither values (Fig. (1) With the dither matrix, generate the halftone patches corre-
3b). Dither matrix cells are successively numbered according tosponding to the desired representative grayscale values
their respective dither values (histogram equalization). Their ordi- (2) For each generated halftone patch, take dot gain into account by
nal numbers represent, after normalization, their dither thresholdadding into each pixel a darkness value representing the dot gain of
levels (Fig. 3c). the black neighboring pixels. In our model and for our target elec-
A color image dithered with such a mixed dither matrix preservestrographic printer we consider that, due to dot gain, each black
the screen motive better than with a standard dither matrix, see fopixel adds 20% of blackness to its vertical and horizontal neigh-
example the still visible screen motive in the dark hair of the girl bors, and 5% of blackness to its diagonal neighbors [18]. We limit
(Fig. 7b) the maximal blackness of any pixel to 100%.
(3) Apply to the resulting grayscale images a Gaussian low-pass
filter approximating to some extent the low pass behavior of the
human transfer function. Based on the estimation of about 30
cycles per degree for the cutoff frequency of the human visual sys-
1. For the sake of simplicity, we apply white noise. tem ([13], chapter 7), we approximate the human visual system
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transfer function by the Gaussian functiéiq) = Exp(-rqz),

produce a modified dither matrik(x,y) which compensates for the

where the unit on the frequency axis (g-axis) corresponds to thdocally uneven motive distribution, i.e. the locally non uniform dis-
cutoff frequency of 30 cycles per degrees. The correspondingtribution of dither levels. The compensated dither matiix,y) is

impulse response, i.e. the inverse Fourier TransforA{a)f is also
a Gaussian functiorf,(r):Exp(-mz), whose unit (r-axis) corre-

obtained by successively compensating the differences associated
with the different representative grayscale levels.

sponds to 1/30 degree of visual angle. Considering a large observan a first step, a subset of threshold levels of the compensated
tion distance (25", twice the normal observation distance), wheregjther matrixd'(x,y) is computed by scaling the threshold levels of
details of the screen motive should disappear, 1/30 degree corregither cells betweef and the first representative grayscale value
sponds, at 1200 pixels/inch, to 17.45 pixels. To produce the disg, according to a value proportional to the difference between the
crete convolution kernel, this Gaussian impulse response functiorjesired grayscale level and grayscale levéi; obtained by the

is sampled on adbx 50 grid, whereog=1/5qrt(27) corresponds on

previously described transformation:

our pixel grid to 7 pixels. Please note that for different printing res-

olutions, as well as for different observation distances (e.g. for
posters to be observed from far away) the discrete convolution kery,

nel needs to be recomputed accordingly.

(CY

(b)

Fig. 3 Producing a dither matrix comprising partially continuous,
partially random threshold levels.

The resulting transformed gray patchgs to h;g correspond to
the original uniform grayscale images perceived by a humal
observer under given conditions (dot gain, resolution, distance).

ifd(x,y) <=g 1 then d'(x,y) = d(x,y) +k (h 1(xy)-g 1)

hered(x,y)represents the original dither threshold matrix, laad
scaling factor, chosen between 1/2 and 1.

This compensation is repeated in further steps for all successive
representative grayscale levels and finally all dither cells of the
original threshold matrix are corrected to yield the compensated
dither matrixd'(x,y)

The resulting algorithm can formulated as follows in pseudo-code:

for all successive representative intensity levels g i
for all cells (x,y)

ifg i1 <dxy)<=g )then
di(xy) = d(x,y) +k (h (Y9 i)
endfor;
endfor;

Fig. 5 graphically shows the application of the equilibration pro-
cess to a one dimensional dither functigr).

Further equilibration passes, starting from the resulting corrected
dither functiond'(x,y) may bring further improvements. The con-
vergence is fast and a small number of passes is sufficient.

The effect of the equilibration process on the produced dither
matrix can be observed in Fig. 6b and Fig. 6c. Small surfaces of
low dither levels (white) surrounded by large surfaces of high

dither levels tend to become larger. Correspondingly, the large sur-
faces with the high dither levels (black) tend to shrink. As an exam-
ple, look at the internal cavities within the Allah motianJ )

Fig. 7a shows a color image produced without equilibration (dither
matrix of Fig. 6b) and Fig. 7b a color image with equilibration
(dither matrix of Fig. 6c). The equilibration process considerably
improves the quality of the resulting image and enables the genera-
tion of large dither matrices incorporating visually significant orna-
mental patterns without explicitly taking care of the pattern's local
distribution of dither threshold levels (ideally, i.e. without taking

n

The difference in gray values between the original uniform gray- into account dot gain, dither threshold levels over a given surface
scale patches and the resulting halftoned patches specify the modshould be uniformly distributed).

fication to be applied to the original dither mattix,y)in order to
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Fig. 4 Grayscale wedge produced (a) with a standard continuous dither matrix and (b) with a mixed dither matrix made of partially cont

uous, partially random threshold levels.
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d';(x) : corrected dither matrix
at levels0<d=<g,;

d',(x) : corrected dither matrix
at levelsg;<d<g,

d(0) d'5(x) : corrected dither matrix
at levelsg,<ds<gs

Fig. 5 Equilibrating a 1D dither functiod(x) to produce the equilibrated dither functidi(x)

5. Artistically dithered images whereas with color dithering, the size of the visible screen motive
) i o ] .. grows up to a certain limit; after that limit, the contrast between

By creating large size artistic dither matrices and by equilibrating background and foreground is successively reduced until it van-

them appropriately, one may create artistic color screens whichishes.

enable the generation of color images incorporating two layers ofin aqdjtion, artistic color dithering is able to render any color

information: a macro layer, i.e. the global image, and a micro layerimage and therefore has a much larger application range than artis-
formed by the artistic color screens. As a characteristic design;c screening, which is limited to black-white or duo-tone.

example, we would like to render an image using the square Kufi o . e .

arab script style for “Allah”, which can be found on the mosque of Regarding implementation issues, artistic dither matrices can be

Badra, Azerbaijan ([3], page 182). The first step consists in designdesigned in different ways, either by programming continuous 2D

ing a continuous screen made of several functions: paraboloid cylfunctions and sampling them into discrete threshold values or by
¥ tarting from bi-level shape designs, transforming them into gray-

inders for the horizontal and vertical segments and half-spheres % ; i - -
: ; : : ale intensity images (with PhotoShop for example) and applying
segments ends (Fig. 6a). This continuous screen is sampled at t istogram equalization to generate the dither threshold levels.

e of e ks ol oot ey o caer R, A, St P e
renumbering of cells according to their dither values yields a dither | ork is rzlither auto/&rfltatlctht'her matrix eéqut'rl]'br?“orl‘ 'ds.tﬂowl butt Is
matrix (Fig. 6b), to which the equilibration process is applied (Fig. :nr%d%r(]:i}rll or:ﬁg. imaere raev'sﬁegr%%?éf e er;tri]gn bl ?(retgﬁer(ljxrél
6¢). The resulting dither matrix is used to produce an output image €° lati g d di hg' 9|_ ; . Sep diti y d
(Fig. 7b) with red, green, blue, cyan, magenta, yellow, black andlntergo_%tlorégnl Ilt erln%.l o 'm%rl.o‘ﬁt image rendition sgee » one
white basic colors. One can observe from a certain distance that thf&" Pul'd a SL Jook-up lta e ?Sta |sd|ng a pre-clompute mappln%
produced halftoned image is smooth despite the large size of thgSWeeN Input tri-stimulus values and output color percentages o
screen element and the uneven surface coverage behavior of tHE€ contributing basic colors. With such a look-up table, we expect
original screen function at multi-color dithering of images using pre-computed dither
The next example ShOWIS the generation of a screen element of hig altrlces cagill;)fe made as fast as other color reproduction techniques
: . : olor error diffusion).
aesthetic value laid out according to the beau€fairo tessella- )
tion ([11], page 119). Fig. 9a to Fig. 9e show how this threshold : ;
matrix is constructed. First, we define a simple analytical bell func-6' Conclusions and perspectives

tion on a unit square (Fig. 9a). Then, we take five halves of this bell\yti-color dithering is a generalization of standard bi-level dither-
function (Fig. 9b) that we project, by a set of linear transformationsng “combined with tetrahedral color separation, multi-color dith-
on a unit square as shown in Fig. 9c. We obtain a five-petals ﬂOW,e%ring makes it possible to print images made of a set of non-
pattern. We take twelve such patterns, and, by applying twelve dif-stangard inks. In contrast to most previous color halftoning meth-
ferent linear transformations according to [11], we superpose them, s ‘myiti-color dithering ensures by construction that the different
on a unit square thus obtaining the final analytical function showngg|ected basic colors are printed side by side.

in Fig. 9d. This analytical function is converted as in the prewousljn this contribution, we extended bi-level dithering to multi-color

(reri(;rr?xplr%sérlgéznatesaeitno[f:iglsg(reete threshold values - our final dithe dithering and explored multi-color dithering in the context of artis-
T .. tic color screening. To generate high-quality dithered color images
! ; 8ncorporating artistic screen motives, we developed two dither
parallelogram dither array whose dither values form the shape of gnatrix postprocessing techniques, one for enhancing the visibility
celtic spiral motive. The thickness of the spiral varies from very of screen motives and one for the local equilibration of large dither
thin in light tones to relatively thick in dark tones. Beyond a certain matrices. By combining within the same dither matrix continuous
darkness level, the motive doesn't become thicker, but thanks t0 gyreshold levels for the screen motive and randomly distributed
partially ordered, partially random dither matrix, the background gjther threshold levels for the background, we enhance the visibil-
of the motive becomes darker. Please note the perfectly smoothyy ot the generated screen shapes at high ink saturation levels. The
transitions between the red spirals in light tones and the black Spigjither matrix equilibration process we propose to avoid disturbing
rals in dark tones. local intensity variations takes both the physical behavior of the
The final example shown in Appendix I illustrates a real example printer, i.e. the dot gain and the human visual system modulation
of a graphic design, dithered either with typographic charactertransfer function into account.
shapes or with an oriental motive and printed with non-standardrhanks to the combination of the presented techniques, high qual-
inks onan offset press. o ) ) ity images can be produced, which incorporate at the micro level
At a first glance, the produced artistically dithered color imagesthe desired artistic screens and at the macro level the full color
have some resemblance with images produced by black-whitdmage. Possible applications include innovative designs for public-
artistic screening [15]. The applied techniques however are comity and posters.
pletely different and significant differences between images pro-yyiti-color dithering clears the way for further color reproduction
duced by black-white artistic screening and by artistic color gppjications. It is known that some electrographic printing pro-
dithering exist. In dark tones, artistically screened black-white cesses [2] require that different toners be placed beside one another
images have motives which nearly fill up the screen element spacgng overlap allowed). Security printing may make use of multi-
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color dithering in order to print side by side with non-standard inks DuMont Buchverlag, Kéln, 1985.
at a high registration accuracy. In that context, many new issue§10] US Patent 4,812,899, issued March 14, 1989, filed Dec 19,
arise, such as the selection of the inks and the design of screen = 1986, Inventor: H. Kueppers.

motives making the original very difficult to replicate, both by pro- [11] G.E. Martin, Transformation Geometry. An Introduction to
fessional craftsmen and by simple color photocopying. Multi-color SymmetrySpringer-Verlag, 1982.

ﬁ:lt(t;erér&%haéssoﬂngregsscgﬁzlvarﬁ)grnsqg?;tlli\éeizkfsor printing with special [12] G.M. Nielson, H. Hagen, H. MilleGcientific Visualization,
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Fig. 6 “Allah” motive, from Mosque of Badra, Azerbaijan: (a) the initial dither matrix, (b) the mixed dither matrix incorporatiimyioast
and random dither levels and (c) the equilibrated mixed dither matrix.



COMPUTER GRAPHICS Proceedings, Annual Conference Series, 1999

2\/:‘.«\ 2

2

X

-
o

N
Z

¥

Z, % 2
S
ST

SO
o

’»«

2oy
SO
?g«é

BEO®

-

Fig. 8 See shell rendered with a spiral motive, r

ﬁ%%@

o

epres

LIORC
o
D@@%&» e
%&@% @

ented together

;kv
RREE

3 RRIRL HOE)E)
with a 3-dimensional view of the dither matrix.

A vww@\@y

-/

paciCH

N

- C
S
R
e

o
S
L
s
B @%@%@%@%@%@%@%@%@%&)@
T
W
b
.
! o]
S
e
i
i
=
-
e
-
=
. |

©

2
P)

)




SIGGRAPH 99, Los Angeles, CA, August 8-13, 1999

TSI NP ST NSNS AL ST NS N S X T N ST NP e NrEN X > ‘1' ‘
SIS OS SRRy R BRI S SRSy .
DA NP AT SR MR AN Ao SN R Ly Ny SRS g
VST ey PO 2
SRy Ay Ny SOy Sy N N J
PITI LN RN
R SR
e S
PSR
R
SRR
BRI OISO e S
N RIS A LTSS L S LT e TR
DSOS
1
VRl
T,

ALY
RIS
LRV NS TN A Ly o
S S G S
e LR el
SR
g

PP
A A LA

B (A
= 4\0A<4 i)
St
O REoREy

VSR
ORI

T STAT YA

A N A

SN ENGA
AT T T AT v
BATR AL ETAl
N»J b

ORIOIN

o
o

PO
S
4\ AR

VS R
DTN P LIRS ALY,
Ll
vy

A O
AT

v

RO
LR NS
RO

T o IR,
PR AT ALY V2
)
SRR

SATISY. Yl SI AL 57
RO NGRS R 2D O
AL ALIS R ST “
AR R Xl
Sy
ﬁu« R SAL
s &
SATAYATANYAS s
»(V?Qrtﬂ ‘

bt ﬂnwn.. ‘nx\,ﬂ.\yﬂw
SR T A S AT AL AT S TS TA A
o Sy % S
DAY S X r#s R L,

KRN AR X VAT LIS TR AAT

@
(b)
©
(d)

A9, »
o
AN

AT
L U

hidY

2%

R
2
R
X e
SRR e
OO0 OAS00
R RIS

AL AL A X

N AT S A TR R A i i Sy

3 .}(&.&ﬂnﬁu««vaa I T
RO X

PO OGS
o
A A,
ST
et

i)

(e)

R

Ao

-

™
AL AT Y g
‘..' /)

A\

>

L
-

LY
o

-
Al d
""’L"‘

)

-,

(e) show the building process of

Fig. 9 A sample image produced using a threshold matrix inspired Wyaine tessellationFigures (a)

the threshold matrix.



Appendix |

Images produced on a high-registration offset press, at resolution YYY with non-standard inks XXXX, courtesy Orell FlisglP8atur
ing Ltd, Zurich, Switzerland.



